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Climate change models predict increased ultraviolet B (UVB) radiation levels due to stratospheric ozone
depletion and global warming. In order to study the impact of these two environmental stressors acting
simultaneously on the physiology of ﬁsh, Atlantic salmon parr were exposed, for 8 weeks in outdoor
tanks, to different combinations of UVB radiation (depleted and enhanced) and temperature (standard
rearing temperature of 14  C or 19  C). The immune function (plasma IgM, lysozyme activity and
complement bacteriolytic activity), growth (body weight) and physiological condition (haematocrit and
plasma protein concentration) of the ﬁsh were determined. Increased UVB level, regardless of water
temperature, had a negative effect on immune function parameters, growth and physiological condition.
Higher temperature increased plasma IgM concentration but had a negative effect on complement
bacteriolytic activity under both spectral treatments. Increased temperature, irrespective of UVB level,
increased ﬁsh growth but negatively affected haematocrit and plasma protein. Exposing the ﬁsh to
enhanced UVB at elevated temperature increased plasma IgM concentration and slightly improved
growth. However, complement activity and physiological condition parameters decreased more than
when the ﬁsh were exposed to each stressor separately. The changes were mainly additive; no interactive
or synergistic effects were observed. The negative impact of multiple stressors on immune function,
together with predicted increases in pathogen load in warmer waters resulting from global climate
change, suggest an increased risk to diseases in ﬁshes.
Ó 2010 Elsevier Ltd. All rights reserved.
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1. Introduction
Global warming, caused by increasing concentrations of
greenhouse gas in the upper atmosphere, is contributing to polar
stratospheric ozone loss and delaying the recovery of the ozone
layer [1]. Carbon dioxide, methane and other greenhouse gases
warm the troposphere but cool the stratosphere [2] which
increases the rate of ozone destroying chemical reactions. It is also
now widely accepted that reductions in stratospheric ozone are
connected to increases in ambient ultraviolet B (UVB, 290e320 nm)
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radiation [3,4]. Severe seasonal reductions in the thickness of the
ozone layer are not restricted to Antarctic and Arctic regions [5,6].
As a result of air mass mixing UVB levels have also increased
signiﬁcantly at mid-latitudes in both the northern and southern
hemispheres [7,8] including the Scandinavian region [9]. Recent
(2005) observations revealed formation of polar stratospheric
clouds over the Arctic, including Norway, and associated ozone
losses of up to 30% reaching as far south as northern Italy (see:
www.ozone-sec.ch.cam.ac.uk). Thus, ozone layer depletion and
concomitant increases in UVB are worldwide phenomena that are
inextricably linked to global climate change [10]. The strong link
between global warming and ozone loss indicates that they cannot
be treated in isolation [5].
UVB penetrates natural waters to greater depths than had
previously been widely accepted [11,12]. Underwater measurements of UVB in Norwegian fjord systems indicate typical Kd10
depths (depth at which 10% of surface impinging UVB penetrates)
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of 2e4 m at 310 nm [13]. Thus, in shallow rivers and streams with
low dissolved organic carbon concentrations, some level of ambient
UVB can penetrate to the bottom. When superimposed upon ozone
depletion-related increases in UVB, extended daily exposures
during the Nordic spring and summer (signiﬁcant levels of UVB
present from 05:00 h to 22:30 h) represent an additional factor
affecting the susceptibility of aquatic organisms to UVB-induced
damage in mid-latitude areas.
A growing number of studies indicate that UVB, even at current
levels, is harmful to aquatic organisms and may reduce the
productivity of marine ecosystems [14,15]. For example, exposing
planktonic marine (including salmon) and freshwater ﬁsh eggs and
their larvae to UVB results in increased mortality and may lead to
poorer recruitment to adult populations [16,17]. Higher mortality in
freshwater crustaceans that do not have effective photo-enzymatic
repair mechanisms has been observed when they were exposed to
UV radiation coupled with increased temperature [18]. Of ﬁve ﬁsh
species studied three species, including salmonids Brook Trout
(Salvelinus fontinalis) and Rainbow Trout (Oncorhynchus mykiss),
were found to lack photo-enzymatic repair [19]. Thus, there exists
the potential for effects of UVB and temperature on health
measures in ﬁsh.
Exposure to stressors such as declining pH, heavy metal
contamination, and habitat disturbance can have negative effects
on wild salmon [20]. Added to these stressors is the threat of
increasing levels of UVB radiation which has also been shown to
negatively affect wild salmon populations [17]. Harmful effects of
UVB radiation, at the organism level, include; increased stress [21]
and reduced movement [22], changes in fatty acid proﬁles [23], skin
lesions [24] and development of cataracts [25]. Further, several
experimental short- and long-term exposure studies have reported
negative effects of UVB irradiation on the immune system of ﬁshes
[26,27]. Earlier we reported that juvenile Atlantic salmon exposed
to enhanced UVB grew more slowly, had reduced immunoglobulin
level, lower haematocrit and decreased plasma protein concentration [28].
There are only a limited number of studies on biological impacts
of multiple stressors on ﬁshes. These studies demonstrate that the
impacts have interactive, additive or synergistic effects on speciﬁc
stress responses and, ultimately, can increase mortality [29,30].
Links between increase in UVB (stratospheric ozone loss), and the
temperature shifts have been studied for example in frogs and
Daphnia [31e33] but not in ﬁsh. In this context, we undertook
a study to assess the simultaneous effects of increased temperature
and increased UVB exposure on the immune system, physiological
condition indices and growth in juvenile Atlantic Salmon.
2. Materials and methods
2.1. Experimental setup
The study was carried out at the Institute of Marine Research’s
(IMR) Austevoll Research Station (60 50 4200 N, 5130 800 E) in Norway.
The Atlantic Salmon juveniles in the experiments were from the
IMR’s Matre Research Station. The ﬁsh were kept outdoors in round
4500 L, ﬂow-through tanks. Three nylon cages (50  60 cm; 10 mm
mesh size) were placed in a row in each tank for each of the
spectraletemperature treatment combination. The ﬁsh in two of
these cages were used for the assessment of growth, physiological
condition and immune function. Each cage was stocked with 100
juvenile Atlantic Salmon (mean weight at start ¼ 8.3 g). The ﬁsh
were randomly divided into the cages to achieve even size distributions, and were fed with commercial salmon feed. The depth of
the water column above the bottom of the net cages was 30 cm. The
water in the tanks was sand-ﬁltered freshwater from a lake. Oxygen
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in the water was monitored continuously and was always near full
saturation.
2.2. Treatments
The ﬁsh were exposed to two spectral treatments differing in
the dose of UVB radiation. These two spectral treatments were
carried out simultaneously at two temperatures; at the normal
rearing temperature of salmon in the area of the experimental site
(14  C) and at 5  C above the normal rearing temperature
(increased to 19  C by a thermostatic heater) to explore potential
additive/synergistic effects of different combinations of the two
environmental stressors. The spectral treatments were: 1) UVBdepleted solar radiation: sunlight was screened though polyester
plastic ﬁlm (0.2 mm thick Mylar-DÒ, DuPont Teijin Films, Delaware,
USA, 50% transmittance at 318 nm) [34], and, 2) solar radiation
supplemented with UVB radiation from an overhead ﬂuorescent
tube lamp (TL40/12 RS, Philips Lighting, Rosendal, NL, emission
maximum at 315 nm) placed 100 cm above the water surface. To
remove UVC radiation the lamp was wrapped in cellulose triacetate
ﬁlm (CTA, 95 mm, Clarifoil Co., UK), and the ﬁlm was changed every
18 h. The lamp was turned on at noon for 4 h. For the spectral
output of the TL40/12 RS lamp, see Salo et al. [35]. The duration of
the experiments was 54 d (July 17eSept. 8, 2003).
2.3. Radiometry
Ambient radiation data was obtained from multi-channel radiometer (GUV-541, Biospherical Instruments, CA, USA) located in
Bergen (University of Bergen) 22 km north of the experimental site.
The diffuse attenuation coefﬁcient (Kd) of the water used in the
experiments was 18 m1 at 310 nm, and was measured using
a spectroradiometer (OL-754, Optronic Laboratories, Fl, USA)
equipped with an underwater sensor (OL-470WP, Optronic Laboratories). The exposure experienced by the ﬁsh was determined by
calculating irradiance at depths of 1 and 30 cm using this Kd. The
irradiance output of the UV supplemental lamp was added to
the ambient UVB levels to calculate mean daily irradiance of the
enhanced UVB treatment. UVB supplemented irradiation simulated
an ozone depletion of 21% based on calculation using the deltaEddington approximation algorithm [36], ambient radiation data
and the irradiance output of the supplemental lamps. The irradiance
received in the UVB-depleted treatment was calculated from the
ambient irradiance and the spectral transmission of the Mylar-DÒ
material (measured with the OL-754 spectroradiometer). Average
daily irradiances in the spectral treatments are given in Table 1.

