JYVASKYLA STUDIES IN BIOLOGICAL AND ENVIRONMENTAL SCIENCE 125

Jani Hakkinen

Comparative Sensitivity of Boreal Fishes
to UV-B and UV-Induced
Phototoxicity of Retene

Esitetdadan Jyvéaskylan yliopiston matemaattis-luonnontieteellisen tiedekunnan suostumuksella
julkisesti tarkastettavaksi yliopiston Ambiotica-rakennuksen salissa (YAA303)
marraskuun 28. pdivanad 2003 kello 12.

Academic dissertation to be publicly discussed, by permission of
the the Faculty of Mathematics and Science of the University of Jyvaskyls,
in the Building Ambiotica, Auditorium YAA303, on November 28, 2003 at 12 o'clock noon.

)

UNIVERSITY OF H JYVASKYLA

JYVASKYLA 2003



Comparative Sensitivity of Boreal Fishes
to UV-B and UV-Induced
Phototoxicity of Retene



JYVASKYLA STUDIES IN BIOLOGICAL AND ENVIRONMENTAL SCIENCE 125

Jani Hakkinen

Comparative Sensitivity of Boreal Fishes
to UV-B and UV-Induced
Phototoxicity of Retene

)

UNIVERSITY OF H JYVASKYLA

JYVASKYLA 2003



Editors
Jukka Sarkka
Department of Biological and Environmental Sience, University of Jyvéaskyla

Pekka Olsbo, Marja-Leena Tynkkynen
Publishing Unit, University Library of Jyvéaskyla

URN:ISBN 9513916472
ISBN 951-39-1647-2 (PDF)

ISBN 951-39-1509-3 (nid.)
ISSN 1456-9701

Copyright © 2003, by University of Jyvaskyla

Jyviskyld University Printing House, Jyvaskyld 2003



ABSTRACT

Hakkinen, Jani

Comparative sensitivity of boreal fishes to UV-B and UV-induced phototoxicity
of retene

Jyvaskyla: University of Jyvaskyla, 2003, 58 p.

(Jyvaskyla Studies in Biological and Environmental Science,

ISSN 1456-9701; 125)

ISBN 951-39-1647-2

Yhteenveto: Kalojen varhaisvaiheiden herkkyys UV-B sateilylle ja reteenin UV-
valoindusoituvalle toksisuudelle

Related to ozone depletion, 20-50 % increases in CIE-weighted UV-B doses have
been predicted in northern latitudes in coming decades. In order to investigate
whether increased UV-B radiation is a risk factor for the most sensitive larval
stages of freshwater fishes (vendace, whitefish and pike) a series of experiments
were conducted under lamps in the laboratory and under the sun in the field.
Besides direct effects of UV-B, phototoxicity of certain environmental xenobiotics
may also follow. The possibility of phototoxicity of retene, a resin acid derived
PAH, was investigated. UV-B conditions considered to be realistic in the future
were strictly followed. UV-B alone, even at high dose rates, had only minor effects
on coregonid larvae, indicated a minor sunburn reaction of the skin, reversible
growth response and increased pigmentation. However, pike larvae were highly
sensitive to UV-B under laboratory conditions even in current doses, indicated as
severe neurobehavioral disorder. Monitoring of animals with the behavioral
syndrome revealed substantial late mortality. Interestingly, field experiments with
pike suggest that only minor increases in ambient UV-B coming on the earth’s
surface may cause sublethal effects to larval fish. However, the frequency of
behavioral disorders was considerably lower in the field than under laboratory
conditions. Newly hatched larvae of whitefish, vendace and pike differed
substantially in their reactions to UV-photoinduced toxicity of retene. By itself,
retene - when tested up to 100 pg/1 - had no short-term toxic effects to the larvae of
boreal fishes. In coregonids, however, the combined exposure of retene+UV
resulted in dramatic lethality at low concentrations of retene in acute (72 h)
exposures. On the other hand, retene had no phototoxic effects to the larval pike.
Overall, it can be concluded that for post-hatch larvae of whitefish and vendace the
synergism of UV-B and retene is a key factor of potential ecotoxicological risk to be
taken into consideration in lake areas chemically contaminated by sources of
retene.
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As00 Absorbance of 500 nanometers
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CIE (Commission Internationale de I'Eclairage;

International Commission on Illumination) i.e., the action
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uv ultraviolet radiation

UV-A ultraviolet-A radiation (315-400 nm)
UV-B ultraviolet-B radiation (280-315 nm)

UV-C ultraviolet-C radiation (200-280 nm)



1 INTRODUCTION

Climatic factors affecting UV-B exposure

Sunlight consists of ultraviolet radiation, visible light and infrared light. UV
radiation is divided into three types according to wavebands: Ultraviolet C
(UV-C, 200-280 nm), ultraviolet B (UV-B, 280-315 nm) and ultraviolet-A (UV-A,
315-400 nm). The biologically most harmful UV-C is completely absorbed in the
upper atmosphere. However, UV-B is only partially attenuated by the
stratospheric ozone layer, and UV-A reaches the earth surface almost
completely (Madronich et al. 1995). Fortunately UV-A is even 10* times less
biologically active than UV-B (deGruijl et al. 1993). However, the importance of
UV-A in melanoma induction, especially in humans, should not be forgotten
(Setlow et al. 1993). Long-term data series on solar UV-B radiation incident at
the earth’s surface indicate that, over the past 10-20 years, ultraviolet-B levels
have increased due to anthropogenically caused stratospheric ozone depletion
(Stolarski et al. 1992, Kerr & McElroy 1993, Madronich et al. 1995, Taalas et al.
2000). Related to climatic change, even 20-50 % increases in CIE-weighted doses
have been predicted in northern latitudes in coming decades (Taalas et al. 1996,
2000, 2002).

Several factors, besides stratospheric ozone depletion, affect the intensity
of UV-B radiation reaching the biosphere including altitude, surface albedo,
cloudiness, aerosols and snow cover, as well as solar zenith affected by latitude,
season and time of the day (Madronich 1993, Taalas et al. 1996, Madronich et al.
1998). Altitude affects UV-B irradiance considerably (over 10 % increase per
1000 m) (Blumthaler et al. 1997). Small particles suspended in air, i.e. aerosols,
can reduce the irradiances of UV-B coming to the earth’s surface (Madronich et
al. 1998). Clouds usually reduce the irradiance, but it is well known that clouds
may also enhance UV irradiances due to reflection of solar radiation at clouds
(Mims & Frederick 1994). Highest UV-B radiation can be measured during
midsummer and midday in equatorial regions with high solar elevation. The
UV-B doses in equatorial regions are several fold higher than in Finland (Taalas
2002). However, the species living under the sun of the equatorial region are
well and differently adapted to high UV-B doses (Hdder et al. 1998). The
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possible problems arise in polar region and mid-latitudes if ongoing ozone
depletion exposes the nature to higher UV-B dose levels than organisms are
adapted.

UV in natural waters

In northern boreal latitudes (approx. 60-70 °N) lakes and rivers are covered
most of the year by ice, which almost totally eliminates the UV-B radiation from
the water (Belzile et al. 2001, Schubert et al. 2001). In May, after the ice is shed,
the waters in many boreal lakes appear clearer than one or two weeks
thereafter, after the onset of spring primary production. This allows deeper
penetration of UV-B to the water column (Huovinen et al. 2000), at just the time
of spawning and/or hatching of boreal fishes. Furthermore, the ozone depletion
is situated in springtime (Taalas et al. 2002). For all of these reasons, it can be
hypothesized that this timeframe is the most important when evaluating the
effects of UV-radiation to boreal freshwater ecosystems, including the
important species making up the largest value of fisheries therein.

Natural levels of UV-B radiation are known to penetrate to biologically
significant depths in many bodies of water (Smith & Baker 1979, Smith et al.
1992, Kirk 1994, Morris et al. 1995). The water depth required to remove 90-99 %
of the solar radiation at 310 nm depends on the optical quality of water. In the
clear oceans, UV-B can penetrate down to 20 metres (Smith & Baker 1979, Kirk
1994). In lakes, attenuation depths for ultraviolet radiation may range from a
few centimeters in waters having high concentrations of dissolved organic
carbon (DOC) to over 10 m or more in some of the lowest DOC lakes (Kirk 1994,
Morris et al. 1995, Williamson et al. 1996, Huovinen et al. 2000). In the clearest
lakes in Finland, UV-B radiation is known to penetrate deeper than 1 metre
(Huovinen et al. 2000). Increases in UV-B radiation due to ozone depletion alter
the spectral balance of UV-A, UV-B and photosynthetically active radiation
(PAR; > 400 nm) and increase the exposure of aquatic ecosystems to UV
radiation (Smith et al. 1992). Further, changes in UV-B may influence other
environmental factors like acidification, precipitation and temperature changes.
All these in combination, decrease the concentrations of dissolved organic
cartbon (DOC) and colored dissolved organic matter (CDOM), mainly
controlling the penetration of the solar radiation in marine and freshwaters
(Kirk 1994, Schindler et al. 1996, Williamson et al. 1996, Yan et al. 1996).

Impacts of UV-B to aquatic organisms

UV-B radiation, even at current levels, is known to be harmful to organisms and
reduce the productivity of ecosystems, including aquatic environments (Hader
et al. 1998). UV-B can directly or through oxidative stress cause DNA and
macromolecular damage, leading to sublethal or lethal responses (Ahmed &
Setlow 1993, Jurkiewicz & Buettner 1994, Renzing et al. 1996, Charron et al.
2000). It has been suggested that UV-B radiation is one possible stress factor
explaining worldwide extinctions of amphibian species (Blaustein et al. 1997,
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1998). Previous studies with numerous fish species have shown that UV-B
radiation can be detrimental to fish, especially at the embryo and larval stages.
The most severe effects of UV-B radiation impair larval development and
decrease offspring recruitment (Hunter et al. 1979, Williamson et al. 1997,
Beland et al. 1999, Flamarique & Harrower 1999, Battini et al. 2000, Browman et
al. 2000). Besides direct lethality, several fish species are susceptible to UV-B-
induced sunburn (Berghahn et al. 1993, Little & Fabacher 1994, Blazer et al.
1997), reduced growth rate, axial malformations and eye or brain damage
(Hunter et al. 1979, Dethlefsen et al. 1996, 2000). Studies with adult fish have
shown that UV radiation is an immunosuppressive agent to roach a benthic fish
(Salo et al. 1998, 2000a, 2000b, Jokinen et al. 2001).

Protective mechanisms against UV-B

Fish have physiological, morphological and behavioral mechanisms of
photoprotection, including screening substances like mycosporine-like amino
acids (MAA’s) (Shick & Dunlap 2002) and melanin (Ahmed & Setlow 1993,
Lowe & Goodman-Lowe 1996, Speekmann et al. 2000), inducible
photorepairing, and photoindependent excision repair (Shima & Setlow 1984,
Applegate & Ley 1988, Ahmed & Setlow 1993). Further in some species
capability of visually avoiding high UV irradiances has been suggested
(Speekmann et al. 2000, Kelly & Bothwell 2002, Ylonen et al. 2003).

Besides protective mechanisms, another important, but usually forgotten,
factor that possibly limits the exposure of organism to UV-B radiation is the
phenology of species. Merild et al. (2000) postulated that the cumulative UV-B
exposure of aquatic embryos at high latitudes might even exceed that at lower
latitudes, having an impact because of lower ambient temperatures and hence
slower embryonic development. However, Cummins (2003) showed that this
theory was too simplified, and in common frog (Rana temporaria) embryos in
populations at high-latitude undergo more rapid ontogenetic development than
those from lower latitudes, at a given temperature. Further, due to possible
global warming the ice cover will be shed earlier, leading to exposure in more
sensitive developmental stages. On the other hand, there are also indications
that some species have a tendency towards earlier breeding (Terhivuo 1988),
and in that case leading to lower UV exposure earlier in the spring.

Combined effects of UV-B with xenobiotics

UV-B can also have harmful interactions with other environmental factors; the
enhanced toxicity of environmental contaminants or even synergism with
pathogens (Ankley et al. 1994, Kiesecker & Blaustein 1995). Many polycyclic
aromatic hydrocarbons (PAHs), being relatively non-toxic as such, however,
reveal enhanced toxicity because of UV-induced structural changes of the
chemical (photomodification) or through photosensitization, caused by
activation of chemicals already bioaccumulated in tissues (Ankley et al. 1994,
Mallakin et al. 1999, Little et al. 2000). Photoinduced toxicity of individual PAH-
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compounds (e.g. fluoranthene, anthracene, pyrene) has been documented in
plants (Huang et al. 1995, Mallakin et al. 1999), zooplankton (Wernesson &
Dave 1997, Nikkild et al. 1999), crustaceans (Boese et al. 1997), amphibians
(Hatch & Burton 1998, Monson et al. 1999) and fishes (Oris & Giesy 1985,
McCloskey & Oris, 1991, 1993, Little et al. 2000).

Retene (7-isopropyl-1-methylphenanthrene) is a PAH-compound formed
from resin compounds either during incomplete combustion of resinuous
softwood or via action of anaerobic microbes (Ramdahl 1983, Tavendale et al.
1997). Retene is also formed thermally during forest fires (after burning, soil
may contain over 4 g retene/g d.w.) (Gabos et al. 2001) and municipal
incinerators and oil refineries have small amounts of retene in their effluents
(Besombes et al. 2001). In natural waters, retene is mainly formed anaerobically
from resin acids, oleoresinous constituents of coniferous trees. It has been found
in sedimenting particles (highest observed concentration 54 pg/g d.w.)
contaminated by treated pulp and paper mill effluents as well as in the
sediment surface up to 500-1600 pg/g in lake areas contaminated by the
industry (Leppédnen & Oikari 1999, Leppdnen et al. 2000). Dissolution from
contaminated sediments also occurs (Oikari et al. 2001). As a natural product, it
can be found in sediments, though at lesser concentrations (Bouloubassi et al.
1997, Judd et al. 1998).

Although retene is hydrophobic by its nature, it is bioavailable to fish,
presumably via desorption from sediments (Oikari et al. 2002a). In laboratory
exposures, retene appears to accumulate in liver and muscles of fish (Brumley
et al. 1997). Chronic exposures have shown that retene is teratogenic to fish
embryos at low water concentrations (~ 32 ng/1 or below) and induces the
mixed function oxygenase (MFO) system in fishes (Fragoso et al. 1998, Billiard
et al. 1999, 2000). Further, in a previous study, retene was phototoxic to Daphnia
magna at concentrations revealing no toxicity without UV-B (Huovinen et al.
2001).

Ecologically relevant species

Autumn-spawning vendace and whitefish lay their eggs on lake bottom where
they may be exposed to sedimental retene (Oikari et al. 2002a). Once hatched in
April-May, the positively phototactic larvae of both species swim near the
surface for the first month (Shkorbatov 1966, Viljanen et al. 1995), thus likely to
be exposed to episodes of solar UV-B. On the other hand, northern pike spawn
in April-May in shallow littoral waters (water depth under 1 metre) and their
larvae use these as nurseries for several weeks after hatching (Turner & Mackay
1985, Urho et al. 1989). Thus, during early developmental stages pike larvae can
be exposed to episodically high UV-B dose rates at present and probably even
more in coming decades.



2 OBJECTIVES

The purpose of this thesis was to evaluate whether or not increased UV-B
radiation will be an environmental risk factor for freshwater fishes at current
doses or at those predicted in coming decades. Further, for the first time, the
risk of UV-B combined with a potentially hazardous PAH-compound for
northern fish was evaluated by simulating future scenarios on enhanced UV-B
radiation.

For these goals, more specifically, the following tasks were made:

1) To study whether or not UV-B is biologically harmful for larval fish
either in subchronic or acute exposures (I, II, I1I, V, VI).

2) Investigate adaptive mechanisms against effects of UV radiation (I, IV).

3) Evaluate effects of phototoxicity of PAHs, using retene as a model
compound (1L, I1I, V).

4) Solve certain mechanistic associations in UV-induced PAH-phototoxicity
with histological and biochemical methods (II, III, V).

5) Compare the sensitivity of boreal fish species to UV-B and UV-induced
phototoxicity (L, IL III, V, VI).

6) By using fish models, make an initial risk assessment by comparing
suggested and observed UV-effects in boreal lake environment.



3 MATERIALS AND METHODS

The materials and methods are described in more detail in the original articles
(I-VI).

3.1 Test animals

Three species were studied: vendace (Coregonus albula L.), whitefish (Coregonus
lavaretus s.l.) and Northern pike (Esox lucius L.) - each in larval stages (I-VI).
Experiments were started with newly hatched larvae, and extended for several
days in the presence of yolk in young (II, III, V, VI) or until yolk absorption up
to two weeks (I).

3.2 Experimental UV-B exposures

Q-Panel UVB-313 lamps were used to produce the enhancement of UV-B
radiation in the laboratory (I, II, III, V) and in field experiments (VI). The main
principle was to use relevant UV-B doses currently existing in nature and those
predicted to come in the near future. Harmful shorter wavelengths not existing
in nature were blocked with a cellulose diacetate filter (Clarifoil), which was
replaced after each 3-hour exposure (I, I1, III, V). In a two-week experiment (I), in
every treatment including control, the UV-A-lamp (Q-Panel UVA-340) and
visible light (Philips TLD 36 W/950 daylight) was present. In the control
treatment, however, UV-B radiation was blocked with a Mylar-D filter
(DuPont). In a series of short-time UV-B experiments with and without retene,
the controls were exposed only to visible light (Philips TLD 36 W /950 daylight) (II,
11, V).

UV-B dose rates in experiments were measured either with a Hamamatsu
Photonic Multichannel Spectral analyser (Model PMA-11), integrating the
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wavelength area from 280-380 nm (II, II, V) or with a Macam
spectroradiometer (SR 9910), equipped with a long light guide and a planar
cosine collector 30 mm in diameter (IV, VI). The UV-B doses were calculated as
J/m? (CIE-weighted), i.e. the action spectrum used in experiments was specific
for human erythema (McKinlay & Diffey 1987). This includes the biologically
most harmful shorter wavelengths that the earth receives and can thus be used
as a model for biological effects to all organisms. Experimental daily doses were
related either to average (I, V) or maximum (I, III) daily doses (CIE-weighted)
measured by the Finnish Meteorological Institute at the beginning of May -

between 2-8 day, 1998-2000 - in Jokioinen (62082'N, 23050'E). The comparisons
are presented in Table 1.

3.3 Subchronic exposures

Because long-term condition can be considered as a proper estimate for
cumulative sensitivity of animals to UV-B, a two-week laboratory experiment
was conducted (I). Newly hatched embryos of whitefish and vendace were
collected to the rearing aquaria and randomly divided into four different
treatments. Before exposing fish to various conditions the developmental stage
of each group of larvae was determined, and total length (mm) as well as wet
and dry weights of 50 individuals were measured as starting values for growth
determinations. Newly hatched coregonid embryos were exposed in the
laboratory in flow-through aquaria to three CIE weighted UV-B dose levels
(Table 1) or control light for 3 h between 1200 and 1500 h to simulate midday
exposure each day. All treatments and controls were replicated four times, with
100 vendace and 100 whitefish embryos in each aquarium. Larvae were fed four
times a day ad libitum with Artemia nauplii. Water temperature and other
rearing conditions were kept constant. Photoperiod was set at 18 h light and 6 h
dark. Dead embryos and larvae were removed and counted daily. First
sampling for growth determination was made after a one-week of exposure. At
the end of the experiment sampling was repeated, and samples were also taken
for the isolation of the melanin pigment (I).



TABLE1 Weighted and unweighted UV-B (280-315 nm) doses used in laboratory exposures, and their comparison to average and maximum

daily doses emitted by the sun in May in Southern Finland.

Species Paper Exp. CIE-weighted Unweighted daily Unweighted cumulative Compared to mean Compared to max daily
Days UV-B  daily UV-Bdose (kJ/m?) UV-B dose (kJ/m?) daily UV-B (CIE) dose UV-B (CIE) dose on
dose (kJ/m?) in May (1.66 kJ/m?) May (3.0 kJ/m?)
Both . I 14 1.4 4.2 59 Subambient Subambient
coregonids
Both . .
. I 14 1.8 6.1 85 9 % higher Subambient
coregonids
Both I 14 2.2 8.2 114 34 % higher Subambient
coregonids
Vendace III 2 2.8 13.0 26 68 % higher Ambient
Vendace II 2 5.4 25.0 50 >200 % higher 80 % higher
Whitefish IT, 11T 2 2.8 13.0 26 68 % higher Ambient
Whitefish II, III 2 5.4 25.0 50 >200 % higher 80 % higher
Pike Vo2 10 32 6.4 40% lower than Subambient
ambient
Pike \Y 2 1.8 5.8 11.6 8 % higher Subambient
Pike \4 2 2.7 9.0 18 63 % higher Ambient
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3.4 Acute (72 h) phototoxicity experiments

In order to study both UV-B mediated phototoxicity of retene and the effects of
high, periodically existing UV-B dose rates on boreal fishes at the same time, a
series of acute experiments was conducted. The basic concept of the three
semistatic phototoxicity experiments with vendace, whitefish and northern pike
was the same (II, III, V). First, newly hatched larvae were pre-exposed in aerated
water to several retene concentrations (vendace and whitefish exposed to 3.2-100
pg retene/l and pike 3-82 g retene/l) or control conditions (water and DMSO,
used as a carrier,) in Pyrex glass bowls (volume one litre). After a 24-h
accumulation period, larvae were further exposed to retene or to controls (test
solutions were renewed daily before UV-B irradiation by carefully replacing 60
% of each solutions) and, in addition, irradiated once a day (twice) with either
UV-B (CIE-weighted) or visible light for 3 h (between 1200 and 1500 h) to
simulate midday exposure. Daily doses were compared either with average or
maximum daily doses in early May in Finnish nature (Table 1). All treatments
and controls were replicated at least three times, each comprised of 25-40 newly
hatched larvae (II, III, V). Photoperiod (no UV light) in the experiment room
was adjusted so that it simulated natural daily rhythm. Behavioral responses
were monitored four times a day, also during irradiation. Dead larvae were
removed and counted daily. Larvae were sampled after 3 d (72 h) from the start
by anesthetizing the animals with MS222 (50 mg/l, 2 min) and freezing in
liquid nitrogen. The samples were transferred to —80 °C and preserved there
until processed further.

3.5 Field sampling for melanin determinations

Melanin concentration was analyzed from vendace and whitefish larvae,
sampled in May from five lakes with different UV attenuation depth, water
color and transparency (IV). During spring 2001 (Konnevesi, Paasivesi,
Puruvesi) and 2002 (SW Pyh3gjarvi and Pyhaselkd), larval vendace (Coregonus
albula) and whitefish (Coregonus lavaretus) were sampled by Bongo nets from
five different lakes in Southern and Central Finland. The lake basins included a
range from oligotrophic to mesotrophic (IV).

The spectral irradiance measurements of air and underwater UV-B and
UV-A irradiance were conducted between late July-August in 2001 or 2002,
depending on the sampling year of the study lakes. The field measurements
were carried out around solar noon under clear sky (no cloud cover). Irradiance
spectra were measured with a Macam spectroradiometer (SR 9910), equipped
with long light guide and a planar cosine collector 30 mm in diameter.
Irradiance from 290 to 800 nm was measured in steps of 1 nm at 8-10 water
depths. The attenuation depth, i.e. the depth where the UV irradiance (ranging
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from 310 to 390 nm, at 10 nm steps) was reduced to 1 % of the irradiance just
beneath the surface was calculated. The data for optical quality of the lakes
(water color and transparency) were gathered from the databases of the Finnish
Regional Environmental Centres, except the data of Lake Pyhaselkd, this being
based on the analyses of the Karelian Institute, University of Joensuu (Anna-
Liisa Holopainen, unpublished data).

3.6 On-field experimentation

Field UV exposures with pike were conducted in May 2002 in Lake Palosjarvi,

Finland (62°03' N, 26°21' E), which is an optically very clear water basin (DOC
4.8 mg/l). Newly hatched larvae (< 48 h) of northern pike were used as test
animals (Lake Paijanne stock)(VI).

An experimental dock for on-field exposures to natural light was
constructed on an underwater stone 25 m off the shoreline. On the southern
side of the dock, the additional UV-source and a rack holding experimental
cuvettes were installed (VI). Larval pike were transferred gently to quartz and
glass cuvettes that were placed at selected depths (VI) to vary the UV-exposure
regime. The quartz cuvette transmitted 93 % of UV-B range, but the glass only
ca. 30 %. All treatments were replicated four times, each comprised of 30 newly
hatched larvae. Fish were exposed to natural solar UV radiation at two depths
(5 and 15 cm, respectively) or in addition to enhanced UV-B level for 3 h on two
consecutive days (unweighted UV-B intensity 1.0 W/m?; CIE-weighted UV-B
dose at lake surface between 1100 and 1400 hours was 2.0 k] /m?/3 h), produced
with a Q-panel UV-B 313 lamp. Surveys of the survival of animals and
neurobehavioral disorders were made every day, and larvae were sampled for
further analyses after 48 h.

Irradiance spectra were measured several times during the day with a
Macam spectroradiometer (SR 9910; calibrated with SR903 calibration source
and software), equipped with a long light guide and a planar cosine collector 30
mm in diameter. The planar cosine collector was adjusted to depth with the
help of a special rack leaned against the dock and having a long adjustable arm
that had a centimeter scale in every side. Also underwater UV-B measurements
were conducted (VI).

3.7 Biological parameters
3.7.1 Determination of melanin

Melanin concentrations in whole body of whitefish and vendace were examined
from larvae that were exposed to different UV-B levels for two weeks (I) as well
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as from larvae collected from lakes with different optical properties (IV). Total
melanin (eumelanin and pheomelanin) of both species was analyzed
spectrophotometrically by a method developed for mammalian hair (Ozeki et
al. 1995, 1996). Larvae kept frozen at —20 °C were thawed for extraction. Before
homogenisation heads were removed, to yield samples without the melanin
eyes contained. For one analysis 2-3 larvae were combined and homogenized in
distilled water with an Ultra-Turrax device for three min (20 mg wet tissue/ml).
Samples were placed in 10 ml capped test tubes (glass), to which Soluene-350
was added (1.8 ml). After sonication for 5 min, tubes were vortexed and placed
in a boiling water bath, first for 30 min, and once cooled and revortexed, for an
additional 15 min. Samples were analysed for absorbances at 500 nm (Asgq().

Although melanin does not have a distinct absorption maximum at 500 nm,
shorter wavelengths revealed much larger background due to proteins (Ozeki
et al. 1995). The A5 value was converted to total melanin by referring it to the

Ag(Q value of solubilized sepia melanin standard (I, IV).

3.7.2 UV-B absorbing substances

Absorptive pigments other than melanin were analyzed from larvae of
coregonids with methanol extraction. Pooled samples, 4-5 larvae in each were
homogenized, and extracted in 1 ml of methanol (90 % aqueous methanol) at
room temperature (Fabacher & Little 1995, Hofer & Mokri 2000). After 2 h of
extraction samples were centrifuged for 3 min at 11000 g. Absorbance (200-800
nm) of supernatant was scanned with a Beckman DU-640 spectrophotometer.

3.7.3 Bioenergetics in vivo

In order to determine possible metabolic cost caused by UV-B radiation, mass-
specific oxygen consumption was measured. Daily (24 h) oxygen consumption
was measured at 12 °C for the larvae that were irradiated with UV-B (daily dose
1.81 kJ/m?) for 14 d with appropriate controls. One experiment was carried out
with vendace and two experiments with whitefish. An intermittent-flow
respirometer (Forstner 1983), with polarographic oxygen sensor (YSI 5750) and
three parallel acrylic chambers was used. The oxygen consumption in each
chamber was recorded for 15 minutes each hour, for 24 hours consecutively,
and the average rate over the whole period extrapolated to an hourly value.
Total lengths and wet weights of animals were measured after the experiment.
Three levels of metabolic activity were determined: 1) maximum rate, the
average of the three highest hourly values during the 24 h experiment, 2)
minimum rate (“near” the standard metabolic rate), the average of the three
lowest values during the experiment, 3) routine rate, the average of the all the
hourly values, excluding three maximum and three minimum values (Forstner
1983).
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3.7.4 Histopathology

Sublethal UV-B induced phototoxicity of retene was evaluated by histological
endpoints (II). Only fish exposed to the high UV-B level (5.4 k] /m?) were used.
Randomly sampled larvae (10/treatment) were analyzed for histology, but in
the treatment 32 pg retene/1 plus UV-B, all nonmoribund specimens (four out
of five) were examined. Larvae were fixed for 24 h in 10 % buffered formalin.
Once fixed, the samples were dehydrated through a graded series of ethanol
solutions up to 100 %, followed by xylene prior to embedding in paraffin.
Animals were sectioned longitudinally along the vertical axis using a Leica
microtome at 5 pm. Haematoxylin and eosin (HE) stained sections were
prepared from each tissue block and examined at x400 and x650 magnifications
using an Olympus IX70 stereomicroscope. Histological abnormalities detected
in liver and skin were recorded. Lesions and tissue alterations were defined
using several slides from each fish. The postcranial dorsal sector of longitudinal
sections in larvae was selected for examination of dorsal skin lesions. The
severity of skin lesions was classified to four groups depending on the
percentage of the dorsal skin that had lesions: 0) healthy skin, 1) minor lesion (<
1 %), 2) pronounced (1-5 %) and 3) severe skin lesion (=5 %). In addition, the
number of mucous cells was counted from skin sections. Selected sections were
stained, besides HE, also with Periodic Acid Schiff (PAS)-Alcian blue-Mayer’s
haematoxylin (Mowry 1968).

3.7.5 CYP1A and HSP70 determinations

Two inducible biomarker proteins, CYP1A and HSP70, were measured as
whole body analysis (more details in III, V). Briefly, specimens frozen in liquid
nitrogen were homogenized with potassium gluconate buffer (pH 7.8)
centrifuged, and the supernatant used for analysis. Total protein concentrations
of the supernatants were analysed by the Lowry method (BioRad DC) adapted
for 96-well plates (Lowry et al. 1951).

Proteins (100 and 20 pg protein/lane for CYP1A and HSP70, respectively)
were run on a SDS-PAGE gel (Laemmli 1970, Towbin et al. 1979, Clegg et al.
1998). The positive control for CYP1A was the liver of B-naphthoflavone-
injected juvenile whitefish (3.15 pg protein/lane). HSP70 from bovine brain
(Sigma H9976, 32.5 pg protein/lane) was used as a positive control for HSP70.
Proteins were transferred to a nitrocellulose membrane, which was then
blocked with 9 % non-fat dry milk and probed with 3 pg/ml anti-CYP1A (Mab
1-12-3, kindly provided by Dr. John Stegeman) or 1:3000 anti-HSP70 (MA3-006,
Affinity BioReagents, Inc.). After washing, the blot was probed with the
secondary antibody, 1:3000 peroxidase labelled anti-mouse IgG (A9044, Sigma).
Immunodetection was performed via enhanced chemiluminescence, and Scion
Image 4.0.2. software was used for quantification of immunoreactive bands.
Different blots were made comparable to each other by calibrating them with
positive controls, fixing each positive control at a value of 1.
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3.7.6 Superoxide dismutase (SOD) analysis

Superoxide dismutase activity of pike larvae was measured on a whole body
basis analysis (V, VI). Three to four fish per sample were homogenized with 0.3
M phosphate buffer, and centrifuged at 600 g for 10 min at 4 °C. SOD activity
was measured by the method of Ukeda et al. (1999) (SOD-assay kit; Dodindo
Molecular Technologies Inc.). The incubation was at room temperature and
absorbances were measured after 30 min incubation time.

3.8 Determination of retene concentration and its photoproducts

Retene concentrations in water were analysed with an MS-GC-system (V). After
addition of the internal standard (anthracene), the sample was extracted in a
Soxhlet-apparatus with hexane. The solvent was evaporated first with Rotavapor
and finally with a nitrogen gas stream. Then the residue was dissolved in 1 ml
hexane and analysed with an MS-GC-system (HP 6890 GC equipped with a HP
5973 MS detector). Retene concentrations were analysed right before UV-B
exposure started and also from waters collected during first 24 h. Further, in order
to determine possible photomodification products, water containing retene (100
pg/1) was irradiated (3 h, dose 2.7 kJ/m?) and analyzed right after (V).



4 RESULTS AND DISCUSSION

In boreal latitudes in Fennoscandia, the highest relative increase in UV-B
radiation takes place in spring, the time preceding the most intensive
reproductive phase of several fishes. As previously mentioned, related to
climatic change, even 20-50 % increases in CIE-weighted UV-B doses have been
predicted in northern latitudes in coming decades (Taalas et al. 2002). At the
tirst time most UV sensitive developmental stages of fish were investigated in
boreal freshwater conditions.

Besides UV alone, in accidental or intentional situations newly hatched
larvae of fishes may be exposed to chemical contaminants, for instance to
polycyclic aromatic hydrocarbons (PAHs). Several PAHs reveal potential
photoinduced toxicity. The purpose of this thesis was to examine, with
laboratory and field experiments if UV-B radiation will negatively affect larvae
of boreal fishes at current dose and irradiance levels or at those predicted to
come. In this connection, therefore, phototoxic effects of PAHs were studied,
retene acting as a model compound. Research was conducted with ecologically
relevant fish species having also high recreational and commercial value in
inland waters.

4.1 UV-radiation in Finnish lakes

The water depth that is required to remove 90-99 % of the solar radiation at 310
nm depends on the optical quality of water, and in humic freshwaters mainly
on the concentrations of dissolved organic carbon (DOC) (Kirk 1994, Morris et
al. 1995, Bukaveckas & Robbins-Forbes 2000). In the clearest ocean waters UV-B
attenuation depths are estimated to be tens of meters (Smith & Baker 1979,
Morris et al. 1995) and in many lakes in North America greater than 4 m
(Williamson et al. 1996), in Finland in one of the clearest lake basins Lake
Puruvesi, the corresponding value for 310 nm is only 0.65 m (Table 2). In clear,
low DOC waters particulate material especially phytoplankton is important
factor attenuating UV (Kirk 1994).
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Many Finnish lakes are considerably humic and Huovinen et al. (2000,
2003) showed a strong negative correlation between UV attenuation depth and
DOC. Similarly, there was a clear negative correlation between UV attenuation
depth and water color (IV); however, transparency did not correlate either with
UV attenuation or water color. In the present research, the measured 1 % UV-B
(310 nm) penetration ranged from 11 cm in a very humic lake to 65 cm in the
clearest study lake (Table 2, IV), supporting the results of Huovinen et al. (2000,
2003). Similarly, the 1 % penetration depth in the UV-A waveband (380 nm)
ranged from 0.3 to 2.3 m (Table 2), being slightly higher than values calculated
by Huovinen et al. (2000, 2003).

TABLE 2 The optical properties of the five study lakes (IV). Measured UV attenuation
depths (m) for different wavelengths where the UV irradiance is 1 % of the
value measured just beneath the surface. The other optical values are from the
databases of the Finnish Regional Environmental Centre and Karelian
Institute, University of Joensuu.

Lake Location Att. Att. Color Transparency Tro
depthof depthof mgPt/l (m) phic
UV-B UV-A status
(310nm) (380 nm)
Puruvesi 61°47'N-62°03'N, 0.65 2.29 5 75 oligo
29°17'E-29°48'E
Konnevesi  62°38'N-26°21'E 0.22 0.75 20 3.5 oligo
SW 60°54'N-61°06'N, 0.28 0.92 25 1.8 meso
Pyh'ajérvi 22°09'E-22°22'E
Paasivesi 62°06'N-62°13'N, 0.18 0.54 40 3.9 meso
29°17'E-29°31'E
Pyhaselka  62°22'-62°38'N, 0.11 0.28 68 2.1 meso

29°32'-29°55'E

It is evident that increased levels of UV radiation enter to waters because of
ozone depletion. Increases in UV-B radiation due to ozone depletion alter the
spectral balance of UV-B, UV-A and photosynthetically active radiation (PAR; >
400 nm) and increase the exposure of aquatic ecosystems to harmful shorter
wavelengths (Smith et al. 1992). UV-B may interact with acidification,
precipitation and temperature changes all of which, in combination, decrease
the concentrations of DOC (Kirk 1994, Schindler et al. 1996, Williamson et al.
1996, Yan et al. 1996). It can be concluded that biologically significant amounts
of UV penetrate the water column to depths reaching many organisms, in
Finnish lakes, particularly in oligotrophic ones.



24

4.2 Sensitivity of fish larvae to UV-B

Regarding the potential risk of UV-B radiation, many studies have
demonstrated threat to aquatic organisms, including numerous fish species.
Endpoints include direct lethality of fish embryos, impairment of larval
development and decreased offspring recruitment (Hunter et al. 1979, 1981,
Beland et al. 1999, Gutiérrez-Rodriguez & Williamson 1999, Battini et al. 2000,
Browman et al. 2000, Dethlefsen et al. 2001).

A direct comparison between the results of this thesis and earlier reports is
not always possible, because of differences in UV-B experimentations (lamps,
tilters and UV dosimetry varies). In this work, the CIE weighting function
(McKinlay & Diffey 1987) was used, since it helps to harmonize the spectra of
UV-lamps and the sun, making them comparable to each other. However, as
different weighting functions are not directly comparable, also unweighted
doses are presented (Table 1) to improve comparison to other UV studies
presenting full spectra. It is biologically most important to realize, when
comparing reported spectral doses, that the biological effectiveness of two
unweighted UV-B doses are not necessarily equal, since lower wavelengths are
much more damaging than higher ones.

4.2.1 Lethal endpoints of UV-radiation
Northern pike

The literature survey reveals, that in light of current knowledge, the observed
neurobehavioral syndrome in larval pike is the most sensitive response to UV-B
measured in fishes: existing in submaximal UV-B daily doses (Table 1) and
leading eventually to death of the larvae (V). In larval pike, the two highest
CIE-weighted UV-B daily doses (1.8 and 2.7 kJ/m?) increased acute mortality
only by 10-20 % after a 48 h exposure. Compared to mortality, however, the
neurobehavioral disorder was a much more significant response. Under
laboratory conditions, the frequency of larvae having symptoms was over 80 %
(Fig. 1) even at the lowest dose level (CIE 1.0 kJ/m?/day; unweighted daily
dose 3.2 kJ/m?). In the studies of Salo et al. (1998, 2000a, b) and Steeger et al.
(1999), significant negative results were demonstrated at relatively low UV-B
dose levels, however, at higher doses than used in these pike experiments.
Steeger et al. (1999) demonstrated lowered vitality of plaice embryos
(Pleuronectes platessa) at a daily dose of 4.86 kJ/mz2. A single dose of UV-B (4.3-5
kJ/m? unweighted) was sufficient to cause immunosuppression to adult roach
(Rutilus rutilus). However, lamps used by Salo et al. (1998, 2000a, b) were
unfiltered including biologically more harmful shorter wavelengths. Further,
both the intensity and the severity of the observed response in pike was more
dramatic than earlier studies, since monitoring of animals with the
neurobehavioral syndrome resulted in near complete late mortality (V). This
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was confirmed by further studies in 2003 (Vehnidinen et al. unpublished). In
relation to sublethality in pike larvae, UV-B radiation downregulated whole
body HSP70 concentration, and a connection between the status of HSP70 and
neurological disorders was suggested (details in section 4.7.1).
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FIGURE1 The frequency of pike larvae (n = three replicates, 40 larvae in each, however
in controls both DMSO and control treatment are combined) suffering from
the neurobehavioural disorders in retene and UV-B treatments at the end of
72-hour experiment (V).

Towards environmental realism by experimenting in the field

An absolutely natural spectrum of combined UV- and visible light is impossible
to create under standard laboratory conditions. Therefore transfer of
experimentation on the field is a necessary step to increase ecological realism of
environmental research. In the present work, larval pike were exposed under
natural light spectra in the field, in order to assess the impact of current solar
UV-B or artificially enhanced UV-B doses on the frequency of lethal disorders
(VI). Previously, field experiments with fishes have demonstrated that UV-B
can have detrimental effects even at current irradiance level (VI, Kaweewat &
Hofer 1997, Williamson et al. 1997, Battini et al. 2000). Nevertheless, there is a
considerable lack of in situ specific information on the effects of UV-B radiation
on fish studied in the field. However, the UV-B effects on a few commercial
species such as salmonids (Little & Fabacher 1994, Blazer et al. 1997, Kaweewat
& Hofer 1997, Noceda et al. 1997) and plaice Pleuronectes platessa (Dethlefsen et
al. 1996, Freitag et al. 1998, Steeger et al. 1999) and in particular, cod Gadus
morhua have been intensively examined both in the laboratory and in field
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experiments (Beland et al. 1999, Kouwenberg et al. 1999, Browman et al. 2000,
2003).

In the present study, the environmental dose realism and comparability
with laboratory experiments was the main purpose. Therefore UV-B radiation
on the surface as well as underwater radiation was directly measured. These
measurements revealed that under half of the surface UV-B irradiance might
penetrate to a depth of 5 cm (VI). The enhanced UV-B dose rate (CIE weighted
0.9 kJ/m?/3 h) inside the underwater cylinder in a field experiment (VI)
corresponded well with lowest laboratory dose rate (V). As an indication of
difference, field experiments revealed that only ca. 20 % of larvae developed
neurobehavioral symptoms inside quartz cylinders (while kept at 5 cm depth)
in the enhanced UV-B treatment. As UV-A and visible light are needed for
photorepairing DNA damage (Applegate & Ley 1988, Ahmed & Setlow 1993)
the reason for the observed frequency difference in larvae with neurobehavioral
symptom between laboratory and on-field experiment might be lack of UV-A
and visible light under laboratory conditions (V).