Table 1
Average daily irradiances in the spectral treatments and under natural sunlight.
Average daily irradiance (kJ/m2)
305e320 nm

321e367 nm

Sunlight supplemented with UVB
Ambient
At depth 1 cm
At bottom of cage

36.0
29.0
0.12

360
316
8.4

UVB-depleted sunlight
Ambient
At depth 1 cm
At bottom of cage

0.50
0.44
0.00

173
153
4.5

Natural sunlight
Ambient
At depth 1 cm
At bottom of cage

30.7
25.4
0.11

355
312
8.4
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2.4. Sampling
The number of ﬁsh sampled from each treatment was n ¼ 50
from each of the replicate cages (total n ¼ 100 per treatment). The
ﬁsh were ﬁrst anesthetized with 0.01% tricaine (MS-222, Sigma),
the weight and length were measured, and blood samples were
taken into heparinised capillaries (75 mL, Hirschmann, Germany)
after cutting off the tail. Capillaries were centrifuged 10,500  g for
5 min to determine haematocrit, then plasma was separated from
packed cells and frozen (70  C) until analyses.
2.5. Assessment of immune function, growth and physiological
condition

[28]. Brieﬂy, ﬂat-bottomed 96-well microplates (Nunc MaxiSorp,
Nunc, Denmark) were coated overnight with anti-salmon IgM
speciﬁc CLF002 antibody (Cedarlane, Canada). After washing and
saturation with BSA, plasma samples and chromatographically
puriﬁed salmon IgM (used as a standard) were incubated in the
wells. The trapped IgM was detected with biotin-conjugated CLF002
antibody. Alkaline phosphatase-conjugated avidin (Sigma) was
added into wells after washing the plates. P-nitrophenylphosphate
(Sigma) was used as the substrate and the optical density at 405 nm
was read with a plate reader (Multiskan Plus, Flow Laboratories).
2.8. Statistical analysis

The immune status of experimental ﬁsh was assessed with three
immune function assays: plasma total immunoglobulin M (IgM)
concentration, plasma lysozyme activity, and plasma complement
bacteriolytic activity. The body weight of ﬁsh at the end of the study
was used as a measure of growth. Blood haematocrit and plasma
total protein concentration were measured and used as parameters
reﬂecting the general physiological condition of ﬁsh.
2.6. Plasma total protein concentration, lysozyme activity
and complement activity
The plasma total protein concentration was measured with
a BioRad Protein Assay Kit (BioRad Inc., USA) using bovine serum
albumin (BSA) as the standard. The lysozyme enzyme activity in
plasma was determined with a turbidometric microplate assay [37]
using a Micrococcus lysodeicticus (Sigma) suspension (1 mg mL1
phosphate buffer, pH 6.2) as the substrate. The optical density of
bacterial suspension in the wells was measured with a plate reader
(Victor2 1420 Multilabel Counter, Wallac Co, Finland) at 1 min intervals, for 30 min, at 450 nm. The complement total activity was
determined using a previously published method [28,38]. In short,
Escherichia coli KL12 pEGFLLucAmp, containing the reporter gene for
luciferase, was grown in LB-medium with the antibiotic tetracyclin.
Harvested bacteria were mixed in the wells of 96-well microplates
(Microﬂuor 1 Black, Thermo Labsystems, USA) with plasma and
chromatically puriﬁed anti-E. coli speciﬁc antibody prepared from the
serum of E. coli KL12 pEGFLLucAmp-immunized Atlantic Salmon.
After a 90-min incubation, luciferin (Sigma) in citrate buffer pH 5.0
was added and the luminescence was measured (Victor2 1420 Multilabel Counter). The luminescence data was converted to viability of
bacteria, and the volume of plasma killing 50% of bacteria (CV50) was
calculated. The results were expressed as complement bacteriolytic
(CB) activity Units/mL (CB50 U/mL ¼ 1000 mL/CV50).
2.7. Quantiﬁcation of plasma IgM
The concentration of IgM in plasma was determined with an
enzyme-linked immunosorbent assay (ELISA) as described earlier

The values of haematocrit, plasma IgM and lysozyme activity
were log-transformed to meet the requirements of normality and
homogeneity of variance. The blood variables were grouped into
two response sets for multivariate analysis [39]: immune function
(plasma IgM concentration, lysozyme activity and complement
bacteriolytic activity), and physiological condition (blood haematocrit and plasma protein concentration). The data were analyzed
for effects in response sets using multivariate analysis of variance
(MANOVA). The effects of treatments on growth were analyzed
with ANOVA. A two-way ANOVA was used to analyze the separate
and interactive effects of spectral and temperature treatments. In
all analyses treatment (UVB or temperature) was used as the ﬁxed
factor, and cage in tank was the random factor hierarchically nested
inside the treatment. SPSS Statistical software (ver. 16, SPSS Inc,
USA) was used for all statistical analyses.
3. Results
Treatments (UVB level, temperature) had a statistically signiﬁcant effect on immune function (MANOVA, Wilk’s l ¼ 0.00086,
df ¼ 9; F ¼ 9.599, P ¼ 0.011), physiological condition (MANOVA,
Wilk’s l ¼ 0.00295, df ¼ 6, F ¼ 17.411, P ¼ 0.001), and the growth of
ﬁsh (body weight) (ANOVA, F ¼ 129.447, df ¼ 3, P < 0.001). Twoway ANOVA indicated that spectral and thermal treatments, separately applied to ﬁsh, had a signiﬁcant effect on all parameters
tested, except plasma lysozyme activity. Further, the interaction
term of treatments was not statistically signiﬁcant indicating that
the effects of the treatments were independent (Table 2).
3.1. Effects on immune function
Spectral and temperature treatments had marked effects on ﬁsh
immune function (Fig. 1). Exposure to enhanced UVB consistently
decreased plasma IgM concentration at both temperatures.
However, increased temperature alone nearly tripled plasma IgM
concentration compared to that of ﬁsh kept at 14  C in both spectral
treatments. In the case of double stress, i.e. increased UVB and
higher temperature, the IgM concentration was more than twice
that of the group exposed to UVB-depleted sunlight at 14  C. A

Table 2
Two-way ANOVA of responses to spectral (UVB-radiation level) and thermal (Temperature) treatments, and the interaction of the treatments (UVB * Temperature) in exposed
Atlantic Salmon parr.
Parameter

IgM
Lysozyme
Complement
Weight
Hct
Protein

UVB-radiation level

Temperature

UVB

*

Temperature

F

df

P

F

df

P

F

df

P

38.197
0.096
2102.986
95.281
17.002
27.125

1
1
1
1
1
1

0.003
0.772
<0.001
0.001
0.015
0.006

519.603
6.028
8.609
291.951
129.835
14.520

1
1
1
1
1
1

<0.001
0.070
0.043
<0.001
0.001
0.019

0.108
0.633
1.858
1.108
5.722
3.132

1
1
1
1
1
1

0.759
0.471
0.245
0.352
0.075
0.151
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IgM
2.0

exposed to UVB-depleted sunlight at 14  C and was signiﬁcantly
decreased in ﬁsh exposed to enhanced UVB at 19  C.
3.2. Effects on growth and physiological condition