Vendace and whitefish

Usually early life stages of fishes are sensitive to UV-B radiation and only a few
UV-B tolerant fish species exist when exposed at larvae (McFadzen et al. 2000)
or juvenile stages (Little & Fabacher 1994, Blazer et al. 1997). Importantly, in
coregonids no significant mortality due to UV-B was observed. In fact larvae of
vendace and whitefish were highly resistant to both acute (II, III) and
subchronic (I) UV-B exposures, even when doses applied were higher than
currently exist in nature (Table 1; Fig. 2). UV-B radiation doses up to 2.24
kJ/m?/day had no lethal effects to larval whitefish or vendace (the survival was
> 90 % in all treatments), although the cumulative CIE dose in two-weeks
experiment was as high as 31.4 kJ/m? (I). Similarly, neither in whitefish nor
vendace did UV-B cause significant acute mortality during 48 h experiment,
even though daily doses applied were considerable (up to 5.4 kJ/m?; 11, III).

On the other hand, a two-week experiment (Ylonen & Karjalainen 2003)
demonstrated 30 and 60 % mortality in whitefish at CIE-weighted doses of 3.65
and 6.15 kJ/m?/day, respectively. However, when compared to solar UV-B, the
cumulative dose in the two-week laboratory exposure was much higher than
the difference seen in Fig. 2, because in nature there rarely exist episodes of
several days with high UV doses in a row. Further, laboratory exposures took
place in shallow water depths (5 cm and 15 ¢cm), with low DOC (2.8 mg/1) and
high UV-B penetration (65 % of 310 nm UV-B radiation penetrated to a depth of
15 cm). In nature, instead, even in oligotrophic waters UV-B intensity is more
significantly attenuated (Smith & Baker 1979). Overall, this thesis shows that
larvae of vendace and whitefish are very UV-B tolerant and, in the near future,
we may not expect any dramatic mortality or recruitment failure related to
increased UV-B radiation.
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FIGURE 2 Today’s (the solid line) and future’s (the dotted line) frequency distributions
of daily UV-B doses based on measurements made in Southern Finland
(Jokioinen, Finnish Meteorological Institute) in May 1998-2000, and the
scenarios of future UV-climates suggesting 50 % increases in UV-B doses
to the earth (Taalas et al. 2000, 2002). With alphabeticals are denoted
the most important biological endpoint responses in fish larvae evoked by
experimental UV-B doses (I-V): A) Neurobehavioral disorders in pike both in
the laboratory and field. B) Increased pigmentation of vendace and whitefish
by ca. 30 % in two weeks. C) UV-radiation increased dramatically the
lethality of vendace and whitefish to retene; behavioral disorders also
developed. D) UV-B doses causing over 30 % mortality of whitefish in two
weeks (Ylonen & Karjalainen 2003). E) UV-photoinduced toxicity of retene
showed skin and liver damages in whitefish. F) UV-B doses causing over 60
% mortality of whitefish in two weeks (Ylonen & Karjalainen 2003). Picture
redrawn and extended from Oikari et al. (2002b).

4.2.2 Sublethal effects of UV-radiation
Growth and development

UV-B radiation may interfere with the development of larval fish. This can be
indicated as impairment of respiratory control (Freitag et al. 1998), reduced
growth rate, axial malformations, and eye or brain damage (Hunter et al. 1979,
1981, Dethlefsen et al. 1996, 2001). However, there was no evidence of
developmental abnormalities among larvae of either coregonid species (I).
Minor growth effects were observed both in vendace and whitefish after a one-
week exposure; however, these effects were reversible and exposed larvae
caught up with the controls after two weeks, even when they were further
exposed (I). Winckler & Fidhiany (1999) demonstrated the effect of UV-A
irradiation on the total metabolism of a subtropical cichlid Cichlasoma
nigrofasciatum, evoking a general metabolic depression in early life stages of this
species. In our coregonid larvae, there was a slight, but not statistically
significant difference in the average mass-specific maximum, minimum and
routine metabolic rates between UV-B irradiated and control larvae (I).
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Sunburn reactions

The skin of the healthy larvae of whitefish was uniform and consisted of
epidermis of one or two cell layers, lying over the melanophores and dorsal
muscle. The skin of the newly hatched whitefish was partly undifferentiated
without a distinct dermis zone. Whitefish at this developmental stage have no
scales in the skin (II). Many studies have demonstrated that UV-B at high dose
rates causes skin lesions and sunburn reactions (Bullock & Coutts 1985,
Berghahn et al. 1993, Little & Fabacher 1994, Blazer et al. 1997). Accordingly,
minor sunburn reactions, resembling the classical sunburn response (Bullock &
Coutts 1985), were seen in larvae exposed to high daily dose of UV-B irradiation
(5.4 kJ/m?). In exposed animals the integrity of the skin was not lost, but the
epidermis had a few cells with nuclear droplets or necrotic nuclei in it. It is
hypothesized that these so called sunburn cells may be apoptotic (Noceda et al.
1997), but so far there is no direct evidence supporting that hypothesis.

In newly hatched whitefish, differentiation of mucous (goblet) cells could
be observed, and their numbers were counted from histological sections
targeted to the dorsal side of animals. The suggested functional significance of
fish epidermal mucus includes osmoregulation, protection from abrasions,
entanglement of particulate materials, defence against pathogens, UV radiation
and parasites, reduction of swimming drag or friction, and protection against
environmental contaminants (McKim & Lien 2001). In contrast to earlier studies
(Little & Fabacher 1994, Blazer et al. 1997, Noceda et al. 1997), larvae of
whitefish that were exposed to UV-B irradiation had more mucous cells than
controls, but the difference was not statistically significant (II).

4.3 Other effects of UV-B

Effects of enhanced UV-B via trophic interactions on fishes are also possible,
although not studied in this thesis. These effects may arise from changes in the
planktonic food web changing both availability and quality of food. Protozoa
and zooplankton, harvested by larval fishes, are also sensitive to UV radiation
(Hader et al. 1998). Further, production of UV-absorbing compounds as a
tolerance mechanism takes carbon and energy away from cell growth and these
compounds might also be less useful as food for higher trophic levels (Scott et
al. 1999). Besides these, UV-B irradiation reduces total lipid content (Arts & Rai
1997), including the polyunsaturated fatty acids (PUFA; Goes et al. 1994,
Hessen et al. 1997) of some microalgae. For zooplankton and fish larvae the
only source of PUFAs is from diet, since those organisms cannot synthetize
these fatty acids. PUFAs are essential to normal development and growth of
fish (Reitan et al. 1997, Sargent et al. 1997).

In addition, UV-B is an immunosuppressive agent in adult fish (Salo et al.
1998, 2000a, 2000b, Jokinen et al. 2001). However, it is not yet known whether
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this is the case also in fish embryos or larvae, but in studies with larval
amphibians UV-B radiation markedly amplifies the impact of pathogens
(Kiesecker & Blaustein 1995). Further, for species that spawn near the surface,
UV-B may affect sperm quality (Don & Avtalion 1993).

4.4 The healing or damaging UV-A?

Most of UV studies have concerned the harmful effects of UV-B. This is logical
because UV-B irradiance coming to earth is continuously increasing. However,
Bass & Sistrun (1997) demonstrated that in medaka (Oryzias latipes) hatching
success decreased in a cumulative manner when exposed to UV-A. Similarly,
Winkler & Fidhiany (1999) showed that exposure to UV-A light produced a
significant decrease in metabolic rate of a cichlid fish (Chiclasoma nigrofasciatum).
UV-A can also modulate immune defence of adult roach (Salo et al. 2000b). In
addition, it has been demonstrated in fish that UV-A may play a major role in
induction of melanomas (Setlow et al. 1993). However, Kouwenberg et al. (1999)
found no effects when fish larvae were exposed to UV-A. Usually, UV-A is
considered as a necessary factor to organisms exposed to UV-B, because it
induces photorepair mechanisms (Shima & Setlow 1984).

4.5 Protective responses against UV-B

Fishes have several protective strategies by which they try to adapt to high UV-
B stress. First of all, the screening substances of the skin such as mycosporine-
like amino acids (MAAs) and melanin pigmentation protect inner organs from
harmful UV radiation by absorbing UV-B (I, Zamzow & Losey 2002). Also other
UV-B screening substances have been isolated from the skin of fish (IV,
Fabacher & Little 1995) and other aquatic vertebrates (Hofer & Mokri 2000).

As a second line of defence, fish also produce quenching agents such as
superoxide dismutase (SOD) that scavenges oxygen radicals induced by UV
(Charron et al. 2000). In addition, fish have photoinducible photorepair
mechanisms and light-independent excision repair that repair UV induced
DNA damage (Shima & Setlow 1984, Applegate & Ley 1988, Ahmed & Setlow
1993). Some species are able behaviorally to avoid high UV-B dose rates or light
intensities (Kelly & Bothwell 2002, Ylonen et al. 2003).

In this section the protective role of UV-B screening substances is discussed.
The roles of second line defenses ie. SOD, HSP70 and CYP1A against UV
mediated oxidative stress are discussed in more detail in Chapter 4.7.
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4.5.1 Melanin pigmentation

The melanin pigment produced in melanocytes has protective functions against
sun damage and sunburn in several aquatic organisms (Hobaek & Wolf 1991,
Hessen 1996, Cummins et al. 1999). Not only does melanin absorb and scatter
light, but it also effectively scavenge reactive oxygen species (ROS) (Sarna et al.
1984, Bustamante et al. 1993). Further, increased melanin content may be
connected with decreased numbers of dermal DNA-dimers, caused by UV
radiation (Ahmed & Setlow 1993). Laboratory exposures of larval whitefish and
vendace to UV-B revealed that exposure to enhanced UV-B radiation induced
production of total melanin (I). These color changes involve real alterations in
the quantity of pigment within the animal or its integument (Baker et al. 1986).
As a difference between species vendace had ca. 50 % more pigmentation than
whitefish (I). Compared to controls, larvae of whitefish and vendace that were
irradiated with the highest UV-B (2.24 kJ/m?) dose induced their melanin
content significantly, by over 30 % (Fig. 3).

However, the role of melanin to fish is actually controversial. Translucent
1-d-old larvae of Clupea pallasi are more sensitive to UV-B than pigmented 7-
and 14-d-old larvae (Speekmann et al. 2000). Similarly, studying several
Daphnia species, Rhode et al. (2001) showed that the extent to which daphnids
tried to avoid ultraviolet radiation was inversely associated with their
pigmentation. Few studies have suggested, however, that melanin has only
negligible protective influence or no influence at all against UV-B radiation
(Blazer et al. 1997, Armstrong et al. 2002). As matter of fact, some studies
strongly indicate that light absorbed by melanin damages DNA, causing
melanomas (Setlow et al. 1993), i.e., there might be a long-term trade-off of a
short-term adaptive trait. Coregonid larvae were UV-B tolerant and induced
their melanin content (I), these two facts could not be directly linked to each
other.
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FIGURE 3  Total melanin concentration in whitefish and vendace larvae after two-week
exposure to various doses of UV-B radiation. The bar denotes SD and the
stars a statistically significant difference (P < 0.05) compared to the control.
Number of samples analyzed in parentheses, each sample consisting of two
(whitefish) or three (vendace) animals.

Melanin as a population marker of lakewater UV-quality?

The objective was to examine if fish pigmentation is associated with the depth
of UV-B penetration in lakes or with the color properties of water. Melanin
concentration was also analyzed from vendace and whitefish larvae, sampled in
May from lakes with different UV attenuation depth, water color, and visibility.
When comparing pigmentation of larvae to optical properties of lakes, it can be
suggested that UV-B radiation at ambient levels is insufficient to determine the
degree of melanin pigmentation of coregonid larvae in Finnish lakes (IV).
Actually, the melanin content in larvae correlated negatively with UV-B
penetration. However, there was a significant positive correlation between
water color and larval pigmentation in both vendace and whitefish (IV). This
might be due to adaptation to the color of the background, i.e. to the water
color. However, the most heavily pigmented individuals came from the littoral
zone of Lake Konnevesi, not from Lake Pyhdselkd where the water was darkest
(IV). The number of melanophores may increase or decrease, if fish stay long
enough in the same environment with a certain background, depending on the
color of that substrate (Latey & Rangneker 1982, Stepien 1987). The actual
concentration of melanin may also change, and our results with pelagic vendace
and also with whitefish support this hypothesis.

The data allow also comparison between the littoral and pelagic zones in
three lakes (IV). In Lake Paasivesi, the vendace larvae from the pelagic zone had
ca. 90 % more melanin than those from the littoral zone (t-test, p < 0.05). In the
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other lakes, Puruvesi and Konnevesi, there was no difference in larval melanin
concentration between horizontal zones (f-test, p > 0.05). Thus no consistent
difference between horizontal zones was observed.

Further, the comparison between laboratory-acclimated larvae and larvae
sampled from nature (both originating from the same lake) provides strong
evidence for the influence of environment on pigmentation (IV). One possible
explanation for the correlation between pigmentation and water color can be
that dark coloration in dark water and a transparent body in clear water protect
against visually hunting predators (Hairston 1979). Predation can be an even
more powerful selective factor than UV radiation (Hansson 2000). On the other
hand, predators may have contrast-increasing mechanisms such as polarization
vision, colored ocular filters, offset visual pigments and UV vision (Lythgoe
1984, Bowmaker & Kunz 1987, Loew et. al. 1993, Browman et al. 1994, Shashar
et al. 1998, Losey et al. 1999).

In Lake Paasivesi a strong negative correlation was observed between
sampling depth and melanin concentration of the vendace larvae (Spearman’s
correlation coefficient, r = -0.413, p < 0.01). However, no generalization was
possible, because in Lake Puruvesi (p > 0.05) there was no correlation. Still, the
most heavily pigmented individuals were swimming near the surface both in
Lake Paasivesi and Lake Puruvesi, implying color adaptation (IV). Possibly, in
lakes Paasivesi and Puruvesi, there is a trade-off between pressures due to
predation and UV radiation. This suggestion agrees with the observation of
Hansson (2000) that pigmentation of copepods was higher in clear waters than
in humic ones; however, in the presence of a fish predator pigmentation of
copepods decreased.

4.5.2 UV-B absorbing substances

Another group of protective substances is mycosporine like aminoacids
(MAAs) and related gadusols that have been found in numerous organisms
(Shick & Dunlap 2002), including many fish species (Zamzow & Losey 2002).
MAAs have strong absorbance in the UV-B range and in some cases may act as
antioxidants as well (Shick & Dunlap 2002). Although different MA As were not
identified, wavelength scans of methanol-extracted larvae of vendace revealed
high absorbance in the UV-B range (peak in 280-282 nm); in contrast no
absorbance was demonstrated in whitefish samples in the UV-B range (IV). The
observed absorbance peak in vendace was not equal to any known MAAs
(Shick & Dunlap 2002). Unknown UV-B absorbing compound, possibly MAA-
compounds, was recently found in skin extractions of freshwater fishes and the
concentration of the substance correlated with increasing UV-B resistance
(Fabacher & Little 1995, Kaweewat & Hofer 1997). It is apparent that, besides
melanin, other protective compounds may be important for high UV tolerance
of coregonid species.
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4.6 UV-B as arisk factor for chemical toxicity

Phototoxicity of PAHs has been demonstrated in a multitude of aquatic species
including algae (Gala & Giesy 1992), plants (Huang et al. 1995, Mallakin et al.
1999), zooplankton (Wernesson & Dave 1997, Nikkild et al. 1999), crustaceans
(Boese et al. 1997), amphibians (Hatch & Burton 1998, Monson et al. 1999) and
tishes (Oris & Giesy 1985, McCloskey & Oris 1991, 1993, Little et al. 2000). In this
thesis, phototoxicity of PAH to boreal fishes was evaluated using retene as a
model compound (II, I, V).

4.6.1 Retene as a risk chemical

In natural waters, retene (7-isopropyl-1-methylphenanthrene) is mainly formed
via the action of anaerobic microbes from resin acids, oleoresinous constituent
in coniferous trees (Tavendale et al. 1997). In lake areas contaminated by treated
pulp and paper mill effluents, high retene concentrations have been found in
sedimenting particles (highest observed concentration 54 pg/g d.w.) as well as
in the sediment surface (up to 500-1600 pg/g - Leppdnen & Oikari 1999,
Leppénen et al. 2000) (Table 3). Further, preliminary elutriation trials show that
sediment retene is dissolved from this matrix (up to 13 pg/1) (Oikari et al. 2001).
Besides water as a retene source, it can be accumulated by eggs from the
sediment, or by larvae from particulate material (Leppédnen et al. 2000, Oikari et
al. 2002a). In laboratory exposures retene appears to accumulate in the liver and
muscles of fish (Brumley et al. 1997). Further, Leppdnen & Oikari (1999)
demonstrated that retene could be found in the bile of fish, demonstrating
bioavailability.

TABLE3 Highest measured retene concentrations in Finnish lakes.

Site Measured from Highest conc. of ~ References
retene pg/g d.w.
Southern Lake Saimaa  Surface sediment 1600 Leppéanen & Oikari
1999
Southern Lake Saimaa  Sedimenting 54 Leppdnen et al
particles 2000
Lake Pdijanne Surface sediment 1300 Lahdelma & Oikari
2003
Lake Subsurface 3300 Leppénen & Oikari
Lievestuoreenjarvi sediment 2001
Lake Surface sediment 100 Leppénen & Oikari
Lievestuoreenjdrvi 2001

4.6.2 Toxicity of retene alone

Based on results of this thesis, retene was not acutely lethal to boreal fish at
water-soluble concentrations (I, III, V). On the other hand, it is known that
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retene is teratogenic to fish embryos in subchronic exposures, most distinctly
indicated as blue-sac disease, at low water concentrations (~ 32 pg/1 or below)
(Billiard et al. 1999, 2000). No signs of blue-sac disease were visible neither in
whitefish nor vendace exposed for three days posthatch to retene, with or
without UV-B. It could be expected that the sensitivity of whitefish larvae
would further increase with longer-term exposures. In fact the characteristic
effect of retene, without UV-B, to cause symptoms of blue-sac disease (yolk
edema) was observable during the latter half of the period from hatch to
complete absorption of yolk (Billiard et al. 2000). However, with larval pike 9 d
of retene exposure, produced no signs of edema (unpublished data).
Biochemical responses to retene are discussed in chapter 4.7.

4.6.3 Synergistic toxicity with UV-B

Many polycyclic aromatic hydrocarbons (PAHs), being relatively non-toxic, may
reveal enhanced toxicity because of UV-induced structural changes of the
chemical (photomodification) or through photosensitization of animals, the
mechanisms caused by activation of chemicals bioaccumulated in tissues (Ankley
et al. 1994, Arfsten et al. 1996, Mallakin et al. 1999, Little et al. 2000). In the case of
retene, whether the establishment of enhanced phototoxicity requires
bioaccumulation and activation inside tissues by UV or just photomodification
externally, is not well known. However, paper V demonstrated that after retene
was exposed to UV-B two unknown photoproducts appeared as concentration
of retene decreased (Fig. 4). This indicates that retene-sourced UV-B
phototoxicity (II, III) includes chemical photomodification of precursor retene.
However, photosensitization in tissues could not be excluded. In studies with
Daphnia magna, accumulation of retene in animal before UV exposure was
essential for induced toxicity (Huovinen et al. 2001).
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FIGURE 4  Appearance of two photomodification products of retene after exposure to
UV-B radiation (analysed with MS-GC system). Retene in water at
concentration 100 pg/l was irradiated for 3 h by 27 kJ/m2
Retention times of photoproducts were 21.15 and 22.12 min., but no
chemical identification was found in the MS-library (Wiley 275).

Lethality

Whereas retene alone was not acutely toxic to larval coregonids, simultaneous
UV-B and retene exposure raised toxicity of retene by 2-3 orders of magnitude
(I, III), as retene was acting as the precursor. Both in vendace and whitefish,
dramatic mortality in low retene (pg/l) concentrations was demonstrated (Fig.
5). The LC50 of retene as a precursor was 41 pg/1 for vendace and, depending
on UV dose, 15-16 pg/l for whitefish (III). In pike no retene-mediated
phototoxicity was observed (V), even though UV-B doses applied as well as
retene concentrations were comparable with coregonid studies (II, III). Except
experiments in this thesis (V), there are only a few reports where phototoxicity of
PAH has not been taken place (McConkey et al. 1997, Verrhiest et al. 2001).
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FIGURE5  Retene-based lethality of newly hatched vendace and whitefish. After a 24-h
accumulation period, larvae were irradiated once a day (altogether twice)
with either UV-B (2.8 or 5.4 kJ/m?) or visible light for 3 h. Bar gives
standard deviation. Groups denoted by the same letter do not differ
significantly from each other (p > 0.05, Tukey).

There are several possible reasons for this difference between species. One
reason might be behavioral as coregonids swim continuously whereas pike
larvae hold onto the substrate (plants most of the time) and therefore require
less oxygen than coregonids. Another possibility is that larvae of whitefish and
vendace have more efficient PAH metabolism, indicated as higher CYP1A
levels, than larvae of pike. Retene is readily excreted to fish bile (Leppénen et al.
2000), which in turn can reduce concentrations interacting with UV-B (Ankley
et al. 1994). However, it might be that the metabolites of retene are more toxic
than the parent compound or that the metabolites are activated by UV light. In
my work, pike’s pigmentation was not studied as extensive as in coregonids,
and it is possible that the mucus in skin of pike gives protection against the
photomodification products of retene.

Behavioral response

The first sign of coregonid larvae having problems was the change in behavior
of whitefish and vendace larvae (Il, III), an observation, which can be related to
respiratory stress. Retene caused clear signs of irritation and an apparent
hypoxia during simultaneous UV-B exposure. Hypoxia was suggested by a
tendency to swim to the water-air interface. The symptoms were observed
during the first irradiation and immediately thereafter. Later, fish expressed
uncontrolled spiral swimming and had tremors in the cranial area. The most
severely affected fish remained at the bottom of the bowl. Practically all larvae
had these symptoms in the highest retene concentration (100 pg/1), as did most
fish in the other retene concentrations. After the first UV-B exposure, however,
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the response in coregonids was reversible and most larvae recovered within 5-6
h. After the second irradiation next day, these symptoms recurred, but this time
they were irreversible and the larvae died. Coregonid larvae exposed to retene
or UV-B alone had no behavioral symptoms (I). Similar to the results of this
thesis, increased ventilation rate and coughing were also noted in juvenile
sunfish (Lepomis macrochirus) (Oris & Giesy 1985) when exposed to PAH and
UV in combination.

In pike larvae combined UV and PAH exposures had no additive effect to
neurobehavioral symptoms caused by UV-B alone. UV-B alone had so dramatic
effects to larvae of pike that any combined effects would surely be masked.

Histopathological observations

Overall, our results also support the suggestion (Oris & Giesy 1985) that the
primary site of phototoxic action is at the respiratory or skin surface, where UV
exposure is maximal. In the case of larval whitefish, the mechanism of UV-
induced phototoxicity of retene appears to be the disruption of integrity of the
skin epithelium - indicated as histopathological alterations - of larvae that rely
on skin respiration in early development (II). Observations showed structural
phototoxicity of retene induced by simultaneous UV-B, causing extensive and
multiple skin damage in three-d-old posthatch larvae of whitefish (II) (Fig. 6).
Supporting earlier UV studies with histological analysis (Bullock & Coutts 1985,
Berghahn et al. 1993, Noceda et al. 1997), some of the lesions resembled the
classical sunburn response, appearing as foci of granular nuclei, sloughing and
vacuolization of the skin of larvae (II). Cellular damage - mainly in the gills -
caused by oxidative stress, has been suggested to lead to PAH induced
phototoxicity in fish (Oris & Giesy 1985, 1987, McCloskey & Oris 1993, Weinstein
et al. 1997, Choi & Oris 2000). Because of direct exposure to UV, skin can be the
primary target organ in aqueous exposures of larval fish that utilize skin
respiration during early development (McKim & Lien 2001).

Changes in dermal mucous cells were also monitored (II), their structural
elements considered as protective in the skin against UV + retene exposure. In
this study the number of mucous cells increased significantly after
simultaneous retene and UV treatments (II), as it did after sole UV-B exposure.
Somewhat surprisingly, the result was opposite to previous studies indicating
decreased density of mucous cells after exposure to UV-B (Little & Fabacher
1994, Blazer et al. 1997, Noceda et al. 1997).
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FIGURE 6  The number and severity of skin lesions observed in different UV-B plus
retene treatments. The severity of skin lesions was classified to four groups,

depending on how large percentage of the dorsal skin was affected (see
Materials and Methods 3.7.4).

UV-B irradiated retene was also acutely hepatotoxic to young whitefish. The
newly hatched larvae, exposed to 10 pg/1 or 32 ng/1 retene with UV-B, showed
hepatocytes with necrotic nuclei (II). The mechanism of retene-induced
phototoxicity in the whitefish liver may be oxidative stress. Choi & Oris (2000)
using fish liver microsomes in vitro, obtained evidence that lipid peroxidation is
an important mechanism in PAH phototoxicity. Liver is a potential target organ
due to its large blood supply and great metabolic capacity (Hinton et al. 2001)
and retene is known to accumulate in the liver of fish (Brumley et al. 1997).
Therefore the hepatotoxicity in larval whitefish is not surprising. Further, the
existence of an apparently remote site of action, the liver, is not necessarily
unexpected due to circulatory transfer and possible accumulation of retene’s
photo-oxidation products originally formed in ambient water or in the skin.
Fish skin observations suggest that UV affects fish and their reactions to
photoproducts, but toxic compounds could be formed outside as well (Fig. 4).
In all, it is not clear if the hepatotoxic agent had been created outside or inside
the fish and transferred to their liver.
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4.7 Sublethal biomarker responses to UV-B and retene alone and
in combination

In order to test the concept of early warning of biochemical responses in
relation to lethality to posthatch stages of boreal fishes, we examined the effects
of UV-B and retene alone and together on the levels of CYP1A and HSP70 (III,
V, VI). Further, in pike the activity of SOD was determined, acting as protection
against oxidative stress and indicating indirectly the formation of the
superoxide anion (V, VI).

4.7.1 Stress protein HSP70

The heat shock protein 70 (HSP70) is responsible for correct folding of cell
proteins under normal or stressful conditions (Beckmann et al. 1990, Gething &
Sambrook 1992). HSP70 expression has been demonstrated in numerous organs
of fish (Dyer et al. 1991). Whole body HSP70 concentrations were determined,
since it is induced by exposures revealing oxidative stress, including UV-B
(Sanders 1993). In this work, pronounced differences between species were
observed when stress protein (HSP70) reactions to different stressors were
compared (III, V) (Table 4).

In pike both UV-B and retene decreased HSP70 concentrations
significantly in a dose related manner (V). Surprisingly simultaneous UV-B and
retene exposure tended to increase HSP70 concentrations when compared to
UV controls, although not statistically (V). However, in vendace there was no
observed effects on HSP70 levels by UV-B, retene alone or together with UV-B.
On the other hand, in whitefish both UV-B radiation and retene alone increased
HSP70 concentration, however, without any significant additive effects of
simultaneous exposure (III). In whitefish, it can thus be suggested that HSP70
acts as an early warning signal of effect due to exposure of UV-B or retene
alone, and can be considered as one protective mechanism helping to tolerate
high UV-B irradiance. It seems, however, that this sublethal response cannot be
used as a specific biomarker of combined retene and UV-B exposure.

TABLE 4 HSP70 Stress protein responses (compared to controls) in fish species exposed
to different stressors (III, V, VI): + symbol indicates a positive response (p <
0.05), - symbol a negative response (p < 0.05) and + no response was observed.
In the case of combined UV plus retene exposures the additive responses are
presented in parenthesis, indicated as symbols mentioned above.

Species Type of exposure
UV-B Retene UV-B+retene UV exposure
in field
Vendace * * T (1) Not exposed
Whitefish + + + (+, but p > 0.05) Not exposed

Pike - - t (+, but p > 0.05) +
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In pike a possible causal relationship with decreased HSP70 and observed
neurobehavioral disorders was proposed (V). It is well known that HSP70 give
protection against programmed cell death i.e. apoptosis (Sharp et al. 1999, Beere
& Green 2001, Weber & Janz 2001). While UV-B exposure in northern pike led
to neurobehavioral disorders and late mortality with decreased HSP70
concentration, earlier studies have demonstrated that UV-B can be detrimental
to fish larvae causing brain lesions (Hunter et al. 1979). As HSP70 may be high
in nervous tissue, especially in the central nervous system, we suggest that
apoptotic cells in nervous tissues are related to decreased HSP70 levels.
Supporting this idea, adult northern pike exposed to the high mercury
(neurotoxicant) had lower HSP70 levels in their tissues (Duffy et al. 1999).
However, UV-B radiation had no influence on HSP70 levels in our in the field
experiment (Table 4). The apparent reason for the difference is that highest
measured UV-B dose rate in on-field experiment corresponded with the lowest
dose rate in the laboratory study.

However, the same neurotoxicological explanation for a significant drop
of HSP70 levels is not directly valid with retene, since it did not cause mortality
or neurobehavioral disorders in larval pike. However, HSP70 was assayed as
total body analysis. One option is that retene-mediated oxidative stress, while
induces cytochrome P450 system (CYP1A) in the liver, revealed by a negative
correlation between HSP70 and CYP1A concentrations (Weber et al. 2001). An
alternative explanation for the observation, retene and UV-B both decreasing
the amount of HSP70, is that larval pike rely on some other protective
mechanism.

While UV-B and retene abolished whole body HSP70 in pike, in contrast
to coregonids, it is most difficult to explain why simultaneous UV and retene
exposure in pike did not decrease HSP70 concentrations even more. In pike,
retene also had no additive influence on the mortality or behavioral disorders
caused by UV-B. However, clear photomodification of retene in water was
observed and slight HSP70 induction might be a response to these unknown
substances. On the other hand, in whitefish it was possible that when animals
were stressed either with UV-B or retene alone HSP70 induction was maximal
without any further capacity for induction by an additional stress. Vendace
possibly relies on some other protective mechanisms.

4.7.2 Cytochrome P450 (CYP1A)

The majority of phase I detoxification reactions, involving unmasking or adding
reactive functional groups, are catalyzed by microsomal monooxygenase
enzymes (Goeptar et al. 1995). Induction of cytochrome P450 enzyme is
probably the best-studied biomarker for environmental pollution in aquatic
ecosystems (Goksgyr & Forlin 1992, Van der Oost et al. 2003). The content and
activity of induced CYPIA are related to levels of PAHs in a dose-dependent
manner (Stegeman & Hahn 1994).

In my thesis, CYP1A concentration in larval fishes was analyzed because
of a possible link between the CYP enzyme system and oxidative stress. When
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oxidizing its substrate, the CYP system loses electrons, which in turn results in
ROS formation (Klotz et al. 1984, Choi & Oris 2000). Retene strongly induces the
CYP system in fishes (Fragoso et al. 1998, Billiard et al. 1999, 2000). Supporting
recent studies, retene evoked a substantial induction of CYP1A in all studied
species and can be considered as a biomarker of exposure to retene even at
larval stages (III, V) (Table 5).

TABLE 5  CYP1A induction (compared to controls) in fish species exposed to different
stressors (III, V, VI): + symbol indicates a positive response (p < 0.05), -
symbol a negative response (p < 0.05) and + no response was observed. In the
case of combined UV plus retene exposures the additive responses are
presented in parenthesis, indicated as symbols mentioned above.

Species Type of exposure
UV-B Retene UV-B+retene UV exposure in
field
Vendace * + + (%) Not exposed
Whitefish + + + (1) Not exposed
Pike + + +(3) Not measurable

UV-B radiation induces CYP1A gene expression in mammalian cells (Goerz et
al. 1983) and even in human skin UV-B radiation can induce CYP in a dose
related manner (Afaq & Mukhar 2001). Irradiation of the amino acid tryptophan
with UV causes the formation of formulated indolocarbazoles, which are very
potent Ah-receptor agonists (Wei et al. 1999). Although no CYP1A induction by
UV-B could be detected in vendace and pike, a slight induction (10 % of the
maximum induction detected, p < 0.05) was observed in whitefish exposed to
the lower UV-B dose (2.8 kJ/m?). In whitefish larvae exposed to the higher dose
(5.4 kJ/m?), however, no induction by UV-B was detected. It can be presumed
that the higher UV-B level may have caused damage to the skin where the
CYP1A induction would have taken place. This is in accordance with
histopathological observations (II). Overall, however, the response of CYP1A in
animals exposed to combined UV-B + retene equalled the response to exposure
to retene alone (III, V).

4.7.3 Superoxide dismutase (SOD)

Oxidative radicals (superoxide anion Oz, hydrogen peroxide H>O. and the
hydroxyl radical OH*) may react with macromolecules, leading to enzyme
inactivation, lipid peroxidation and DNA damage (Winston & Di Giulio 1991).
As it is plausible that the oxidative stress resulting from formation of reactive
oxygen species (ROS) is responsible for the damaging effects of UV-B (Ahmed
& Setlow 1993, Jurkiewicz & Buettner 1994, Renzing et al. 1996, Charron et al.
2000) it appears to be an important mechanism also regarding UV-induced
phototoxicity of PAHSs in aquatic animals (Oris & Giesy 1987, Ankley et al. 1994,
Choi & Oris 2000).
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The activity of SOD was determined from studies with fish larvae (V, VI),
indirectly indicating formation of superoxide anion and oxidative stress
(Fridovich 1978, Van der Oost et al. 2003). In the present work, both UV-B and
retene increased whole body SOD activity in pike (p > 0.05) at low dose levels
(V). When compared to controls, the lowest UV-B dose induced SOD activity by
43 %. Supporting the observation in paper (V), Charron et al. (2000) showed the
biochemical impact of UV-B on antioxidant status of zebrafish (Danio rerio)
indicated higher SOD activities. Many xenobiotics have potency for causing
oxidative stress and numerous studies have shown that PAHs, PCBs and some
pesticides induce SOD activity in fish species (Vig & Nemcsok 1989, Palace et al.
1996, Peters et al. 1996), whereas there are also studies showing no induction
(Lemaire et al. 1996, Sole et al. 2000) or even inhibition in SOD activity (Otto et
al. 1994, Pedrajas et al. 1995). When compared to the solvent control, retene
alone induced SOD activities slightly (24 and 29 %, respectively) in larval pike
in low exposure concentrations (9 and 30 pg/L; p > 0.05). Instead, in fish that
were exposed to higher UV-B doses and retene concentrations the SOD activity
was at the level of controls, as it was also when larvae were exposed
simultaneously to both stressors. It can be suggested that in higher exposure
levels the SOD already had scavenged the superoxide anion together with other
mechanisms and was no longer in active form, or the capacity of SOD had run
out (V). Another possibility is cellular damage making it unable to respond.
Further, when pike were exposed outdoors to ambient or artificially enhanced
UV-B levels no induction of SOD levels could be seen (VI), probably because of
low underwater dose rates. It can be concluded that relatively large intragroup
variability and small relative change make SOD less attractive as a sole
biomarker for use regarding ROS stress.

4.8 Relevance of phototoxicity for ecological risk assessment

Interestingly, our results do not follow the trend that sensitivity of species to
UV-B alone or UV induced phototoxicity of PAHs correlates with the possibility
of the species being exposed to episodes of UV in nature. Species that cannot be
exposed to UV-B in real life are known to be very sensitive to photoinduced
toxicity of PAHs (McDonald & Chapman 2002) or UV-B alone. This is well
demonstrated as immunodeficiency of roach, a benthic fish, due to UV-B (Salo
et al. 1998). All three species studied in this thesis have equal opportunity to be
exposed to episodes of UV radiation in early life stages. While larvae of
coregonids are phototactic, pike spawn in shallow water areas. On the other
hand, larval pike are usually attached to vegetation in nature, which offer at
least some cover against harmful UV-B irradiance. Larvae of pike were not
capable of actively seeking cover from UV-B, when the opportunity was offered
under laboratory conditions (H&dkkinen unpublished data). However, newly
hatched larvae of pike were much more sensitive to UV-B alone than were
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whitefish and vendace, whereas strong phototoxicity of PAHs was
demonstrated only in coregonids.

Recently McDonald & Chapman (2002) raised the question as how
ecologically relevant a phenomenon PAH phototoxicity is and if it could
happen in nature. The suggested exposure scenario (I III, V) can be considered
as ecologically relevant to certain fish species, at least on a local scale and in
shallow lake areas chemically contaminated by pulp and paper mills, where
high concentrations of retene are found in sediments (Leppédnen et al. 2000).
Further, dramatic phototoxic effects were demonstrated, even at concentrations
that were below concentrations likely occurring in the nature. It has to be noted
that two days simultaneous exposure to UV-B and retene concentration of 10
pg/1 was enough to cause 20-30 % lethality. Of course, when comparing
laboratory experiments to nature, it has to be admitted that exposure conditions
are extreme: shallow water depth with high UV penetration, organic solvent
increasing bioaccumulation rates (Duxbury et al. 1997), no chance to avoid UV
or PAH exposure. In nature, several environmental factors, such as dissolved
organic carbon (DOC), colored humic substances and light conditions may have
a strong influence on photoinduced toxicity of PAHs. DOC, besides reducing
the bioavailability of PAHs to fish and other aquatic organisms (Kukkonen et al.
1989, Weinstein & Oris 1999), may strongly reduce the penetration of UV-B
radiation to the lake (Williamson et al. 1996, Huovinen et al. 2000). Since most of
these uncertainties can be applied to toxicity studies of almost any compounds,
rejecting the principle of precaution where phototoxicity studies is concerned,
would be unwise.

McDonald & Chapman (2002) suggested there are no direct evidence that
PAH phototoxicity have caused problems in field populations, but this does not
necessarily have to mean that it is not possible. However, it could be the most
difficult to demonstrate, requiring a long-term campaign of field observations
that has never been done. Still, the when impact of phototoxicity is local and
sudden, how can you tell what was the cause of it? Or we might wonder why in
certain species annual recruitments vary without known reason in waters near
pulp and paper mills (Hakkari 1992, Karels & Niemi 2002), and not even think
of the potency of PAH photoxicity to early life stages. More research is needed,
especially under field conditions to resolve the potency of UV induced
phototoxicity of PAHs and related effectors to cause harm in boreal lake
ecosystems.

4.9 Future’s research needs

Whereas this thesis answered to many important questions it also raised new
interesting questions and hypotheses to be solved. As it was clearly
demonstrated that UV-B had negative influence on pike larvae, however, the
mode of UV-B action remained largely unknown. A hypothesis presented in my
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thesis proposing the correlations between HSP70 concentration and brain
damage both possible correlating with behavioral disorders should and can be
studied in the future with immunohistochemical methods from brain sections.
More research both in laboratory and field is needed to give answer whether
the cumulative UV-B dose or episodically high short-time UV-B irradiance or
some mixed type of model of action should to be suggested as the basis for risk
assessment. Further, as stated in Oikari et al. (2002b), in situ experimentation in
the field, including crosstransfer design of experiments between lakes and
populations with different characteristics, would increase our knowledge on the
margin of safety in boreal lake ecosystems over the current more preliminary
assessment of ecological risks.

More contribution is also needed to give answer the question whether the
phototoxic actions of retene are due to external chemical photomodification or
internal modification of bioaccumulated retene or its metabolites. Further, more
research is warranted to specify how the observed differences in capacity of
different species to adapt to UV-B exposure can be explained and what is the
relative importance of different protective mechanisms. In the future for
example the role of DNA-repair mechanisms should be investigated by using
ecologically relevant models.

As proposed recently in Oikari et al. (2002b) more detailed scenarios for
extreme occasions of UV-climate should be modeled for boreal latitudes. These
could include hour, day, week and month timescales, most importantly for
May. In addition, campaigns of underwater measurement should be continued
in order to spatially estimate and model the exposure risks in different natural
waters.



5 CONCLUSIONS

Ongoing ozone depletion has drawn attention to possible harmful effects to
organisms in lake ecosystems. In this thesis the aim was to evaluate whether or
not increased UV-B radiation is a risk factor for freshwater fishes at current
doses or at those predictable for coming decades. Using retene as a model
compound, the risk of UV-B alone or combined with a PAH-compound was
assessed for boreal fish.

The most remarkable result from this work was the sensitivity of larval
pike to UV-B radiation, even at lower doses than currently exist episodically or
more commonly in the nature, indicated as severe neurobehavioral disorders
leading eventually to death. A correlation between decreased HSP70
concentration and neurological disorders was suggested. Field experiments
with pike suggest that only minor increase in ambient UV-B to the earth’s
surface may cause sublethal effects to larval fish specimens. Fortunately, the
frequency of behavioral disorders was lower in the field than under laboratory
conditions. However, it can be concluded that in pike the margin of safety is
very narrow.

In contrast, the impact of UV-B on both whitefish and vendace is
negligible at most, indicated as a minor sunburn reaction of the skin, reversible
growth response and increased pigmentation. However, certain biological
endpoints such as development and survival of coregonid larvae appear to fall
beyond current intensities of UV-B in May, as well as the predicted scenarios in
coming decades. In addition, UV-B itself is an insufficient factor to modify the
degree of melanin pigmentation of coregonid larvae in Finnish lakes. The risk is
even lower than this since natural water in lakes attenuates UV-B efficiently and
irradiances in underwater are much lower than in laboratory experiments.

Besides abiotic protection, fish rely on different protective mechanisms
that mitigate the harmful effects of UV-B radiation. Obviously, even close
relatives such as vendace and whitefish have very different protective
mechanisms against radiation stress. Vendace have more efficient absorptive
pigmentation that directly prevents UV-B penetration to inner organs.
Whitefish rely more on second lines defense such as the repairing effect of
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HSP70. In both species the defense probably involves other mechanisms, not yet
studied, as well.