1.5

mg / mL

105

1.0

0.5

0.0

Lysozyme
36

U / mL

32

Fish growth (body weight) was signiﬁcantly related to both
spectral treatment and temperature (Fig. 2). Exposure to enhanced
ambient UVB level resulted in reduced growth regardless of
temperature, and the increase in temperature promoted growth in
both spectral treatments. Comparison of extreme treatments
(increased UVB at 19  C vs. UVB-depleted sunlight at 14  C) showed
that growth inhibition due to increased UVB level was overshadowed by faster growth at higher temperature ﬁnally resulting
in higher body weights.
Fish physiological condition parameters were affected by UVB
exposure level and temperature (Fig. 2). Enhanced UVB signiﬁcantly affected the haematocrit of ﬁsh kept at 14  C but not in ﬁsh at
19  C. Increased temperature reduced haematocrit regardless of
UVB level. The haematocrit value in ﬁsh exposed to enhanced UVB
at 19  C was decreased compared to that of ﬁsh exposed to UVBdepleted sunlight at 14  C. Plasma total protein concentration in the
ﬁsh exposed to enhanced UVB was decreased, but only the difference between spectral treatment groups at 14  C reached statistical
signiﬁcance. Increased temperature decreased protein concentration only at 14  C. Plasma protein concentration decreased in ﬁsh
exposed to enhanced UVB at 19  C when compared to ﬁsh exposed
to UVB-depleted solar radiation at 14  C.
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4. Discussion
24

20

Complement
300

U / mL

250

200

150

100
Fig. 1. Plasma IgM, lysozyme activity and complement bacteriolytic activity of Atlantic
Salmon parr after exposure to spectral treatments: UVB-depleted sunlight (gray bar),
or sunlight supplemented with UVB from a lamp (black bar) at normal rearing
temperature (14  C) and at increased temperature (19  C). Each bar represents the
mean  SE (n ¼ 100 ﬁsh).

decreasing trend was observed in lysozyme activity in responses to
thermal treatments but the differences did not reach statistical
signiﬁcance. Complement bacteriolytic activity responded negatively to both stressors. Complement activity was highest in ﬁsh

Numerous physical and chemical stressors affect the physiology
of ﬁshes. For example, acute or chronic stress impairs growth,
reproduction and resistance to infections [40,41]. Most studies on
environmental stressors investigate the effect of exposure to
a single agent although simultaneous exposure to multiple
stressors is the norm under natural conditions. Our study examined
the impact of two environmental stressors acting separately and in
combination on the physiology of Atlantic Salmon parr. The
stressors were enhanced UVB level and increased temperature, and
the endpoints measured were the immune status (plasma IgM
concentration, lysozyme and complement bacteriolytic activities),
growth (body weight) and physiological condition (haematocrit
and plasma protein).
4.1. Exposure simultaneously to two stressors
The effects of the stressors were not interactive or synergistic;
the changes detected were additive. The ﬁnal outcome from the
two simultaneously applied treatments was close to the sum of
effects of the stressors separately.
The response to thermal stress (19  C) was an increase in plasma
IgM concentration and growth while the other parameters
decreased. When the treatments were applied simultaneously to
ﬁsh, the effect of elevated temperature exceeded the effect of
spectral treatment on IgM concentration and growth, but the
increases in the parameters were smaller in the double stress
situation than in thermal exposures alone. However, exposing ﬁsh
simultaneously to both stressors resulted in a stronger negative
impact on another immune function parameter, complement
bacteriolytic activity. Plasma lysozyme activity was less affected by
the two treatments. With respect to physiological condition indices
(i.e. haematocrit and plasma protein), exposure to the double stress
situation resulted in lower values than what was measured in the
separate treatments.
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Weight
26

g

22

studies, increased temperature, combined with high pH, increased
mortality of rainbow trout [43], and higher concentration of
ammonia with simultaneous low pH signiﬁcantly affected stress
response in acute exposure of Brown Trout (Salmo trutta) and
Rainbow Trout [44]. More relevant to the present study, constant
sub lethal UVA radiation, combined with elevated temperature, had
deleterious effects on survival and metabolism of Convict Cichlids
(Cichlasoma nigrofasciatum) [45].
4.2. Effects of exposure to UVB

18

14

10

Hct
56

%

52

48

44

40

UVB radiation stresses juvenile and adult ﬁsh, and negatively
affects the immune function in both short-term [21,27,46e48] and
in long-term exposures [28,48,49]. In the present study, long-term
exposure to UVB radiation alone decreased plasma IgM concentration and complement bacteriolytic activity. Decreased IgM
production suggests disturbed lymphocyte functions in UVB
exposed ﬁsh. Lysozyme level increases under acute stress [50] but
decreases under more chronic stress [51], but in this study no
consistent effect of enhanced UVB on lysozyme activity was found.
Reduced growth and decreased plasma protein concentration were
noted in ﬁsh exposed to UVB. Chronic stress suppresses the growth
of ﬁsh by its negative impacts on appetite and by stimulating
catabolism [52,53] or energy allocation to digestion [54]. A build-up
of catabolic substrates was found in UVB exposed Atlantic Salmon
[23], and suppressed feeding in Coho Salmon (Oncorhynchus
kisutch) [22] suggests that ﬁsh exposed to UVR are more quiescent.
In the present study the effects of increased UVB radiation on
physiological parameters were negative. We have previously
observed a reduction in haematocrit levels and in plasma protein in
Rainbow Trout and European Carp (Cyrinus carpio) exposed to UVB
[26]. Overall, the present results are in consistence with earlier
ﬁndings on the effect of UVB on immune function, growth and
condition in juvenile Atlantic Salmon [28].
4.3. Effects of increased temperature

Protein
54

mg/ mL

48

42

36

30
Fig. 2. Whole body weight, haematocrit and plasma total protein of Atlantic Salmon
parr after exposure to spectral treatments: UVB-depleted sunlight (gray bar), or
sunlight supplemented with UVB from a lamp (black bar) at normal rearing temperature (14  C) and at increased temperature (19  C). Each bar represents the mean  SE
(n ¼ 100 ﬁsh).