Newly hatched larvae of whitefish, vendace and northern pike differed
substantially in their reactions to UV-photoinduced toxicity of retene. By itself,
retene practically has no toxic effects to the larvae of boreal fishes. Further,
retene had no phototoxic effects to larval pike. However, in coregonids
combined chemical and UV-B exposures increased the ecotoxicological risks of
retene by two orders of magnitude at least. The mode of action behind this
phototoxicity in coregonid larvae seems to be related to the functional
disruption of mucous cells eventually expressed as respiratory stress. Overall, it
can be suggested that for post-hatch larvae of whitefish and vendace the
synergism of UV-B and PAHs such as retene can be a key factor of potential
ecotoxicological risk to be taken into consideration in lake areas chemically
contaminated by the pulp and paper industry or other related sources of PAHs.
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YHTEENVETO (Résumeé in Finnish)

Maapallon eldmaa suojaava ylailmakehan otsonikerros on ohentunut
ihmistoiminnan takia, minka seurauksena maanpinnalle tulevan UV-B sateilyn
maara on lisadntynyt huomattavasti. Otsonikadon ennustetaan jatkuvan aina
vuoteen 2050 saakka, ja taman seurauksena UV-B sateilyn (CIE-painotetun)
odotetaan kasvavan Suomen leveysasteilla 20-50 prosentilla. Tyon
tarkoituksena oli arvioida, voiko UV-B sateilya pitaa nykyisilla tai ennustetuilla
annostasoilla potentiaalisena riskitekijana taloudellisesti ja ekologisesti
tarkeimmille makeanveden kalalajeillemme (siika, muikku ja hauki) niiden
herkimmissa kehitysvaiheissa heti kuoriutumisen jalkeen. Siikakalojen poikaset
uivat kuoriutumisensa jalkeisina parina kuukautena lahella pintaa, jolloin ne
voivat altistua UV-sateilylle. Hauki puolestaan kutee matalaan rantaveteen,
eivatka kuoriutuneet poikaset yleensa poistu alueelta ensimmaisten
elinviikkojensa aikana. Lisaksi ensimmaista kertaa pohjoisten alueiden
kalalajeilla tutkittiin myos polyaromaattisten hiilivetyjen (PAH) UV-valossa
aktivoituvaa myrkyllisyytta, kayttden malliaineena reteenia (7-isopropyyli-1-
metyylifenantreeni), jota esiintyy runsaasti sellu- ja paperiteollisuuden
alapuolisissa sedimenteissa ja leviavissa jatevesipaastoissa.

UV-B-sateilyn tunkeutuvuus jarviveteen riippuu veden humuspi-
toisuudesta ja vaihtelee paljon jarvien valilla. Kuitenkin kirkkaimmissa Suomen
jarvissa UV-B-sateilya voi tunkeutua merkittavasti jopa metrin syvyyteen.
Siialla ja muikulla UV-B-sateily aiheutti vain vahaisia biologisia vaikutuksia,
huolimatta pitkasta altistusajasta tai korkeista annoskertymista. Siialla korkea
annostaso aiheutti klassisen, mutta lievan ihon palamisreaktion. Molemmilla
lajeilla ihon melaniinipitoisuus lisaantyi pitkékestoisessa altistuksessa.
Kuitenkaan pysyvia haitallisia vaikutuksia kasvuun, kuolleisuudesta
puhumattakaan, ei voitu havaita. Mielenkiintoinen huomio oli se, etta nama
lahisukuiset lajit ovat sopeutuneet ymparistoonsa hyodyntaen osaksi eri
suojamekanismeja. Molemmilla lajeilla oli runsaasti melaniinia, jonka maara
lisaantyi UV-sateilyn vaikutuksesta, mutta vain muikulla esiintyi
metanoliuutteessa absorptiota UV-B alueella. Siialla sitd vastoin olivat
aktiivisina solunsisdiset suojamekanismit: vaurioita korjaava stressiproteiini eli
HSP70 seka mahdollisesti antioksidanttina toiminut CYP1A. Kaikkiaan tulokset
osoittavat, ettd UV-B sateilyn aiheuttama riski muikulle tai siialle on vahainen
tai olematon.

Sita vastoin hauen ruskuaispussipoikaset ovat erittain herkkia lyhytaikai-
sellekin UV-B altistukselle jopa nykyista alhaisemmilla annostasoilla. Nyky-
tiedon valossa hauella havaittu vakava neurologinen kayttaytymishairiotila
onkin yksi herkimmista UV-B sateilyn aiheuttamista biologisista haitoista.
Neurologisia hairivita esiintyi jopa 80 prosentilla poikasista, jotka altistuivat
alhaiselle 1.0 kJ/m? paivaannokselle, mikd on selvasti luonnossa kevaalla
vallitsevia UV-B sateilyannoksia alhaisempi sateilytaso. Jatkoseuranta osoitti,
ettd tama hairio kehityksessa johti lopulta viivastyneeseen kuolemaan, mika
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lisdéda havainnon merkittdvyyttd. Myds maastoaltistuksessa nykyistd
korkeammilla tasoilla esiintyi neurologisia oireita, mutta vain 20 prosentilla.
Kuitenkin tulokset osoittavat, ettd jo pieni muutos maahan tulevan UV-B
sdteilyn mddrdssd riittdd aiheuttamaan haitallisia vaikutuksia hauen
varhaiskehitykselle.

Muikun, siian ja hauen herkkyydet reteenin valotoksisuudelle erosivat
huomattavasti toisistaan. Itsessddn reteeni ei ollut haitallista minkdan tutkitun
lajin poikasille (suurin testattu pitoisuus 100 pg/l). Massakromatografisesti
voitiin osoittaa reteenistd UV-B sdteilyn vaikutuksesta syntyvan kaksi
tuntematonta valotuotetta. Muikulla ja siialla samanaikainen altistus UV-B
sdteilylle ja reteenille aiheutti dramaattisen kuolleisuuden 72 tunnin aikana,
vaikka kdytetyt reteenipitoisuudet olivat alhaisia sedimentissd esiintyviin
pitoisuuksiin verrattuna. Histopatologinen tarkastelu osoitti, ettd reteenin
valotoksinen vaikutus siialla liittyi vaurioon ihon pintakerroksessa, jota
varhaiskehityksen aikana kadytetddn mm. hengitykseen. Toisaalta hauen-
poikasille reteenilld ei ollut valotoksisia vaikutuksia. Voidaan todeta, ettd
muikun ja siian poikasille reteenin ja sen kaltaisten aineiden valotoksisuus voi
olla yksi tarkeimmistd ekotoksikologisista riskitekijoistd jdrvialueilla, jotka
sijaitsevat sellu- ja paperiteollisuuden tai muiden PAH-aineita ympéristoonsa
tuottavien ldhteiden vaikutuspiirissa.



50

REFERENCES

Afaq, F. & Mukhtar, H. 2001. Effects of solar radiation on cutaneous detoxification pathways. J.
Photochem. Photobiol. B 63: 61-69.

Ahmed, F. E. & Setlow, R. B. 1993. Ultraviolet radiation-induced DNA damage and its
photorepair in the skin of the platyfish Xiphophorus. Cancer Res. 53: 2249-2255.

Ankley, G. T., Collyard, S. A., Monson, P. D. & Kosian, P. A. 1994. Influence of ultraviolet light
on the toxicity of sediments contaminated with polycyclic aromatic hydrocarbons.
Environ. Toxicol. Chem.13: 1791-1796.

Applegate, L. A. & Ley, R. D. 1988. Ultraviolet radiation-induced lethality and repair of
pyrimidine dimers in fish embryos. Mutation Res. 198: 85-92.

Arfsten, D. P., Schaeffer, D. J. & Mulveny, D. C. 1996. The effects of near ultraviolet radiation on
the toxic effects of polycyclic aromatic hydrocarbons in animals and plants: a review.
Ecotoxicol Environ Saf 33:1-24.

Armstrong, T. N. Reimschuessel, R. & Bradley, B. P. 2002. DNA damage, histological changes
and DNA repair in larval Japanese medaka (Oryzias latipes) exposed to ultraviolet-B
radiation. Aquat. Toxicol. 58: 1-14.

Arts, M. T. & Rai, H. 1997. Effects of enhanced ultraviolet-B radiation on the production on the
production of lipid, polysaccharide and protein in three freshwater algal species.
Freshwat. Biol. 38: 597-610.

Baker, B. I, Bird, D. J. & Buckingham, J. C. 1986. Effect of chronic administration of melanin-
concentrating hormone on corticotrophin, melanotrophin and pigmentation in the trout.
General Comp. Endocrinol. 63: 62-69.

Bass, E. L. & Sistrun, S. N. 1997. Effects of UV-A radiation on development and hatching success
in Oryzias latipes, the Japanese Medaka. Bull. Environ. Contam. Toxicol. 59: 537-542.

Battini, M., Rocco, V., Lozada, M., Tartarotti, B. & Zagarese, E. H. 2000. Effects of ultraviolet
radiation on the eggs of landlocked Galaxias maculates (Galaxiidae, Pisces) in
northwestern Patagonia. Freshwat. Biol. 44: 547-552.

Beere, H. M. & Green, D. R. 2001. Stress management - heat shock protein-70 and the regulation
of apoptosis. Trends Cell Biol. 11: 6-10.

Beckmann, R. B., Mizzen, L. A. & Welch, W. ]. 1990. Interactions of HSP70 with newly
synthetized proteins: implications for protein folding and assembly. Science 248: 850-854.

Beland, F., Browman, H. L., Rodrigues, C. A. & St-Pierre, J-F. 1999. Effect of solar ultraviolet
radiation (280-400 nm) on the eggs and larvae of Atlantic Cod (Gadus morhua). Can. J.
Fish. Aquat. Sci. 56: 1058-1067.

Belzile, C., Vincent, W. F., Gibson, ]. A. E. & Van Hove, P. 2001. Bio-optical characteristics of the
snow, ice, and water column of a perennially ice-covered lake in the high arctic. Can. J.
Fish. Aquat. Sci. 58: 2405-2418.

Berghahn, R., Bullock, A. M. & Karakiri, M. 1993. Effects of solar radiation on the population
dynamics of juvenile flatfish in the shallows of the wadden sea. J. Fish. Biol. 42: 329-345.

Besombes, J-L., Maitre, A., Patissier, O., Marchand, N., Chevron, N., Stoklov, M. & Masclet, P.
2001. Particulate PAHs observed in the surrounding of a municipal incinerator.
Atmospheric Environ. 35: 6093-6104.

Billiard, S. M., Querbach, K. & Hodson, P. 1999. Toxicity of retene to early life stages of two
freshwater fish species. Environ. Toxicol. Chem. 18: 2070-2077.

Billiard, S. M., Hodson, P. V. & Bols, N. C. 2000. Does the potency of polycyclic aromatic
hydrocarbons (PAHs) for inducing CYP1A1 in juvenile trout (Oncorhynchus mykiss)
predict dioxin-like toxicity in early life stages? Mar. Environ. Res. 50: 308-309.

Blaustein, A. R., Kiesecker, J. M., Hoffman, P. D. & Hays, ]J. B. 1997. The significance of
ultraviolet-B radiation to amphibian population declines. Rev. Toxicol. 1: 147-165.

Blaustein, A. R., Kiesecker, J. M., Chivers, D. P., Hokit, D. G., Marco, A. & Belden, L. K. 1998.
Effects of ultraviolet radiation on amphibians: field experiments. Amer. Zool. 38: 799-812.



51

Blazer, V. S., Fabacher, D. L., Little, E. E.,, Ewing M. S. & Kocan, K. M. 1997. Effects of
ultraviolet-B radiation on fish: histologic comparison of a UVB-sensitive and a
UVB-tolerant species. ]. Aquat. Anim. Health 9: 132-143.

Blumthaler, M., Ambach, W. & Ellinger, R. 1997. Increase in solar UV radiation with altitude. J.
Photochem. Photobiol. B: Biology 39: 130-134.

Boese, B. L., Lamberson, J. O., Swartz, R. C. & Ozretich R. J. 1997. Photoinduced toxicity of
fluoranthene to seven marine benthic crustaceans. Arch. Environ. Contam. Toxicol. 32:
389-393.

Bouloubassi, 1., Lipiatou, E., Saliot, A., Tolosa, I., Bayona, ]J. M. & Albaigés, ]J. 1997. Carbon
sources and cycle in the western Mediterranean - the use of molecular markers to
determine the origin of organic matter. Deep-Sea Res. Part II Top Stud. Oceanogr. 44: 781-
799.

Bowmaker, J. K. & Kunz, Y. W. 1987. Ultraviolet receptors, tetrachromatic colour vision, and
retinal mosaics in the brown trout (Salmo trutta): age-dependent changes. Vis. Res. 27:
2102--2108.

Browman, H. I., Novales-Flamarique, I. & Hawryshyn, C. W. 1994. Ultraviolet photoreception
contributes to prey search behaviour in two species of zooplanktivorous fishes. J. Exp.
Biol. 186: 187-198.

Browman, H. I., Rodriguez, C. A., Béland, F., Cullen, J. J., Davis, R. F., Kouwenberg, ]. H. M.,
Kuhn, P. S.,, MacArthur, B., Runge, J. A., St-Pierre, J-F. & Vetter R. D. 2000. Impact of
ultraviolet radiation on marine crustacean zooplankton and ichthyoplankton: a synthesis
of results from the estuary and Gulf of St. Lawrence, Canada. Mar. Ecol. Prog. Ser. 199:
293-311.

Browman, H. L, Vetter R. D., Rodriguez, C. A., Cullen, J. J., Davis, R. F.,, Lynn, E. & St-Pierre, J-F.
2003. Ultraviolet (280-400 nm)-induced DNA damage in the eggs and larvae of Calanus
finmarchicus G. (Copepoda) and Atlantic cod (Gadus morhua). Photochem. Photobiol.
77(4): 397-404.

Brumley, C. M., Stuthridge, T. R., Anderson, S. M., Tavendale, M. H., 1997. Partitioning
behaviour of pulp mill effluent constitituents in recipient matrices and biota.
Proceedings, 3¢ international conference on environmental fate and effects of pulp and
paper mill effluents. Roturoa, New Zealand, p. 174-183.

Bukaveckas, P. A. & Robbins-Forbes, M. 2000. Role of dissolved organic carbon in the
attenuation of photosynthetically active and ultraviolet radiation in Adirondack lakes.
Freshwat. Biol. 43: 339-354.

Bullock, A. M. & Coutts, R. R. 1985. The impact of solar ultraviolet radiation upon the skin of
rainbow trout, Salmo gairdneri Richardson, farmed at high altitude in Bolivia. J. Fish. Dis.
8:263-272.

Bustamante, J., Bredeston, L., Malanga, G. & Mordoh, J. 1993. Role of melanin as a scavenger of
active oxygen species. Pigment Cell Res. 6: 348-353.

Charron, R. A., Fenwick, J. C., Lean, D. R. S. & Moon, T. W. 2000. Ultraviolet-B radiation effects
on antioxidant status and survival in the zebrafish, Brachydanio rerio. Photochem.
Photobiol. 72: 327-333.

Choi, J. & Oris, J. T. 2000. Evidence of oxidative stress in bluegill sunfish (Lepomis macrochirus)
liver microsomes simultaneously exposed to ultraviolet radiation and anthracene.
Environ. Toxicol. Chem. 19: 1795-1799.

Clegg, J. S., Uhlinger, K. R, Jackson, S. A., Cherr, G. N., Rifkin, E. & Friedman, C. S. 1998.
Induced thermotolerance and the heat shock protein-70 family in the Pacific oyster,
Crassostrea gigas. Mol. Mar. Biol. & Technol. 7: 21-30.

Cummins, C. P. 2003. Frogs, UV-B radiation and phenology. Ann. Zool. Fennici 40: 61-67.

Cummins, C. P., Greenslade, P. D. & McLeod, A. R. 1999. A test of the effect of supplemental
UV-B radiation on the common frog, Rana temporaria L. during embryonic
development. Global Change Biology 5: 471-479.

DeGruijl, F. R., Sterenborg, H. J., Forbes, C. M., Davies, R. E., Cole, C., Kelfkens, G,
vanWeelden, H., Slaper, H. & Van der Leun, J. C. 1993. Wavelength dependence of skin



52

cancer induction by ultraviolet irradiation of albino hairless mice. Cancer Research. 53:
53-60.

Dethlefsen, V., Tiig, H., Baumann, M., von Westernhagen, H. & Herbert, A. 1996. Experimente
tiber die Wirkung von UV-B auf pelagische Fishembryonen in einem
Sonnenscheinsimulator. Inf. Fishwirtsch. 43: 180-186.

Dethlefsen, V., von Westernhagen, H., Tiig, H., Hansen, P. D. & Dizer, H. 2001. Influence of
solar ultraviolet-B on pelagic fish embryos: osmolality, mortality and viable hatch.
Helgol. Mar. Res. 55: 45-55.

Don, ]J. & Avtalion, R. R. 1993. Ultraviolet irradiation of Tilapia spermatozoa and the Hertwig
effect: Electron microscopic analysis. J. Fish. Biol. 42: 1-14.

Dufty, L. K., Scofield, E., Rodgers, T., Patton, M. & Bowyer, T. R. 1999. Comparative baseline
levels of mercury, Hsp 70 and Hsp 60 in subsistence fish from the Yukon-Kuskokwim
delta region of Alaska. Comp. Biochem. Phys. C 124: 181-186.

Duxbury, C. L., Dixon, D. G. & Greenberg, B. M. 1997. Effects of simulated solar radiation on the
bioaccumulation of polycyclic aromatic hydrocarbons by the duckweed Lemna gibba.
Environ. Toxicol. Chem. 16: 1739-1748.

Dyer, S. D., Dickson, K. L., Zimmerman, E. G. & Sanders, B. M. 1991. Tissue specific patterns of
heat shock protein synthesis and thermal tolerance of the fathead minnow (Pimephelas
promelas). Can. J. Zool. 69: 2021-2027.

Fabacher, D. L. & Little, E. E. 1995. Skin component may protect fishes from ultraviolet-B
radiation. Environ. Sci. Pollut. Res. 2: 30-32.

Flamarique, I. N. & Harrower, W. L. 1999. Mortality of sockeye salmon raised under light
backgrounds of different spectral composition. Environ. Biol. Fishes 55: 279-293.

Forstner, H. 1983. An automated multiple-chamber intermittent-flow respirometer. In E.
Gnaider & H. Forstner (eds). Polarographic Oxygen sensors. Berlin: Springer-Verlag, 111-
120.

Fragoso, N. M., Parrott, ]. L., Hahn, M. E. & Hodson, P. V. 1998. Chronic retene exposure causes
sustained induction of CYP1A activity and protein in rainbow trout (Oncorhynchus
mykiss). Environ. Toxicol. Chem. 17: 2347-2353.

Freitag, J. F., Steeger, H.-U., Storz, U. C. & Paul, R. ]. 1998. Sublethal impairment of respiratory
control in plaice (Pleuronectes platessa) larvae induced by UV-B radiation determined
using a novel biocybernetical approach. Mar. Biol. 132: 1-8.

Fridovich, I. 1978. The biology of oxygen radicals. Science 201: 875-880.

Gabos, S., Ikonomou, M. G., Schopflocher, D., Fowler, B. R., White, ]., Prepas, E., Prince, D. &
Chen, W. 2001. Characteristics of PAHs, PCDD/Fs and PCBs in sediment following forest
fires in northern Alberta. Chemosphere 43: 709-719.

Gala, W. R. & Giesy, J. P. 1992. Photo-induced toxicity of anthracene to the green algae
Selenastrum capricornutum. Arch. Environ. Contam. Toxicol. 23: 316-323.

Gething, M.-]. & Sambrook, J. 1992. Protein folding in cell. Nature 355: 33-44.

Goeptar, A. R., Scheerens, H. & Vermeulen, N. P. E. 1995. Oxygen reductase and substrate
reductase activity of cytochrome P450. Crit. Rev. Toxicol. 25: 25-65.

Goerz, G., Merk, H., Bolsen, K., Tsambaos, H. & Berger, H. 1983. Influence of chronic UV-light
exposure on hepatic and cutaneous monooxygenases. Experientia 39: 385-353.

Goes, J. I, Handa, N., Taguchi, S. & Hama, T. 1994. Effects of UV-B radiation on the fatty acid
composition of the marine phytoplankton Tetraselmis sp.: Relationship to cellular
pigments. Mar. Ecol. Progr. Ser. 114: 259-274.

Gokseyr, A. & Forlin, L. 1992. The cytochrome P450 system in fish, aquatic toxicology and
environmental monitoring. Aquat. Toxicol. 22: 287-312.

Gutiérrez-Rodriguez, C. & Williamson, C. E. 1999. Influence of solar ultraviolet radiation on
early life-history stages of the bluegill sunfish, Lepomis macrochirus. Env. Biol. Fish. 55:
307-319.

Hader, D.-P., Kumar, H. D., Smith, R. C. & Worrest, R. C. 1998. Effects on aquatic ecosystems. ]J.
Photochem. Photobiol. B: Biology 46: 53-68.

Hairston, Jr. N. G. 1979. The adaptive significance of color polymorphism in two species of
Diaptomus Copepoda. Limnol. Oceanogr. 24: 15-37.



53

Hakkari, L. 1992. Effects of pulp and paper mill effluents on fish populations in Finland. Finnish
Fish. Res. 13: 93-106.