The same combination of long-term treatments has not been
applied to ﬁsh earlier. Prophete et al. [42] found that elevated
temperature modulated the effect of nickel pollution on the cellularity of the spleen and innate immune functions in head kidney
leucocytes, but not mitogen-induced proliferative responses of
splenic lymphocytes in Japanese Medaka (Oryzias latipes). In other

Because ﬁsh are poikilotherms, ambient temperature has
a pervasive effect on their physiological functions including
immune function and growth. Temperature, along with photoperiod, causes seasonal changes in the immune function of ﬁsh
affecting both innate and acquired immune responses; for reviews
see [55,56]. In general, low temperatures inhibit immunological
responsiveness in ﬁshes [40,57], but higher temperatures may have
either positive or negative effects on immune function [55,58].
Marked increases in temperature cause stress responses in ﬁsh
resulting in physiological changes [41,59]. However, immune
function in ﬁshes is inﬂuenced by complex interactions with
temperature, and it is therefore not easy to discern when temperature becomes stressful [60].
In the present study the plasma IgM concentration of ﬁsh kept at
the elevated temperature was triple compared to that at the lower
temperature, and the increases were similar in both spectral treatment groups. In Atlantic Cod (Gadus morhua) [61], Rainbow Trout
[62] and Nile Tilapia (Oreochromis niloticus) [63] IgM levels increased
at higher temperature. However, in Channel Catﬁsh (Ictalurus punctatus) [64] there was no difference in plasma IgM. In European Carp,
the number of immunoglobulin secreting cells in lymphoid organs
remained the same at different temperatures studied [65]. The reason
for the discrepancy could be differences in thermal adaptation
between ﬁsh species [63]. Another soluble defense factor, plasma
lysozyme activity, increased at higher temperature in Sockeye
Salmon (Oncorhynchus nerka) [66], juvenile Atlantic Halibut (Hippoglossus hippoglossus) [67], and Nile Tilapia [68]. In this study, the
changes in lysozyme activity did not increase at higher temperature,
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and the measurements suggested a decreasing trend in both spectral
treatments (see Table 2). Complement bacteriolytic activity in the
plasma of ﬁsh kept at 19  C was markedly decreased compared to that
at 14  C. Higher acclimation temperature increased complement lytic
activity in Rainbow Trout plasma [69]. In Sockeye Salmon, no
difference was noted in complement activity or activity decreased
when ﬁsh were acclimated at 12  C compared to 8  C, depending on
the age of ﬁsh [66].
During the 8-week experimental period in the present study ﬁsh
nearly tripled their weight, but the weight of ﬁsh kept at 19  C was
only 10e20% higher than at 14  C. The optimum growth temperature for Atlantic-Baltic salmon is reported to be 16e20  C [54,70,71].
Haematocrit in Atlantic Salmon decreased with increased temperature, as has been noted earlier in Sockeye Salmon [66] and Atlantic
Halibut [67]. Another general indicator of physiological condition,
plasma protein concentration, decreased with increased temperature but only in ﬁsh exposed to UVB-depleted solar radiation.
The spectral and thermal conditions created in the present study
were realistic with respect to changes in the environment predicted
by models of increased UVB radiation and global warming (see
references in Introduction). In an earlier study with Atlantic Salmon
parr, at the same site using the same spectral treatments, we found
no difference in any of the immune parameters between groups of
ﬁsh exposed to natural sunlight and UVB-depleted sunlight [28].
Based on this, the results from the UVB-depleted group in the
present study can be considered as a reasonable indicator of the
effect on ﬁsh exposed to natural sunlight. UVB radiation negatively
affects the immune system of ﬁshes, and can affect disease resistance directly [47], or indirectly by inducing skin lesions and by
exacerbating secondary bacterial and fungal infections [72,73].
Exposure to UVB radiation causes physiological stress manifested in
changes in blood cortisol levels [21]. Although we did not measure
cortisol in this study, it is well known that repeated acute disturbances, through the action of corticosteroids, result in cumulative
physiological stress in ﬁsh [74]. Even slight but chronic increases in
cortisol levels have been implicated in depression of immune
function and disease resistance [75].
The interpretation of our results as well as predicting the wellbeing and health of ﬁsh under scenarios of environmental changes
in temperature and UVB is complicated. The effects noted in ﬁsh
exposed to stressors were mostly negative and additive, although
some of the changes observed were contradictory (plasma IgM and
growth). Changes in climate are expected to increase parasitism
due to geographic shifts in parasite species distributions, and
increase incidence, spread and intensity of diseases [76]. This
would be even more probable with ﬁsh whose immune capacity is
compromised because of increased UVB level and higher temperature. More direct studies on the signiﬁcance of the present ﬁndings, in terms of lowered disease resistance, requires challenging
ﬁsh with pathogens after exposure to combinations of increased
ambient UVB level and increased temperature.

Acknowledgements
Penny Kuhn helped us with the UV measurements and dose rate
estimates. We extend our appreciation to Bjørn Johnson (the
Norwegian Radiation Protection Authority), Arne Dahlback (the
University of Oslo) and Kåre Edvardsen (the Norwegian Institute for
Air Research) for access to the Bergen irradiance data. Stig Ove
Utskot (Institute of Marine Research, Norway) maintained tanks
and took care of the ﬁsh. The project was supported by grants from
the Academy of Finland (73842), the Research Council of Norway
(140472/130) and Environment Canada.

107

References
[1] Rex M, Harris NRP, von der Gathen P, Lehmann R, Braathen GO, Reimer E, et al.
Prolonged stratospheric ozone loss in the 1995e96 Arctic winter. Nature
1997;389:835e8.
[2] Rind D, Goldberg R, Hansen J, Rosenzweig C, Ruedy R. Potential evapotranspiration and the likelihood of future drought. J Geophys Res
1990;95:9983e10004.
[3] Kerr JB, McElroy CT. Evidence for large upward trends of ultraviolet-B radiation linked to ozone depletion. Science 1993;262:1032e4.
[4] Madronich S, McKenzie RL, Bjorn LO, Caldwell MM. Changes in biologically
active ultraviolet radiation reaching the Earth’s surface. J Photochem Photobiol B 1998;46:5e19.
[5] Fergusson A, Wardle DI. Arctic ozone: the sensitivity of the ozone layer to
chemical depletion and climate change. Minister of Public Works and
Government Services Canada, No EN56-133/1998E; 1998.
[6] Goutail F, Pommereau JP, Phillips C, Deniel C, Sarkissian A, Lefevre F, et al.
Depletion of column ozone in the Arctic during the winters of 1993e94 and
1994e95. J Atmos Chem 1999;32:1e34.
[7] Reuder J, Dameris M, Koepke P. Future UV radiation in Central Europe
modelled from ozone scenarios. J Photochem Photobiol B 2001;61:94e105.
[8] Taalas P, Kaurola J, Lindfors A. Long-term ozone and UV estimates. In:
Käyhkö J, Talve L, editors. Understanding the global system, the Finnish
perspective. Turku: Finnish Global Change Research Programme FIGARE;
2002. p. 137e45.
[9] Björn LO, Callaghan TV, Gehrke C, Johanson U, Sonesson M, Gwynn-Jones D.
The problem of ozone depletion in Northern Europe. Ambio 1998;27:275e9.
[10] Staehelin J, Harris NRP, Appenzeller C, Eberhard MJ. Ozone trends: a review.
Rev Geophys 2001;39:231e90.
[11] Kuhn P, Browman H, McArthur B, St-Pierre JF. Penetration of ultraviolet
radiation in the waters of the estuary and Gulf of St. Lawrence. Limnol Oceanogr 1999;44:710e6.
[12] Smith RC, Baker KS. Penetration of UV-B and biologically effective dose-rates
in natural waters. Photochem Photobiol 1979;29:311e23.
[13] Kjeldstad B, Frette Ø, Erga SR, Browman HI, Kuhn P, Davis R, et al. UV (280 to
400 nm) optical properties in a Norwegian fjord system and an intercomparison of underwater radiometers. Mar Ecol-Prog Ser 2003;256:1e11.
[14] Holm-Hansen O, Lubin D, Helbling EW. Ultraviolet radiation and its effects on
organisms in aquatic environments. In: Young AR, Björn LO, Moan J,
Nultsch W, editors. Environmental UV photobiology. New York: Plenum
Press; 1993. p. 379e425.
[15] Häder DP, Kumar HD, Smith RC, Worrest RC. Effects of solar UV radiation on
aquatic ecosystems and interactions with climate change. Photochem Photobiol Sci 2007;6:267e85.
[16] Hunter JR, Kaupp SE, Taylor JH. Assessment of effects of UV radiation on
marine ﬁsh larvae. In: Calkins J, editor. The role of solar ultraviolet radiation in
marine ecosystems. New York: Plenum Press; 1982. p. 459e98.
[17] Walters C, Ward B. Is solar radiation responsible for declines in marine
survival rates of anadromous salmonids that rear in small streams? Can J Fish
Aquat Sci 1998;55:2533e8.
[18] Williamson CE, Grad G, De Lange HJ, Gilroy S, Karapelou DM. Temperaturedependent ultraviolet responses in zooplankton: implications of climate
change. Limnol Oceanogr 2002;47:1844e8.
[19] Olson MH, Mitchell DL. Interspeciﬁc variation in UV defense mechanisms
among temperate freshwater ﬁshes. Photochem Photobiol 2006;82:606e10.
[20] Bakke TA, Harris PD. Disease and parasites in wild Atlantic salmon (Salmo
salar) populations. Can J Fish Aquat Sci 1998;55:247e66.
[21] Salo HM, Jokinen EI, Markkula SE, Aaltonen TM. Ultraviolet B irradiation
modulates immune system of ﬁsh (Rutilus rutilus, Cyprinidae) II: Blood.
Photochem Photobiol 2000;71:65e70.
[22] Holtby LB, Bothwell ML. Effects of solar ultraviolet radiation on the behaviour
of juvenile coho salmon (Oncorhynchus kisutch): avoidance, feeding, and
agonistic interactions. Can J Fish Aquat Sci 2008;65:701e11.
[23] Arts MT, Browman HI, Jokinen EI, Kuhn PS, Skiftesvik AB. Effects of UV radiation and diet on polyunsaturated fatty acids in the skin, ocular tissue and
dorsal muscle of Atlantic Salmon (Salmo salar) held in outdoor rearing tanks.
Photochem Photobiol 2010;86:909e19.
[24] Blazer VS, Fabacher DL, Little EE, Ewing MS, Kocan KM. Effects of ultraviolet-B
radiation on ﬁsh: histologic comparison of a UVB-sensitive and a UVB-tolerant
species. J Aquat Anim Health 1997;9:132e43.
[25] Doughty ML, Cullen AP, Monteith-McMaster CA. Aqueous humour and crystalline lens changes associated with ultraviolet radiation or mechanical
damage to corneal epithelium in freshwater rainbow trout eyes. J Photochem
Photobiol B 1997;41:165e72.
[26] Markkula SE, Salo HM, Rikalainen AK, Jokinen EI. Different sensitivity of carp
(Cyprinus carpio) and rainbow trout (Oncorhynchus mykiss) to the immunomodulatory effects of UVB irradiation. Fish Shellﬁsh Immunol 2006;21:70e9.
[27] Salo HM, Aaltonen TM, Markkula SE, Jokinen EI. Ultraviolet B irradiation
modulates the immune system of ﬁsh (Rutilus rutilus, Cyprinidae). I. Phagocytes. Photochem Photobiol 1998;67:433e7.
[28] Jokinen EI, Markkula SE, Salo HM, Kuhn P, Nikoskelainen S, Arts MT, et al.
Effects of exposure to increased ambient ultraviolet radiation on immune
function, growth and condition of juvenile Atlantic salmon. Photochem Photobiol 2008;84:1265e71.