Hansson, L.-A. 2000. Induced pigmentation in zooplankton: a trade off between threats from
predation and ultraviolet radiation. Proc. R. Soc. Lond. 267, 2327--2331.

Hatch, A. C. & Burton, A. Jr. 1998. Effects of photoinduced toxicity of fluoranthene on
amphibian embryos and larvae. Environ. Toxicol. Chem. 17: 1777-1785.

Hessen, D. O. 1996. Competitive trade-off strategies in arctic Daphnia linked to melanism and
UV-B stress. Polar Biol. 16: 573-579.

Hessen, D. O., Delange, H. J. & Van Donk, E. 1997. UV-induced changes in phytoplankton cells
and its effects on grazers. Freshwat. Biol. 38: 513-524.

Hinton, D. E., Segner, H. & Braunbeck, T. 2001. Toxic responses of the liver. In D. Schlenk &
W.H. Benson (eds). Target organ toxicity in marine and freshwater teleosts, volume 1 -
organs. London and New York: Taylor and Francis, 225-268.

Hobaek, A. & Wolf, H. G. 1991. Ecological genetics of Norwegian Daphnia. II. Distribution of
Daphnia longispina genotypes in relation to short-wave radiation and water colour.
Hydrobiologia 225: 229-234.

Hofer, R. & Mokri, C. 2000. Photoprotection in tadpoles of the common frog, Rana temporaria. J.
Photochem. Photobiol. B: Biology 59: 48-53.

Huang, X. D., Dixon, D. G. & Greenberg, B. M. 1995. Increased polycyclic aromatic hydrocarbon
toxicity following their photomodification in natural sunlight: Impacts on the duckweed
Lemna gibba L. G-3. Ecotoxicol. Environ. Saf. 32: 194-200.

Hunter, J. R., Sandor, S. E. & Taylor, J. H. 1981. Effects of solar and artificial ultraviolet-B
radiation on larval northern anchovy, Engraulis mordax. Photochem. Photobiol. 34: 477-
486.

Hunter, R. ], Taylor, J. H. & Moser, H. G. 1979. Effects of ultraviolet irradiation on eggs and
larvae of the northern anchovy, Engraulis mordax, and the Pasific mackarel, Scomber
japonicus, during embryonic stage. Photochem. Photobiol. 29: 325-338.

Huovinen, P. S, Penttild, H. & Soimasuo, M. R. 2000. Penetration of UV radiation into Finnish
lakes with different characteristics. Int. J. Circumpolar Health. 59: 15-21.

Huovinen, P.S., Soimasuo, M. R. & Oikari, A. O. ]J. 2001. Photoinduced toxicity of retene to
Daphnia magna under enhanced UV-B radiation. Chemosphere 45: 683-691.

Huovinen, P. S., Penttild, H. & Soimasuo, M. R. 2003. Spectral attenuation of solar ultraviolet
radiation in humic lakes in central finland. Chemosphere 51: 205-214.

Jokinen, E. 1., Salo, H. M., Markkula, S. E., Immonen, A. K. & Aaltonen, T. M. 2001. Ultraviolet-B
irradiation modulates the immune system of fish (Rutilus rutilus, Cyprinidae). Part III.
Lymphocytes. Photochem. Photobiol. 73: 505-512.

Judd, M. C,, Stuthridge, T. R. & Price, R. W. 1998. Pulp mill sourced organic compounds from
New Zealand sediments part 3: Mechanical pulp mills and remote sites. Chemosphere 36:
2311-2320.

Jurkiewicz, B. A. & Buettner, G. R. 1994. Ultraviolet-light-induced free radical formation in skin:
an electron paramagnetic resonance study. Photochem. Photobiol. 59: 1-4.

Karels, A. E. & Niemi, A. 2002. Fish community responses to pulp and paper mill effluents at
southern Lake Saimaa, Finland. Environ. Poll. 116: 309-317.

Kaweewat, K. & Hofer, R. 1997. Effects of UV-B radiation on goblet cells in the skin of different
fish species. Photochem. Photobiol. B: Biology 41: 222-226.

Kelly, D. J. & Bothwell, M. L. 2002. Avoidance of solar ultraviolet radiation by juvenile coho
salmon (Oncorhynchus kisutch). Can. J. Fish. Aquat. Sci. 59: 474-482.

Kerr J. B. & McElroy C. T. 1993. Evidence for large upward trends of ultraviolet-B radiation
linked to ozone depletion. Science 262: 1032-1034.

Kiesecker, ]J. M. & Blaustein, A. R. 1995. Synenergism between UV-radiation and a pathogen
magnifies amphibian mortality in nature. Proc. Natl. Acad. Sci. USA. 92: 11049-11052.

Kirk, J. T. O. 1994. Optics of UV-B radiation in natural waters. Arch. Hydrobiol. Beih. 43: 1-16.

Klotz, A. V., Stegeman, J. ]. & Walsh, C. 1984. An alternative 7-ethoxyresorufin-O-deethylase
activity assay: A continuous visible spectrophotometric method for measurement of
cytochrome P-450 monooxygenase activity. Anal. Biochem. 140: 138-145.



54

Kouwenberg, J. H. M., Browman, H. I, Cullen, J. J., Davis, R. F., St-Pierre, J-K. & Runge, J. A.
1999. Biological weighting of ultraviolet (280-400nm) induced mortality in marine
zooplankton and fish. I. atlantic cod (Gadus morhua) eggs. Marine Biol. 134: 269-284.

Kukkonen, J., Oikari, A., Johnsen, S. & Gjessing, E. 1989. Effects of humus concentrations on
Benzo[[/]pyrene accumulation from water to Daphnia magna: comparison of natural
waters and standard preparations. Sci. Total Environ. 79: 197-207.

Lahdelma & Oikari 2003. Deposited resin acids and retene in relation to elutriate toxicity in
sediments adjacent to pulp and paper industry. Submitted manuscript.

Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of the head of
bacteriophage T. Nature 227: 680-685.

Latey, A. N. & Rangneker, P. V. 1982. Role of the pituitary gland in adaptation of the fish
Tilapia mossambica (Peters) to contrasting backgrounds. Endokrinologie 79: 406-414.

Lemaire, P., Forlin, L. & Livingstone, D. 1996. Responses of hepatic biotransformation and
antioxidant enzymes to CYP1A inducers (3-methylcholanthrene, -naphtoflavone) in sea
bass (Dicentrarchus labrax), dab (Limanda limanda) and rainbow trout (Oncorhynchus
mykiss). Aquat. Toxicol. 36: 141-160.

Leppénen, H. & Oikari, A. 1999. Occurence of retene and resin acids in sediments and fish bile from
a lake receiving pulp and paper mill effluents. Environ. Toxicol. Chem. 18: 1498-1505.

Leppénen, H. & Oikari, A. 2001. Retene and resin acid concentration in sediment profiles of a lake
recovering from exposure to pulp mill effluents. J. Paleolimn. 25: 367-374.

Leppénen, H., Kukkonen, J. V. K. & Oikari, A. O. J. 2000. Concentration of retene and resin acids
in sedimenting particles collected from a bleached kraft mill effluent receiving lake. Wat.
Res. 34: 1604-1610.

Little, E. E. & Fabacher, D. L. 1994. Comparative sensitivity of rainbow trout and two threatened
salmonids, Apache trout and Lahontan cutthroat trout, to ultraviolet-B radiation. Arch.
Hydrobiol. Beih. 43: 217-226.

Little, E. E., Cleveland, L., Calfee, R. & Barron, M. G. 2000. Assessment of the photoenhanced
toxicity of a weathered oil to the tidewater silverside. Environ. Toxicol. Chem. 19: 926-
932.

Loew, E. R., McFarland, W. N., Mills, E. L. & Hunter, D. 1993. A chromatic action spectrum for
planktonic predation by juvenile yellow perch, Perca flavescens. Can. ]. Zool. 71: 384-386.

Losey, G. S., Cronin, T. W., Goldsmith, T. H. Hyde, D., Marshall, N. J. & McFarland, W. N. 1999.
The UV visual world of fishes: a review. J. Fish. Biol. 54: 921-943.

Lowe, C. & Goodman-Lowe, G. 1996. Suntanning in hammerhead sharks. Nature 383: 677.

Lowry O. H., Rosebrough N. J., Farr A. L. & Randall R. J. 1951. Protein measurements with Folin
phenol reagent. J. Biol. Chem. 193: 265-275.

Lythgoe, J. N. 1984. Visual pigments and environmental light. Vis. Res. 24: 1539-1550.

Madronich, S. 1993. UV radiation in the natural and perturbed atmosphere. In: M. Tevini (ed.),
UV-B radiation and ozone depletion: Effects on humans, animals, plants, microorganisms
and materials. Boca Raton: Lewis publishers, 17-69.

Madronich, S., McKenzie, R. L., Caldwell, M. M. & Bjorn, L. O. 1995. Changes in ultraviolet
radiation reaching the earth surface. Ambio 24: 143-152.

Madronich, S., McKenzie, R. L., Bjorn, L. O. & Caldwell, M. M. 1998. Changes in biologically
active ultraviolet radiation reaching the earth’s surface. J. Photochem. Photobiol. B:
Biology 46: 5-19.

Mallakin, A., McConkey, B. ]., Miao, G., McKibben, B., Snieckus, V., Dixon, G. D. & Greenberg,
B. M. 1999. Impacts of structural photomodification on the toxicity of environmental
contaminants: Anthracene photooxidation products. Ecotoxicol. Environ. Saf. 43: 204-212.

McCloskey, J. T. & Oris, J. T. 1991. Effect of water temperature and dissolved oxygen
concentration on the photo-induced toxicity of anthracene to juvenile bluegill fish
(Lepomis macrochirus). Aquat. Toxicol. 21: 145-156.

McCloskey, J. T. & Oris, J. T. 1993. Effects of anthracene and solar ultraviolet radiation exposure
on gill ATPaase and selected hematologic measurements in the bluegill sunfish (Lepomis
macrochirus). Aquat. Toxicol. 24: 207-218.



55

McConkey, B. J., Duxbury, C. L., Dixon, D. G. & Greenberg, B. M. 1997. Toxicity of a PAH
photooxidation product to the bacteria Photobacterium phosphoreum and the duckweed
Lemna gibba: effects of phenanthrene and its primary photoproduct,
phenanthrenequinone, Environ. Toxicol. Chem. 16: 892-899.

McDonald, B. G. & Chapman, P. M. 2002. PAH phototoxicity - an ecologically irrelevant
phenomenon? Mar. Poll. Bull. 44: 1321-1326.

McFadzen, L., Baynes, S., Hallam, J., Beesley, A. & Lowe, D. 2000. Histopathology of the skin of
UV-B irradiated sole (Solea solea) and turbot (Scophthalmus maximus) larvae. Marine
Environmental Research 50: 273-277.

McKim, J. M. & Lien, G. J. 2001. Toxic responses of the skin. In D. Schlenk and W.H. Benson
(eds). Target organ toxicity in Marine and freshwater teleosts, volume 1 - organs. London
and New York: Taylor and Francis, 225-268.

McKinlay, A. F. & Diffey. B. L. 1987. A reference action spectra for ultraviolet induced erythema
in human skin, in Human Exposure to Ultraviolet Radiation: Risks and Regulations. In
W. R. Passchier & B. M. F. Bosnajakovich (eds). Amsterdam: Elsevier, 83-87.

Merilg, J., Pahkala, M. & Johanson, U. 2000. Increased ultraviolet-B radiation, climatic change
and latitudinal adaptation - a frog perspective. Ann. Zool. Fennici 37: 129-134.

Mims III, F. M. & Frederick, J. E. 1994. Cumulus clouds and UV-B. Nature 371: 291.

Monson, P. D., Call, D. J., Cox, D. A. Liber, K. & Ankley, G. T. 1999. Photoinduced toxicity of
fluoranthene to northern leopard frogs (Rana pipiens). Environ. Toxicol. Chem. 18: 308-
312.

Morris, D. P., Zagarese, H., Williamson, C. E., Balseiro, E. G., Hargreaves, B. R., Modenutti, B,,
Moeller, R. & Queimalinos, C. 1995. The attenuation of solar UV radiation in lakes and
the role of dissolved organic carbon. Limnol. Oceanogr. 40: 1381-1391.

Mowry, R. W. 1968. Alcian blue-PAS procedure. In: E. A. G. Pearse (ed.) Histochemistry,
theoretical and applied. London: ].&A. Churchill Itd, 673-674.

Nikkild, A., Penttinen, S. & Kukkonen, J. V. 1999. UV-B induced acute toxicity of pyrene to the
waterflea Daphnia magna in natural freshwaters. Ecotoxicol. Environ. Saf. 43: 271-279.

Noceda, C,, Sierra, S. G. & Martinez, J. L. 1997. Histopathology of UV-B irradiated brown trout
Salmo trutta skin. Dis. Aquat. Org. 31: 103-108.

Oikari, A., Cherr, N. G. & Hodson, P. V. 2001. Dissolution, bioavailability and toxicity of retene
in industrial sediment. Abstracts, ICT9 Congress in Brisbane , Australia, July 6-12, p 247.

Oikari, A., Fragoso, N., Leppédnen, H., Chan, T., Kozin, I. & Hodson, P. V. 2002a. Bioavailability
to juvenile rainbow trout (Oncorhynchus mykiss) of retene and other mixed function
oxygenase - active compounds from sediments. Environ. Toxicol. Chem. 21: 121-128.

Oikari, A., Hiakkinen, J., Karjalainen, J., Vehnidinen, E. & Ylonen, O. 2002b. Sensitivity of boreal
fish larvae to UV-B radiation: a preliminary risk assessment. In: ] Kdyhko & L Talve (eds),
Understanding the Global System -The Finnish Perspective.Finnish Global Change
Research Programme FIGARE, University of Turku, 147-152.Oris, J. T. & Giesy, J. P. 1985.
The photoenhanged toxicity of anthracene to juvenile sunfish (Lepomis spp.). Aquat.
Toxicol. 6: 133-146.

Oris, ]. T. & Giesy, J. P. 1987. The photo-induced toxicity of polycyclic aromatic hydrocarbons to
larvae of the fathead minnow (Pimephales promelas). Chemosphere 16: 1395-1404.

Otto, D. M. E,, Lindstrom-Seppd, P. & Sen, C. K. 1994. Cytochrome P450-dependent enzymes
and oxidant-mediated responses in rainbow trout exposed to contaminated sediments.
Ecotoxicol. Environ. Saf. 27: 265-280.

Ozeki, H., Ito, S., Wakamatsu, K. & Hirobe, T. 1995. Chemical characterization of hair melanins
in various coat-color mutants of mice. J. Invest. Dermatol. 105: 361-366.

Ozeki, H., Ito, S., Wakamatsu, K. & Thody, A. J. 1996. Spectrophotometric characterization of
eumelanin and pheomelanin in hair. Pigment Cell Res. 9: 265-270.

Palace, V. P., Dick, T. A., Brown, S. B., Baron, C. L. & Klawerkamyp, ]J. F. 1996. Oxidative stress in
Lake sturgeon (Acipenser fulvescens) orally exposed to 2,3,7,8-tetrachlorodibenzofuran.
Aquat. Toxicol. 35: 79-92.



56

Pedrajas, ]. R., Peinado, J. & Lopez-Barea, J. 1995. Oxidative stress in fish exposed to model
xenobiotics. Oxidatively modified forms of Cu,Zn-superoxide dismutase as potential
biomarkers, Chem. Biol. Interact. 98: 267-282.

Peters, L. D., Porte, C., Albaigés, J. & Livingstone, D. R. 1996. 7-ethoxyresorufin O-deethylase
(EROD) and antioxidant activities in larvae of sardine (Sardina Pilchardus) from the
North coast of Spain. Mar. Pollut. Bull. 28: 299-304.

Ramdahl, T. 1983. Retene - a molecular marker of wood combustion in ambient air. Nature 306:
580-582.

Rhode, S. C., Pawlowski, M. & Tollrian, R. 2001. The impact of ultraviolet radiation on the
vertical distribution of zooplankton of the genus Daphnia. Nature 412: 69-72.

Reitan, K. I., Rainuzzo, J. R., Jie, G. & Olsen, Y. 1997. A review of the nutritional effects of algae
in marine fish larvae. Aquaculture 155: 207-221.

Renzing, J., Hansen, S. & Lane, D. P. 1996. Oxidative stress is involved in the UV activation of
p53. J. Cell. Sci. 109: 1105-1112.

Salo, H. M., Aaltonen, T. M., Markkula, S. E. & Jokinen E .I. 1998. Ultraviolet B irradiation
modulates the immune system of fish (Rutilus rutilus, Cyprinidae). I. phagocytes.
Photochem. Photobiol. 67: 433-437.

Salo, H. M., Aaltonen, T. M., Markkula, S. E. & Jokinen E .I. 2000a. Ultraviolet B irradiation
modulates the immune system of fish (Rutilus rutilus, Cyprinidae). II. Blood. Photochem.
Photobiol. 71: 65-70.

Salo, H. M., Jokinen E .I., Markkula, S. E. & Aaltonen, T. M. 2000b. Comparative effects of UV-A
and UV-B irradiation on the immune system of fish. J. Photochem. Photobiol. B: Biology
56: 154-162.

Sanders, B. M. 1993. Stress proteins in aquatic organisms: An environmental perspective. Crit.
Rev. Toxicol. 23: 49-75.

Sargent, J. R., McEvoy, L. A. & Bell, J. G. 1997. Requirements, presentation and sources of
polyunsaturated fatty acids in marine fish larval feeds. Aquaculture 155: 117-127.

Sarna, T., Menon, 1. A. & Sealy, R. C. 1984. Photosensitization of melanin: an electron spin
resonance study of sensitized radical production and oxygen consumption. Photochem.
Photobiol. 40: 453-459.

Schindler, D. W., Curtis, P. J., Parker, B. R. & Stanton, M. P. 1996. Consequences of climate
warming and lake acidification for UV-B penetration in North American boreal lakes.
Nature 379: 705-708.

Schubert, H., Sagert, S. & Forster, R. M. 2001. Evaluation of the different levels of variability in
the underwater light field of a shallow estuary. Helgol. Mar. Res. 55: 12-22.

Scott, J. D., Chalker-Scott, L., Foreman, A. E. & D"Angelo, M. 1999. Daphnia pulex fed UV-B-
irradiated Chlamydomonas reinharrdtii show decreased survival and fecundity.
Photochem. Photobiol 70: 308-313.

Setlow, R. B., Grist, E.,, Thompson, K. & Woodhead, A. D. 1993. Wavelengths effective in
malignant melanoma. Proc. Natl. Acad. Sci. USA 90: 6666-6670.

Sharp, F. R., Massa, S. M. & Swanson, R. A. 1999. Heat-shock protein protection. Trends Neurol.
Sci. 22: 97-99.

Shashar, N., Hanlon, R. T. & Petz, A. 1998. Polarization vision helps detect transparent prey.
Nature 393: 222-223.

Shick, J. M. & Dunlap W. C. 2002. Mycosporine-like amino acids and related gadusols:
biosynthesis, accumulation, and UV-protective function in aquatic organisms. Ann. Rev.
Physiol. 64: 223-262.

Shima, A. & Setlow, R. B. 1984. Survival and pyrimidine dimers in cultured fish cells exposed to
concurrent sun lamp ultraviolet and photoreactivating radiators. Photochem. Photobiol.
39: 49-56.

Shkorbatov, G. L. 1966. Preferred temperature and phototaxis of Coregonus larvae. Zool.
Zhurnal. 14: 1515-1525.

Smith, R. C. & Baker, K. S. 1979. Penetration of uv-b and biologically effective dose-rates in
natural waters. Photochem. Photobiol. 29: 311-323.



57

Smith, R. C., Prezelin, B. B., Baker, K. S, Bidigare, R. R., Boucher, N. P., Coley, T., Karenz, D,
Maclntyre, S., Matlick, H. A., Menzies, D., Ondrusek, M., Wan, Z. & Waters, K. ]. 1992.
Ozone depletion: ultraviolet radiation and phytoplankton biology in Antartic waters.
Science 255: 952-957.

Sole, M., Porte, C. & Barcelo, D. 2000. Vitellogenin induction and other biochemical responses in
carp, Cyprinus carpio, after experimental injection with 17 alpha-ethynylestradiol. Arch.
Environ. Toxicol. 38: 494-500.

Speekmann, C. L., Bollens, M. S. & Avent, S. R. 2000. The effects of ultraviolet radiation on the
vertical distribution and mortality of estuarine zooplankton. J. Plankton Res. 22 (12):
2325-2350.

Steeger, H.-U., Wiemer, M., Freitag, J. F. & Paul, R. J. 1999. Vitality of plaice embryos
(Pleuronectes platessa) at moderate UV-B exposure. J. Sea. Res. 42: 27-34.

Stegeman, J. J. & Hahn, M. E. 1994. Biochemistry and molecular biology of monooxygenase:
current perspective on forms, functions, and regulation of cytochrome P450 in aquatic
species. In: D. C. Malins and G. K. Ostrander (eds), Aquatic toxicology; molecular,
biochemical and cellular Perspectives. Boca Raton: Lewis Publishers, CRC Press, 87-206.

Stepien C. A. 1987. Colour pattern and habitat differences between male, female and juvenile
giant kelpfish. Bull. Mar. Sci. 41: 45-58.

Stolarski, R., Bojkov, R., Bishop, L., Zerefos, C., Staehelin, J. & Zawodny ]. 1992. Measured
trends in stratospheric ozone. Science 256: 342-345.

Taalas, P. 2002. Globaalit ilmakehdmuutokset: otsonikato ja UV-sateily. In: O. Mdhonen (eds),
AMAPII - Lapin ympériston tila ja ihmisen terveys. Rovaniemi: Oy Sevenprint Ltd., 81-
91.

Taalas, P., Kyro, E., Jokela, K., Koskela, T., Leszczynski, K., Rummukainen, M., Damski, J. &
Supperi, A. 1996. Stratospheric ozone depletion and solar UV radiation in the arctic and
its potential impact on human health in Finland. Geophysica 32: 127-165.

Taalas, P., Kaurola, J., Kylling, A., Shindell, D., Sausen, R., Dameris, M., Grewe, V., Herman, J.,
Damski, J. & Steil, B. 2000. The impact of greenhouse gases and halogenated species on
future solar UV radiation doses. Geophys. Res. Lett. 27: 1127-1130.

Taalas, P., Kaurola, J. & Lindfors, A. 2002. Long-term ozone and UV estimates. In: J. Kdyhko and
L. Talve (eds), Understanding the Global System -The Finnish Perspective. Finnish Global
Change Research Programme FIGARE, University of Turku, 137-145.

Tavendale, M. H., McFarlane, P. N., Mackie, K. L., Wilkins, A. L. & Langdon, A. G. 1997. The
fate of resin acids-1. The biotransformation and degradation of deuterium labelled
dehydroabietic acid in anaerobic sediments. Chemosphere 35: 2137-2151.

Terhivuo, J. 1988. Phenology of spawning for the common frog (Rana temporaria L.) in Finland
from 1846 to 1986. Ann. Zool. Fennici 25: 165-175.

Towbin, H., Staehelin, T. & Gordon, J. 1979. Electrophoretic transfer of proteins from
polyacrylamide gels to nitrocellulose sheets: procedure and some applications. Proc. Nat.
Acad. Sci. USA 76: 4350-4354.

Turner, L. J. & Mackay, W. C. 1985. Use of visual census for estimating population size in
northern pike (Esox lucius). Can. J. Fish. Aquat. Sci. 42: 1835-1840.

Ukeda, H., Sarker, A. K., Kawana, D. & Sawamura, M. 1999. Flow-injection assay of superoxide
dismutase based on the reduction of highly water-soluble tetrazolium. Anal. Sci. 15: 353-
357.

Urho, L., Laurila, S. & Hilden, M. 1989. Hauen ensimmadinen kesa. (The first summer in a pike's
life.). Luonnon Tutkija 93: 130-135.

Van der Oost, R., Beyer, J. & Vermeulen, N. P. E. 2003. Fish bioaccumulation and biomarkers in
environmental risk assessment: a review. Environ. Toxicol. Pharmacol. 13: 57-149.

Verrhiest, G., Clément, B. & Blake, G. 2001. Single and combined effects of sediment-associated
PAHs on three species of freshwater macroinvertebrates. Ecotoxicology 10: 363-372.

Vig, E. & Nemcsok, J. 1989. The effects of hypoxia and paraquat on the superoxide dismutase
activity in different organs of the carp, Cyprinus carpio L. J. Fish Biol. 35: 23-25.



58

Viljanen, M., Karjalainen, J., Helminen, H., Sarvala, J. & Syddnoja, A. 1995. Night day catch
ratios of coregonid larvae in three large lakes in Finland. Arch. Hydrobiol. Spec. Issues
Advanc. Limnol. 46: 195-201.

Weber, L. P. & Janz, D. M. 2001. Effect of 3-naphthoflavone and dimethylbenz[a]anthracene on
apoptosis and HSP70 expression in juvenile channel catfish (Ictalurus punctatus) ovary.
Aquat. Toxicol. 54: 39-50.

Weber, L. P, Diamond, S. L., Bandiera, S. M. & Janz, D. M. 2001. Espression of HSP70 and
CYP1A protein in ovary and liver of juvenile rainbow trout exposed to p-naphthoflavone.
Comp. Biochem. Physiol. C131: 387-394.

Wei, Y.-D., Rannung, U. & Rannung, A. 1999. UV-induced CYP1A1 gene expression in human
cells is mediated by tryptophan. Chem.-Biol. Interact. 118: 127-140.

Weinstein, J. E. & Oris, J. 1999. Humic acids reduce the bioaccumulation and photo-induced
toxicity of fluoranthene to fish. Environ. Toxicol. Chem. 18: 2087-2094.

Weinstein, J. E., Oris, J. T., Taylor, D. H., 1997. An ultrastructure examination of the mode of
UV-induced toxic action of fluoranthene in the fathead minnow, Pimephales promelas.
Aquat. Toxicol. 39: 1-22.

Wernesson, A-S. & Dave, G. 1997. Phototoxicity identification by solid phase extraction and
photoinduced toxicity to Daphnia magna. Arch. Environ. Contam. Toxicol. 32: 268-273.

Williamson C. E., Stemberger R. S., Morris D. P., Frost T. M. & Paulsen S. G. 1996. Ultraviolet
radiation in North American lakes: Attenuation estimates from DOC measurements and
implications for plankton communities. Limnol. Oceanogr. 41: 1024-1034.

Williamson C. E., Metzgar S. L., Lovera P. A. & Moeller R. E. 1997. Solar ultraviolet radiation
and the spawning habitat of yellow perch, Perca flavenscens. Ecol. Appl. 7: 1017-1023.

Winckler, K. & Fidhiany, L. 1999. Temperature tolerance and metabolic depression of a convict
cichlid under the influence of enhanced ultraviolet-A (320-400 nm) irradiation. Aquacult.
Intern. 7: 13-27.

Winston, G. W. & Di Giulio, R. T. 1991. Prooxidant and antioxidant mechanisms in aquatic
organisms. Aquat. Toxicol. 19: 137-161.

Yan N. D., Keller W., Scully N. M., Lean D. R. S. & Dillon P. J. 1996. Increased UV-B penetration
in a lake owing to drought-induced acidification. Nature 381: 141-144.

Ylonen, O. & Karjalainen, J. 2003. Growth and survival of European whitefish (Coregonus
lavaretus L.s.1.) larvae under enhanced UV-B irradiation. Submitted manuscript.

Ylonen, O., Huuskonen, H. & Karjalainen, J. 2003. UV avoidance of coregonid larvae. Proc. VIII
Intern. Symp. On the Biology and Management of Coregonid Fishes. Ann. Zool. Fennici,
In press.

Zamzow, J. P. & Losey, G. S. 2002. Ultraviolet radiation absorbance by coral reef fish mucus:
photoprotection and visual communication. Env. Biol. Fish. 63: 41-47.



BIOLOGICAL RESEARCH REPORTS FROM THE UNIVERSITY OF JYVASKYLA

1

RAATIKAINEN, M. & VASARAINEN, A., Damage
caused by timothy flies (Amaurosoma spp.)
in Finland, pp. 3-8.

SARKKA, J., The numbers of Tubifex tubifex and
its cocoons in relation to the mesh size,

pp- 9-13.

ELORANTA, P. & ELORANTA, A., Keurusselan
kalastosta ja sen rakenteesta. - On the fish
fauna of Lake Keurusselka, Finnish Lake
District, pp. 14-29.

ELORANTA, P. & ELORANTA, A., Kuusveden veden
laadusta, kasviplanktonista ja kalastosta. - On
the properties of water, phytoplankton and
fish fauna of Lake Kuusvesi, Central Finland,
pp- 30-47. 47 p. 1975.

ELoRrRANTA, V., Effects of different process
wastes and main sewer effluents from pulp
mills on the growth and production of
Ankistrodesmus falcatus var. acicularis
(Chlorophyta), pp. 3-33.

ELORANTA, P. & KUNNAs, S., A comparison of
littoral periphyton in some lakes of Central
Finland, pp. 34-50.

ELORANTA, P., Phytoplankton and primary
production in situ in the lakes Jyvasjarvi and
North Paijanne in summer 1974, pp. 51-66.
66 p. 1976.

RaaTIKAINEN, M., HaLkka, O., VASARAINEN, A. &
Haikka, L., Abundance of Philaenus
spumarius in relation to types of plant
community in the Tvarminne archipelago,
southern Finland. 38 p. 1977

HAKkARI, L., On the productivity and ecology
of zooplankton and its role as food for fish in
some lakes in Central Finland. 87 p. 1978.
KapyLa, M., Bionomics of five woodnesting
solitary species of bees (Hym., Megachilidae),
with emphasis on flower relationships. 89 p.
1978.

KANKAALA, P. & SaARy, V., The vascular flora of
the Vaarunvuoret hills and its conservation,
pp. 3-62.

TormaLa, T. & Kovanen, J., Growth and ageing
of magpie (Pica pica L.) nestlings, pp. 63-77.
77 p. 1979.

ViraLa, J., Hair growth patterns in the vole
Clethrionomys rufocanus (Sund.), pp. 3-17.
Niem, R. & Hunra, V., Oribatid communities in
artificial soil made of sewage sludge and
crushed bark, pp. 18-30. 30 p. 1981.

TormaLA, T., Structure and dynamics of
reserved field ecosystem in central Finland.
58 p. 1981.

ELORANTA, V. & Kurvasniem, K., Acute toxicity of
two herbicides, glyphosate and 2,4-D, to
Selenastrum capricornuturn Printz
(Chlorophyta), pp. 3-18.

ELORANTA, P. & KUNNas, S., Periphyton
accumulation and diatom communities on
artificial substrates in recipients of pulp mill
effluents, pp. 19-33.

ELORANTA, P. & MaRjA-AHO, ., Transect studies
on the aquatic inacrophyte vegetation of Lake
Saimaa in 1980, pp. 35-65. 65 p. 1982.

10
11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

LAKE PAJANNE Symprostum. 199 p. 1987.

SAARI, V. & OHENOJA, E., A check-list of the
larger fungi of Central Finland. 74 p. 1988.
Kojora, I, Maternal investment in semi-
domesticated reindeer (Rangifer t. tarandus
L.). 26 p. Yhteenveto 2 p. 1989.

MERILAINEN, ]. J., Impact of an acid, polyhumic
river on estuarine zoobenthos and vegetation
in the Baltic Sea, Finland. 48 p. Yhteenveto 2 p.
1989.

LumMEg, L., On the clone selection, ectomy-
corrhizal inoculation of short-rotation will-
ows (Salix spp.) and on the effects of some
nutrients sources on soil properties and
plant nutrition. 55 p. Yhteenveto 3 p. 1989.
Kurrunen, M., Food, space and time constraints
on reproduction in the common treecreeper
(Certhia familiaris L.) 22 p. Yhteenveto 2 p.
1989.

YronNeN, H., Temporal variation of behavioural
and demographical processes in cyclic
Clethrionomys populations. 35 p. Yhteenveto
2 p. 1989.

MIKKONEN, A., Occurrence and properties of
proteolytic enzymes in germinating legume
seeds. 61 p. Yhteenveto 1 p. 1990.
KaNULAINEN, H., Effects of chronic exercise and
ageing on regional energy metabolism in heart
muscle. 76 p. Yhteenveto 1 p. 1990.

LAkso, MERJA, Sex-specific mouse testosterone
16 “-hydroxylase (cytochrome P450) genes:
characterization and genetic and hormonal
regulations. 70 p. Yhteenveto 1 p. 1990.
SeTALA, HEIKKI, Effects of soil fauna on
decomposition and nutrient dynamics in
coniferous forest soil. 56 p. Yhteenveto 2 p.
1990.

NARVANEN, ALE, Synthetic peptides as probes
for protein interactions and as antigenic
epitopes. 90 p. Yhteenveto 2 p. 1990.
ECoTOXICOLOGY SEMINAR, 115 p. 1991.

Rosst, Esko, An index method for
environmental risk assessment in wood
processing industry. 117 p. Yhteenveto 2 p.
1991.

SUHONEN, JUKKA, Predation risk and
competition in mixed species tit flocks. 29 p.
Yhteenveto 2 p. 1991.

SuOoMEN MUUTTUVA LUONTO. Mikko Raatikaiselle
omistettu juhlakirja. 185 p. 1992.

Koskvaara, MARL, Monogeneans and other
parasites on the gills of roach (Rutilus rutilus)
in Central Finland. Differences between four
lakes and the nature of dactylogyrid
communities. 30 p. Yhteenveto 2 p. 1992.
TasKINEN, Jount, On the ecology of two
Rhipidocotyle species (Digenea:
Bucephalidae) from two Finnish lakes. 31 p.
Yhteenveto 2 p. 1992.

HuoviLa, AR, Assembly of hepatitis B surface
antigen. 73 p. Yhteenveto 1 p. 1992.

SALONEN, VEIKKO, Plant colonization of
harvested peat surfaces. 29 p. Yhteenveto 2 p.
1992.



BIOLOGICAL RESEARCH REPORTS FROM THE UNIVERSITY OF JYVASKYLA

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

JoKINEN, ILMARI, Immunoglobulin production by
cultured lymphocytes of patients with
rheumatoid arthritis: association with disease
severity. 78 p. Yhteenveto 2 p. 1992.
PunNONEN, EEva-Lisa, Ultrastructural studies
on cellular autophagy. Structure of limiting
membranes and route of enzyme delivery.

77 p. Yhteenveto 2 p. 1993.

Hamv, JAri, Effects of earthworms on soil
processes in coniferous forest soil. 35 p.
Yhteenveto 2 p. 1993.

ZHA0, GUOCHANG, Ultraviolet radiation induced
oxidative stress in cultured human skin
fibroblasts and antioxidant protection. 86 p.
Yhteenveto 1 p. 1993.

Ratrtl, Osmo, Polyterritorial polygyny in the
pied flycatcher. 31 p. Yhteenveto 2 p. 1993.
Marjomaki, VarpU, Endosomes and lysosomes
in cardiomyocytes. A study on morphology
and function. 64 p. Yhteenveto 1 p. 1993.
KmLstrOM, MARKKU, Myocardial antioxidant
enzyme systems in physical exercise and
tissue damage. 99 p. Yhteenveto 2 p. 1994.
Muotka, Timo, Patterns in northern stream
guilds and communities. 24 p. Yhteenveto

2 p. 1994.

EFFECT OF FERTILIZATION ON FOREST ECOSYSTEM 218
p- 1994.

KERVINEN, Jukka, Occurrence, catalytic
properties, intracellular localization and
structure of barley aspartic proteinase.

65 p. Yhteenveto 1 p. 1994.

MAaPPES, JOHANNA, Maternal care and
reproductive tactics in shield bugs. 30 p.
Yhteenveto 3 p. 1994.

SnkaMAKI, PIRkkO, Determinants of clutch-size
and reproductive success in the pied
flycatcher. 35 p. Yhteenveto 2 p. 1995.
MaprEs, TapPO, Breeding tactics and
reproductive success in the bank vole. 28 p.
Yhteenveto 3 p. 1995.

LAITINEN, MARKKU, Biomonitoring of
theresponses of fish to environmental stress.
39 p. Yhteenveto 2 p. 1995.

LaprpALAINEN, PEKKA, The dinuclear Cu centre of
cytochrome oxidase. 52 p. Yhteenveto 1 p.
1995.

RintamAaKI, PEKKA, Male mating success and
female choice in the lekking black grouse. 23 p.
Yhteenveto 2 p. 1995.

SuuroNEN, TiNa, The relationship of oxidative
and glycolytic capacity of longissimus dorsi
muscle to meat quality when different pig
breeds and crossbreeds are compared. 112 p.
Yhteenveto 2 p. 1995.

Koskenniemt, Esa, The ecological succession
and characteristics in small Finnish
polyhumic reservoirs. 36 p. Yhteenveto 1 p.
1995.

Hovr, MarTy, The lek mating system in the
black grouse: the role of sexual selection. 30 p.
Yhteenveto 1 p. 1995.

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

MARTTILA, SALLA, Differential expression of
aspartic and cycteine proteinases, glutamine
synthetase, and a stress protein, HVA1, in
germinating barley. 54 p. Yhteenveto 1 p. 1996
Hunra, Esa, Effects of forest fragmentation on
reproductive success of birds in boreal forests.
26 p. Yhteenveto 2 p. 1996.

OjaLa, JoHANNA, Muscle cell differentiation in
vitro and effects of antisense oligode-
oxyribonucleotides on gene expression of
contractile proteins. 157 p. Yhteenveto 2
p-1996.

PaLomaki, Risto, Biomass and diversity of
macrozoobenthos in the lake littoral in
relation to environmental characteristics. 27 p.
Yhteenveto 2 p. 1996.

Pusentus, JYrki, Intraspecific interactions, space
use and reproductive success in the field vole.
28 p. Yhteenveto 2 p. 1996.

SALMINEN, JANNE, Effects of harmful chemicals
on soil animal communities and
decomposition. 28 p. Yhteenveto 2 p. 1996.
KortiaHo, JANNE, Sexual selection and costs of
sexual signalling in a wolf spider. 25 p. (96 p.).
Yhteenveto 2 p. 1997.

KoskeLa, JuHA, Feed intake and growth
variability in Salmonids. 27p. (108 p.).
Yhteenveto 2 p. 1997.

NAARALA, JONNE, Studies in the mechanisms of
lead neurotoxicity and oxidative stress in
human neuroblastoma cells. 68 p. (126 p.).
Yhteenveto 1 p. 1997.

AHo, Teya, Determinants of breeding
performance of the Eurasian treecreeper. 27 p.
(130 p.). Yhteenveto 2 p. 1997.

HaararaNTA, AnTl, Cell and tissue changes in
perch (Perca fluviatilis) and roach (Rutilus
rutilus) in relation to water quality. 43 p.

(112 p.). Yhteenveto 3 p. 1997.

Somasuo, Markus, The effects of pulp and
paper mill effluents on fish: a biomarker
approach. 59 p. (158 p.). Yhteenveto 2 p. 1997.
Mikora, Juna, Trophic-level dynamics in
microbial-based soil food webs. 31 p. (110 p.).
Yhteenveto 1 p. 1997.

RAHKONEN, RutTA, Interactions between a gull
tapeworm Diphyllobothrium dendriticum
(Cestoda) and trout (Salmo trutta L). 43 p.

(69 p.). Yhteenveto 3 p. 1998.

KoskeLa, Esa, Reproductive trade-offs in the
bank vole. 29 p. (94 p.). Yhteenveto 2 p. 1998.
HorNE, TAINA, Evolution of female choice in the
bank vole. 22 p. (78 p.). Yhteenveto 2 p. 1998.
PRHONEN, JuHANI, Some effects of cultivation on
the smolting of two forms of brown trout
(Salmo trutta). 37 p. (97 p.). Yhteenveto 2 p.
1998.

LaAxso, Jount, Sensitivity of ecosystem
functioning to changes in the structure of soil
food webs. 28 p. (151 p.). Yhteenveto 1 p. 1998.
Nixura, Tuomo, Development of radiolabeled
monoclonal antibody constructs: capable of
transporting high radiation dose into cancer
cells. 45 p. (109 p.). Yhteenveto 1 p. 1998.



BIOLOGICAL RESEARCH REPORTS FROM THE UNIVERSITY OF JYVASKYLA

68

69

70

71

72

78

79

80

81

82

83

84

85

AIRENNE, Kari, Production of recombinant
avidins in Escherichia coli and insect cells.

96 p. (136 p.). Yhteenveto 2 p. 1998.
LyyTikaNeN, Tapant, Thermal biology of
underyearling Lake Inari Arctic Charr
Salvelinus alpinus. 34 p. (92 p.).

Yhteenveto 1 p. 1998.

VIHINEN-RANTA, MA1A, Canine parvovirus.
Endocytic entry and nuclear import. 74 p.

(96 p.). Yhteenveto 1 p. 1998.

MARTIKAINEN, Esko, Environmental factors
influencing effects of chemicals on soil animals.
Studies at population and community levels. 44
p- (137 p.). Yhteenveto 1 p. 1998.

AHLROTH, PETRI, Dispersal and life-history
differences between waterstrider (Aquarius
najas) populations. 36 p. (98 p.).

Yhteenveto 1 p. 1999.

VIROLAINEN, KATjA, Selection of nature reserve
networks. - Luonnonsuojelualueiden valinta.
28 p. (87 p.). Yhteenveto 1 p. 1999.

SELIN, PIRKKO, Turvevarojen teollinen kaytto ja
suopohjan hyodyntaminen Suomessa. -
Industrial use of peatlands and the re-use of
cut-away areas in Finland. 262 p. Foreword 3
p- Executive summary 9 p. 1999.

LeprpaNEN, HARRI, The fate of resin acids and
resin acid-derived compounds in aquatic
environment contaminated by chemical wood
industry. - Hartsihappojen ja hartsihappope-
raisten yhdisteiden ymparistokohtalo kemial-
lisen puunjalostusteollisuuden likaamissa
vesistdissa. 45 p. (149 p.).