108

I.E. Jokinen et al. / Fish & Shellﬁsh Immunology 30 (2011) 102e108

[29] Barton BA, Iwama GK. Physiological changes in ﬁsh from stress in aquaculture
with emphasis on the response and effects of corticosteroids. Ann Rev Fish Dis
1991;1:3e26.
[30] Zagarese HE, Williamson CE. The implications of solar UV radiation exposure
for ﬁsh and ﬁsheries. Fish Fish 2001;2:250e60.
[31] Connelly SJ, Moeller RE, Sanchez G, Mitchell DL. Temperature effects on
survival and DNA repair in four freshwater cladoceran Daphnia species
exposed to UV radiation. Photochem Photobiol 2009;85:144e52.
[32] Searle CL, Belden LK, Bancroft BA, Han BA, Biga LM, Blaustein AR. Experimental examination of the effects of ultraviolet-B radiation in combination
with other stressors on frog larvae. Oecologia 2010;162:237e45.
[33] van Uitregt VO, Wilson RS, Franklin CE. Cooler temperatures increase sensitivity to ultraviolet B radiation in embryos and larvae of the frog Limnodynastes peronii. Global Change Biol 2007;13:1114e21.
[34] Kelly DJ, Bothwell ML. Avoidance of solar ultraviolet radiation by juvenile
coho salmon (Oncorhynchus kisutch). Can J Fish Aquat Sci 2002;59:474e82.
[35] Salo HM, Jokinen EI, Markkula SE, Aaltonen TM, Penttilä HT. Comparative
effects of UVA and UVB irradiation on the immune system of ﬁsh. J Photochem
Photobiol B 2000;56:154e62.
[36] Davies JA, Kuhn PS, Duhammel G, Runnalis K. An ultraviolet (290e325 nm)
irradiation model for Southern Canada conditions. Phys Geogr 1999;21:327e44.
[37] Jokinen EI, Vielma J, Aaltonen TM, Koskela J. The effect of dietary phosphorus
deﬁciency on the immune responses of European whiteﬁsh (Coregonus lavaretus L.). Fish Shellﬁsh Immunol 2003;15:159e68.
[38] Nikoskelainen S, Lehtinen J, Lilius EM. Bacteriolytic activity of rainbow trout
(Oncorhynchus mykiss) complement. Dev Comp Immunol 2002;26:797e804.
[39] Scheiner SM, Gurevitch J. Design and analysis of ecological experiments. New
York: Chapman & Hall; 1993.
[40] Bly JE, Quinious SM, Clem LW. Environmental effects on ﬁsh immune mechanisms. Dev Biol Stand 1997;90:33e43.
[41] Wedemeyer GA, Barton BA, McLeay DJ. Stress and acclimation. In: Schreck CB,
Moyle PB, editors. Methods for ﬁsh biology; 1997. Bethesda, USA.
[42] Prophete C, Carlson EA, Li Y, Duffy J, Steinetz B, Lasano S, et al. Effects of
elevated temperature and nickel pollution on the immune status of Japanese
medaka. Fish Shellﬁsh Immunol 2006;21:325e34.
[43] Wagner EJ, Bosakowski T, Intelmann S. Combined effects of temperature and
high pH on mortality and the stress response of rainbow trout after stocking. T
Am Fish Soc 1997;126:985e98.
[44] Pickering AD, Pottinger TG. Poor water quality suppresses the cortisol
response of salmonid ﬁsh to handling and conﬁnement. J Fish Biol
1987;30:363e74.
[45] Winckler K, Fidhiany L. Combined effects of constant sublethal UVA irradiation and elevated temperature on the survival and general metabolism of the
convict-cichlid ﬁsh, Cichlasoma nigrofasciatum. Photochem Photobiol
1996;63:487e91.
[46] Jokinen EI, Salo HM, Markkula SE, Immonen AK, Aaltonen TM. Ultraviolet B
irradiation modulates immune system of ﬁsh (Rutilus rutilus, Cyprinidae) III:
Lymphocytes. Photochem Photobiol 2001;73:505e12.
[47] Markkula SE, Karvonen A, Salo HM, Valtonen ET, Jokinen EI. Ultraviolet B
irradiation affects resistance of rainbow trout (Oncorhynchus mykiss) against
bacterium Yersinia ruckeri and trematode Diplostomum spathaceum. Photochem Photobiol 2007;83:1263e9.
[48] Markkula SE, Salo HM, Immonen AK, Jokinen EI. Effects of short- and longterm ultraviolet B irradiation on the immune system of the common carp
(Cyprinus carpio). Photochem Photobiol 2005;81:595e602.
[49] Markkula ES, Salo HM, Rikalainen A-K, Jokinen EI. Long-term UVB irradiation
affects the immune functions of carp (Cyprinus carpio) and rainbow trout
(Oncorhynchus mykiss). Photochem Photobiol 2009;85:347e52.
[50] Demers NE, Bayne CJ. The immediate effects of stress on hormones and
plasma lysozyme in rainbow trout. Dev Comp Immunol 1997;21:363e73.
[51] Yin Z, Lam TJ, Sin YM. The effects of crowding stress on the non-speciﬁc
immune response on the fancy carp (Cyprinus carpio). Fish Shellﬁsh Immunol
1995;5:519e29.
[52] Gregory TR, Wood CM. The effects of chronic plasma cortisol elevation on the
feeding behaviour, growth, competitive ability, and swimming performance
of juvenile rainbow trout. Physiol Biochem Zool 1999;72:286e95.