Yhteenveto 2 p.1999.

LinpstrOM, LEENA, Evolution of conspicuous
warning signals. - Nakyvien varoitussignaa-
lien evoluutio. 44 p. (96 p.). Yhteenveto 3 p.
2000.

MAartTiLA, ELisa, Factors limiting reproductive
success in terrestrial orchids. - Khmmekoiden
lisaantymismenestysta rajoittavat tekijat. 29 p.
(95 p.). Yhteenveto 2 p. 2000.

KareLs, AarRNO, Ecotoxicity of pulp and paper
mill effluents in fish. Responses at biochemical,
individual, population and community levels.
-Sellu-ja paperiteollisuuden jatevesien
ekotoksisuus kaloille. Tutkimus kalojen
biokemiallisista, fysiologisista seka
populaatio- ja yhteisovasteista. 68 p. (177 p.).
Yhteenveto 1 p. Samenvatting 1 p. 2000.
AALTONEN, TuuLA, Effects of pulp and paper
mill effluents on fish immune defence.- Met-
sateollisuuden jatevesien aiheuttamat
immunologiset muutokset kaloissa. 62 p. (125
p-)- 2000.

HeLentus, MERjA, Aging-associated changes in
NF-kappa B signaling. - Ikdantymisen vaiku-
tus NF-kappa B:n signalointiin. 75 p. (143 p.).
Yhteenveto 2 p. 2000.

73

74

75

76

77

86

87

88

89

90

91

92

S1irPONEN, MATTI, The Finnish inland fisheries
system. The outcomes of private ownership of
fishing rights and of changes in administrative
practices. 81 p. (188 p.). Yhteenveto 2 p. 1999.
Lamm, ANtTr, Reproductive success, local
adaptation and genetic diversity in small plant
populations. 36 p. (107 p.). Yhteenveto 4 p. 1999.
Nwva, Teuvo, Ecology of stocked brown trout in
boreal lakes. 26 p. (102 p.). Yhteenveto 1 p. 1999.
PULKKINEN, KATJA, Transmission of
Triaenophorus crassus from copepod first to
coregonid second intermediate hosts and
effects on intermediate hosts. 45 p. (123 p.).
Yhteenveto 3 p. 1999.

PARRI, S1Lja, Female choice for male drumming
characteristics in the wolf spider Hygrolycosa
rubrofasciata. 34 p. (108 p.).

Yhteenveto 2 p. 1999.

JYVASKYLA STUDIES IN BIOLOGICAL AND ENVIRONMENTAL SCIENCE

Huovinen, Pirjo, Ultraviolet radiation in
aquatic environments. Underwater UV
penetration and responses in algae and
zooplankton. - Ultraviolettisateilyn vedenalai-
nen tunkeutuminen ja sen vaikutukset leviin
ja elainplanktoniin. 52 p. (145 p.). Yhteenveto
2 p. 2000.

PAAKKONEN, JARI-PEKKA, Feeding biology of
burbot, Lota lota (L.): Adaptation to profundal
lifestyle? - Mateen, Lota lota (L), ravinnon-
kayton erityispiirteet: sopeumia pohja-
elamaan? 33 p. (79 p.). Yhteenveto 2 p. 2000.
LAasONEN, PEkka, The effects of stream habit
restoration on benthic communities in boreal
headwater streams. - Koskikunnostuksen
vaikutus jokien pohjaelaimistoon. 32 p. (101
p-)- Yhteenveto 2 p. 2000.

PasoNEN, HANNA-LEENA, Pollen competition in
silver birch (Betula pendula Roth). An
evolutionary perspective and implications for
commercial seed production. -
Siitepolykilpailu koivulla. 41 p. (115 p.).
Yhteenveto 2 p. 2000.

SALMINEN, Esa, Anaerobic digestion of solid
poultry slaughterhouse by-products and
wastes. - Siipikarjateurastuksen sivutuottei-
den ja jatteiden anaerobinen kasittely. 60 p.
(166 p.). Yhteenveto 2 p. 2000.

SaLo, Harri, Effects of ultraviolet radiation on
the immune system of fish. - Ultravioletti-
sateilyn vaikutus kalan immunologiseen
puolustusjarjestelmaan. 61 p. (109 p.).
Yhteenveto 2 p. 2000.

Mustajarvl, Kaisa, Genetic and ecological
consequences of small population size in
Lychnis viscaria. - Geneettisten ja ekologisten
tekijoiden vaikutus pienten makitervakko-
populaatioiden elinkykyyn. 33 p. (124 p.).
Yhteenveto 3 p. 2000.



93

94

95

96

97

98

99

100

101

JYVASKYLA STUDIES IN BIOLOGICAL AND ENVIRONMENTAL SCIENCE

Tikka, Parvi, Threatened flora of semi-
naturalgrasslands: preservation and
restoration. - Niittykasvillisuuden sailytta-
minen ja ennallistaminen. 35 p. (105 p.).
Yhteenveto 2 p. 2001.

Surariy, HeLl, Ultraviolet sensitivity in birds:
consequences on foraging and mate choice. -
Lintujen ultraviolettinaon ekologinen mer-
kitys ravinnon- ja puolisonvalinnassa. 31 p.
(90 p.). Yhteenveto 2 p. 2001.

VERTAINEN, LAURA, Variation in life-history
traits and behaviour among wolf spider
(Hygrolycosa rubrofasciata) populations. -
Populaatioiden valiset erot rummuttavan
hamahakin Hygrolycosa rubrofasciata) kasvus-
sa ja kayttaytymisessa. 37 p. (117 p.)
Yhteenveto 2 p. 2001.

Haapara, AntTi, The importance of particulate
organic matter to invertebrate communities of
boreal woodland streams. Implications for
stream restoration. - Hiukkasmaisen orgaanisen
aineksen merkitys pohjoisten metsajokien pohja-
elainyhteisoille - huomioita virtavesien
kunnostushankkeisiin. 35 p. (127 p.) Yhteenveto
2 p. 2001.

NissINEN, Lusa, The collagen receptor
integrins - differential regulation of their
expression and signaling functions. -
Kollageeniin sitoutuvat integriinit - niiden
toisistaan eroava saately ja signalointi. 67 p.
(125 p.) Yhteenveto 1 p. 2001.

AHLROTH, MERvVI, The chicken avidin gene
family. Organization, evolution and
frequent recombination. - Kanan avidiini-
geeniperhe. Organisaatio, evoluutio ja tihea

rekombinaatio. 73 p. (120 p.) Yhteenveto 2 p.

2001.

HyotyLAINEN, TARJA, Assessment of
ecotoxicological effects of creosote-
contaminated lake sediment and its
remediation. - Kreosootilla saastuneen
jarvisedimentin ekotoksikologisen riskin

ja kunnostuksen arviointi. 59 p. (132 p.)
Yhteenveto 2 p. 2001.

SuLkAava, PEkka, Interactions between faunal
community and decomposition processes in
relation to microclimate and heterogeneity
in boreal forest soil. - Maaperan elioyhteison
ja hajotusprosessien valiset vuorovaiku-
tukset suhteessa mikroilmastoon ja laikut-
taisuuteen. 36 p. (94 p.) Yhteenveto 2 p.
2001.

LarmNen, Oy, Engineering of
physicochemical properties and quaternary
structure assemblies of avidin and
streptavidin, and characterization of avidin
related proteins. - Avidiinin ja streptavi-
diinin kvaternaarirakenteen ja fysioke-
miallisten ominaisuuksien muokkaus seka
avidiinin kaltaisten proteiinien karakteri-
sointi. 81 p. (126 p.) Yhteenveto 2 p. 2001.

102

103

104

105

106

107

108

109

110

111

LyYTINEN, ANNE, Insect coloration as a defence
mechanism against visually hunting
predators. - Hyonteisten varitys puolustuk-
sessa vihollisia vastaan. 44 p. (92 p.) Yhteen-
veto 3 p. 2001.

NIKKILA, ANNA, Effects of organic material on
the bioavailability, toxicokinetics and toxicity
of xenobiotics in freshwater organisms. -
Orgaanisen aineksen vaikutus vierasaineiden
biosaatavuuteen, toksikokinetiikkaan ja
toksisuuteen vesielioilla. 49 p. (102 p.)
Yhteenveto 3 p. 2001.

Lurr, Mira, Complexity of soil faunal
communities in relation to ecosystem
functioning in coniferous forrest soil. A
disturbance oriented study. - Maaperan
hajottajaelioston monimuotoisuuden merkitys
metsdekosysteemin toiminnassa ja hairion-
siedossa. 36 p. (121 p.) Yhteenveto 2 p. 2001.
KoskeLa, Tanja, Potential for coevolution in a
host plant — holoparasitic plant interaction. -
Isantakasvin ja taysloiskasvin valinen vuoro-
vaikutus: edellytyksia koevoluutiolle? 44 p.
(122 p.) Yhteenveto 3 p. 2001.

LaPPIvAARA, JARMO, Modifications of acute
physiological stress response in whitefish
after prolonged exposures to water of
anthropogenically impaired quality. -
Ihmistoiminnan aiheuttaman veden laadun
heikentymisen vaikutukset planktonsiian
fysiologisessa stressivasteessa. 46 p. (108 p.)
Yhteenveto 3 p. 2001.

Eccarp, JaNa, Effects of competition and
seasonality on life history traits of bank
voles. - Kilpailun ja vuodenaikaisvaihtelun
vaikutus metsamyyran elinkiertopiirteisiin.
29 p. (115 p.) Yhteenveto 2 p. 2002.
NIEMINEN, Jount, Modelling the functioning of
experimental soil food webs. - Kokeellisten
maaperaravintoverkkojen toiminnan
mallintaminen. 31 p. (111 p.) Yhteenveto

2 p. 2002.

NYKANEN, MARKO, Protein secretion in
Trichoderma reesei. Expression, secretion and
maturation of cellobiohydrolase I, barley
cysteine proteinase and calf chymosin in
Rut-C30. - Proteiinien erittyminen
Trichoderma reeseissa. Sellobiohydrolaasi I:n,
ohran kysteiiniproteinaasin seka vasikan
kymosiinin ilmeneminen, erittyminen ja
kypsyminen Rut-C30-mutanttikannassa.
107 p. (173 p.) Yhteenveto 2 p. 2002.

TuroLa, MaRjA, Phylogenetic analysis of
bacterial diversity using ribosomal RNA

gene sequences. - Ribosomaalisen RNA-
geenin sekvenssien kaytto bakteeridiver-
siteetin fylogeneettisessa analyysissa. 75 p.
(139 p.) Yhteenveto 2 p. 2002.

Honkavaara, JoHANNA, Ultraviolet cues in
fruit-frugivore interactions. - Ultravioletti-
naon ekologinen merkitys hedelmia syovien
elainten ja hedelmiakasvien valisissa vuoro-
vaikutussuhteissa. 27 p. (95 p.) Yhteenveto

2 p. 2002.



112

113

114

115

116

117

118

119

JYVASKYLA STUDIES IN BIOLOGICAL AND ENVIRONMENTAL SCIENCE

MARTTILA, ARl Engineering of charge, biotin-
binding and oligomerization of avidin: new
tools for avidin-biotin technology. - Avidiinin
varauksen, biotiininsitomisen seka
oligomerisaation muokkaus: uusia tyokaluja
avidiini-biotiiniteknologiaan. 68 p. (130 p.)
Yhteenveto 2 p. 2002.

JokeLA, Jari, Landfill operation and waste
management procedures in the reduction of
methane and leachate pollutant emissions
from municipal solid waste landfills. - Kaato-
paikan operoinnin ja jatteen esikasittelyn
vaikutus yhdyskuntajatteen biohajoamiseen ja
typpipaastojen hallintaan. 62 p. (173 p.)
Yhteenveto 3 p. 2002.

RANTALA, MARKUS J., Immunocompetence and
sexual selection in insects. - Immunokom-
petenssi ja seksuaalivalinta hyonteisilla. 23 p.
(108 p.) Yhteenveto 1 p. 2002.

OkxsaNeN, Tuura, Cost of reproduction and
offspring quality in the evolution of
reproductive effort. - Lisddntymisen kustan-
nukset ja poikasten laatu lisddntymispanos-
tuksen evoluutiossa. 33 p. (95 p.) Yhteenveto
2 p. 2002.

HEINO, JANI, Spatial variation of benthic
macroinvertebrate biodiversity in boreal
streams. Biogeographic context and
conservation implications. - Pohjaelainyh-
teisdjen monimuotoisuuden spatiaalinen
vaihtelu pohjoisissa virtavesissa - eliomaan-
tieteellinen yhteys seka merkitys jokivesien
suojelulle. 43 p. (169 p.) Yhteenveto 3 p. 2002.
SuRA-PIETIKAINEN, ANNE, Decomposer
community in boreal coniferous forest soil
after forest harvesting: mechanisms behind
responses. - Pohjoisen havumetsamaan
hajottajayhteiso hakkuiden jalkeen: muutok-
siin johtavat mekanismit. 46 p. (142 p.) Yh-
teenveto 3 p. 2002.

KorteT, RAINE, Parasitism, reproduction and
sexual selection of roach, Rutilus rutilus L. -
Loisten ja taudinaiheuttajien merkitys kalan
lisaantymisessa ja seksuaalivalinnassa. 37 p.
(111 p.) Yhteenveto 2 p. 2003.

SuviLAMPI, JUHANI, Aerobic wastewater
treatment under high and varying
temperatures — thermophilic process
performance and effluent quality. - Jatevesien
kasittely korkeissa ja vaihtelevissa lampoti-
loissa. 59 p. (156 p.) Yhteenveto 2 p. 2003.

120

121

122

PaviNeN, Jussi, Distribution, abundance and
species richness of butterflies and
myrmecophilous beetles. - Perhosten ja
muurahaispesissa elavien kovakuoriaisten
levinneisyys, runsaus ja lajistollinen moni-
muotoisuus 44 p. (155 p.) Yhteenveto 2 p.
2003.

Paavora, Riku, Community structure of
macroinvertebrates, bryophytes and fish in
boreal streams. Patterns from local to regional
scales, with conservation implications. -
Selkarangattomien, vesisammalten ja kalojen
yhteisorakenne pohjoisissa virtavesissa —
saannonmukaisuudet paikallisesta mittakaa-
vasta alueelliseen ja luonnonsuojelullinen
merkitys. 36 p. (121 p.) Yhteenveto 3 p. 2003.
SUIKKANEN, SANNA, Cell Biology of Canine
Parvovirus Entry. Koiran parvovirusinfektion
alkuvaiheiden solubiologia. 88 p. (135 p.)
Yhteenveto 3 p. 2003.

123 AmnTIAINEN, JARI JuHaN, Condition-dependence

124

125

of male sexual signalling in the drumming
wolf spider Hygrolycosa rubrofasciata. -
Koiraan seksuaalisen signaloinnin kunto-
riippuvuus rummuttavalla susihamahakilla
Hygrolycosa rubrofasciata. 31 p. (121 p.) Yhteen-
veto 2 p. 2003.

KaParaJU, PRASAD, Enhancing methane
production in a farm-scale biogas production
system. - Metaanintuoton tehostaminen
tilakohtaisessa biokaasuntuotanto-
jarjestelmassa. 84 p. (224 p.) Yhteenveto 2 p.
2003

HaxkINEN, Jani, Comparative sensitivity of
boreal fishes to UV-B and UV-induced
phototoxicity of retene. 58 p. (134 p.) Yhteen-
veto 2 p. 2003.



	DISS2810BookAnt.pdf
	ABSTRACT
	CONTENTS
	LIST OF ORIGINAL PUBLICATIONS
	ABBREVIATIONS
	1     INTRODUCTION
	2     OBJECTIVES
	3 MATERIALS AND METHODS
	3.1 Test animals
	3.2 Experimental UV-B exposures
	3.3 Subchronic exposures
	3.4 Acute (72 h) phototoxicity experiments
	3.5 Field sampling for melanin determinations
	3.6 On-field experimentation
	3.7 Biological parameters
	3.7.1 Determination of melanin
	3.7.2 UV-B absorbing substances
	3.7.3 Bioenergetics in vivo
	3.7.4 Histopathology
	3.7.5 CYP1A and HSP70 determinations
	3.7.6 Superoxide dismutase (SOD) analysis

	3.8 Determination of retene concentration and its photoproducts

	4     RESULTS AND DISCUSSION
	4.1   UV-radiation in Finnish lakes
	4.2   Sensitivity of fish larvae to UV-B
	4.2.1  Lethal endpoints of UV-radiation
	4.2.2  Sublethal effects of UV-radiation

	4.3   Other effects of UV-B
	4.4   The healing or damaging UV-A?
	4.5   Protective responses against UV-B
	4.5.1  Melanin pigmentation
	4.5.2  UV-B absorbing substances

	4.6   UV-B as a risk factor for chemical toxicity
	4.6.1  Retene as a risk chemical
	4.6.2  Toxicity of retene alone
	4.6.3 Synergistic toxicity with UV-B

	4.7   Sublethal biomarker responses to UV-B and retene alone
	4.7.1  Stress protein HSP70
	4.7.2 Cytochrome P450 (CYP1A)
	4.7.3  Superoxide dismutase (SOD)

	4.8 Relevance of phototoxicity for ecological risk assessmen
	4.9   Future’s research needs

	5     CONCLUSIONS
	Acknowledgements
	REFERENCES


	vaitos_tdk: Esitetään Jyväskylän yliopiston matemaattis-luonnontieteellisen tiedekunnan suostumuksella
	vaitos_paikka: julkisesti tarkastettavaksi yliopiston Ambiotica-rakennuksen salissa (YAA303)
	vaitos_aika: marraskuun 28. päivänä 2003 kello 12.
	vaitos_tdk_en: Academic dissertation to be publicly discussed, by permission of
	vaitos_paikka_en: the the Faculty of Mathematics and Science of the University of Jyväskylä,
	vaitos_aika_en: in the Building Ambiotica, Auditorium YAA303, on November 28, 2003 at 12 o'clock noon.
	hTekija: Jani Häkkinen
	hNimeke: Comparative Sensitivity of Boreal Fishes
	hNimeke2: to UV-B and UV-Induced
	hNimeke3: Phototoxicity of Retene
	hAlanimeke: 
	hAlanimeke2: 
	hAlanimeke3: 
	hEng: 1
	hpp: 28
	hkk: 11
	hvvvv: 2003
	hKello: 12
	hPaikka: yliopiston Ambiotica-rakennuksen salissa (YAA303)
	hPaikka_en: in the Building Ambiotica, Auditorium YAA303
	hSarja: JYVÄSKYLÄ STUDIES IN BIOLOGICAL AND ENVIRONMENTAL SCIENCE 
	hnro: 125
	hKuva: Off
	hKuvaselite: 
	hPagemakeup: Off
	hPagemakeupselite: 
	hPainetun_isbn: 951-39-1509-3
	hIssn: 1456-9701
	hVerkkovaitos: 1
	hVerkkoisbn: 951-39-1647-2
	hEditor1a: Jukka Särkkä
	hEditor1b: Department of Biological and Environmental Sience, University of Jyväskylä
	hEditor2a: 
	hEditor2b: 
	hEditor3a: 
	hEditor3b: 
	hErkansi: Off
	hTiedekunta: [5]
	vaitos_nimeke: Comparative Sensitivity of Boreal Fishes
	vaitos_nimeke2: to UV-B and UV-Induced
	vaitos_nimeke3: Phototoxicity of Retene
	vaitos_alanimeke: yyyyyyyyyyyy
	vaitos_alanimeke2: yyyyyyyyyyyy
	vaitos_alanimeke3: yyyyyyyyyyyy
	vaitos_sarja: JYVÄSKYLÄ STUDIES IN BIOLOGICAL AND ENVIRONMENTAL SCIENCE  125
	vaitos_tekija: Jani Häkkinen
	vaitos_soihtu2: JYVÄSKYLÄ 2003
	vaitos_soihtu1a: UNIVERSITY OF
	vaitos_soihtu1b: JYVÄSKYLÄ
	vaitos_edit: Editors
	vaitos_edit1a: Jukka Särkkä
	vaitos_edit1b: Department of Biological and Environmental Sience, University of Jyväskylä
	vaitos_edit2a: 
	vaitos_edit2b: 
	vaitos_edit3a: 
	vaitos_edit3b: 
	vaitos_editpekka1: Pekka Olsbo, Marja-Leena Tynkkynen
	vaitos_editpekka2: Publishing Unit, University Library of Jyväskylä
	vaitos_verkkourn: URN:ISBN 9513916472
	vaitos_verkkoisbn: ISBN 951-39-1647-2 (PDF)
	vaitos_isbn: ISBN 951-39-1509-3 (nid.)
	vaitos_issn: ISSN 1456-9701
	vaitos_copyvv: 2003
	paino: Jyväskylä University Printing House, Jyväskylä
	vaitos_erkansi: and ER-Paino Ky, Lievestuore 2222
	vaitos_printvv: 2003
	vaitos_kuvaselite: 
	vaitos_pagemakeupselite: 