[53] Pickering AD. Stress response of farmed ﬁsh. In: Black KD, Pickering AD,
editors. Biology of farmed ﬁsh. Shefﬁeld: Academic Press; 1998. p. 222e55.
[54] Elliott JM, Hurley MA. A functional model for maximum growth of Atlantic
salmon parr, Salmo salar, from two populations in northwest England. Funct
Ecol 1997;11:592e603.
[55] Bowden TJ. Modulation of the immune system of ﬁsh by their environment.
Fish Shellﬁsh Immunol 2008;25:373e83.
[56] Bowden TJ, Thompson KD, Morgan AL, Gratacap RML, Nikoskelainen S.
Seasonal variation and the immune response: a ﬁsh perspective. Fish Shellﬁsh
Immunol 2007;22:695e706.
[57] Bly JE, Clem LW. Temperature and teleost immune functions. Fish Shellﬁsh
Immunol 1992;2:159e71.
[58] Cheng A-C, Cheng S-A, Chen Y-Y, Chen J-C. Effects of temperature change on
the innate cellular and humoral immune responses of orange-spotted grouper
Epinephelus coioides and its susceptibility to Vibrio alginolyticus. Fish Shellﬁsh
Immunol 2009;26:768e72.
[59] Strange RJ, Schreck CB, Golden JT. Corticoid stress responses to handling and
temperature in salmonids. T Am Fish Soc 1977;106:213e8.
[60] Perez-Casanova JC, Rise ML, Dixon B, Afonso LOB, Hall JR, Johnson SC, et al. The
immune and stress responses of Atlantic cod to long-term increases in water
temperature. Fish Shellﬁsh Immunol 2008;24:600e9.
[61] Magnadóttir B, Jónsdóttir H, Helgasona S, Björnsson B, Jørgensen TO,
Pilström L. Humoral immune parameters in Atlantic cod (Gadus morhua L.): I.
The effects of environmental temperature. Comp Biochem Physiol B
1999;122:173e80.
[62] Suzuki Y, Otaka T, Sato S, Hou YY, Aida K. Reproduction related immunoglobulin changes in rainbow trout. Fish Physiol Biochem 1997;17:415e21.
[63] Dominguez M, Takemura A, Tsuchiya M, Nakamura S. Impact of different
environmental factors on the circulating immunoglobulin levels in the Nile
tilapia, Oreochromis niloticus. Aquaculture 2004;241:491e500.
[64] Klesius PH. Effect of size and temperature on the quantity of immunoglobulin
in channel catﬁsh, Ictalurus punctatus. Vet Immunol Immunop
1990;24:187e95.
[65] Rijkers GT, Frederix-Wolters EM, van Muiswinkel WB. The immune system of
cyprinid ﬁsh. Kinetics and temperature dependence of antibody-producing
cells in carp (Cyprinus carpio). Immunology 1980;41:91e7.
[66] Alcorn SW, Murray AL, Pascho RJ. Effects of rearing temperature on immune
functions in sockeye salmon (Oncorhynchus nerka). Fish Shellﬁsh Immunol
2002;12:303e34.
[67] Langston AL, Hoare R, Stefansson M, Fitzgerald R, Wergeland H, Mulcahy M.
The effect of temperature on non-speciﬁc defence parameters of three strains
of juvenile Atlantic halibut (Hippoglossus hippoglossus L.). Fish Shellﬁsh
Immunol 2002;12:61e76.
[68] Dominguez M, Takemura A, Tsuchiya M. Effects of changes in environmental
factors on the non-speciﬁc immune response of Nile tilapia, Oreochromis
niloticus L. Aquacult Res 2005;36:391e7.
[69] Nikoskelainen S, Bylund Gr, Lilius E-M. Effect of environmental temperature
on rainbow trout (Oncorhynchus mykiss) innate immunity. Dev Comp
Immunol 2004;28:581e92.
[70] Jonsson B, Forseth T, Jensen AJ, Naesje TF. Thermal performance of juvenile
Atlantic Salmon, Salmo salar L. Funct Ecol 2001;15:701e11.
[71] Larsson S, Berglund I. Thermal performance of juvenile Atlantic salmon (Salmo
salar L.) of Baltic Sea origin. J Therm Biol 2006;31:243e6.
[72] Bullock AM, Coutts RR. The impact of solar ultraviolet radiation upon the skin
of rainbow trout, Salmo gairdneri Richardson, farmed at high altitude in
Bolivia. J Fish Dis 1985;8:263e72.
[73] Nowak BF. Signiﬁcance of environmental factors in aetiology of skin diseases
of teleost ﬁsh. B Eur Assn Fish P 1999;19:290e2.
[74] Barton BA, Schreck CB, Sigismondi LA. Multiple acute disturbances evoke
cumulative physiological stress responses in juvenile Chinook salmon. T Am
Fish Soc 1986;115:245e51.
[75] Wendelaar Bonga SE. The stress response in ﬁsh. Physiol Rev
1997;77:591e625.
[76] Reist JD, Wrona FJ, Prowse TD, Dempson JB, Power M, Koeck G, et al. Effects of
climate change and UV radiation on ﬁsheries for Arctic freshwater and
anadromous species. Ambio 2006;35:402e10.

