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Abstract

Larval stages of two economically important ¯at®sh, the sole (Solea solea) and turbot
(Scophthalmus maximus) were exposed to ambient and elevated levels of UV-B. Sole larvae,

which naturally occur in the plankton in early spring, demonstrated skin lesions at elevated
levels of UV-B. Histopathology of the sole revealed cellular changes in the integument, char-
acteristic of sunburn damage, with a reduction in the size of mucus-secreting cells and an

increased epidermal thickening, especially at the highest doses of UV-B (2.15 KJ bio e�/m2).
Pigmentation in the sole is restricted to a few isolated melanocytes. The integrity of the
heavily pigmented skin of turbot appeared to be una�ected by comparable doses of UV-B.

Both species have protective mechanisms, which minimize the e�ects of naturally-occurring
levels of UV-B. However, sole appear to be poorly adapted to accommodate any further
increase in solar radiation. # 2000 Elsevier Science Ltd. All rights reserved.
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Spawning of many commercially important pelagic and demersal ®shes occurs in
coastal waters, where larval stages reside in the upper water column, with the
potential for exposure to ultra violet-B (UV-B). Their relative inactivity and absence
of protective scales enhance their vulnerability to radiation. This highlights the
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potential threat of increasing levels of UV-B for commercial ®sheries and the aqua-
culture industry in temperate regions. Estimates of the maximum decrease in stra-
tospheric ozone are in the order of 16% and it has been predicted that this could
result in a 5% loss in global phytoplankton. It is further estimated that this loss of
production would cause a reduction in ®shery and aquaculture yields of approxi-
mately 7% Ð the equivalent of approximately 7 million tons of ®sh per annum
(HaÈ der, Worrest, Kumar & Smith, 1995).
Solar UV-B radiation, 280±315 nm, can penetrate to signi®cant depths in the

water column. Recent studies indicate that levels at the earth's surface are increasing
due to ozone depletion (Solomon, 1990). There is evidence that ®sh are susceptible
to UV-B radiation (Bullock, 1988; Hunter, Kaupp & Taylor, 1981), with sensitivity
varying within groups (Blazer, Fabacher, Little, Ewing & Kocan, 1997). However,
few studies have addressed the relative sensitivity and susceptibility of larval life
stages of marine ®sh. At the molecular and cellular level, the primary products of
UV radiation are rapidly formed free radicals, producing biological e�ects lasting
from minutes to years. DNA is the main target for UV radiation-induced damage.
The absolute and relative amounts of damage vary according to the speci®c wave-
length of radiation (Kielbassa, Roza & Epe, 1997). The shorter wavelength radiation
has more energy and results in greater damage at the molecular level, thus a biolo-
gical weighting (Setlow DNA weighting function; Setlow, 1974) is applied, based on
the measured action spectrum for each treatment group.
Newly hatched yolk-sac larvae of sole (Solea solea) and turbot (Scophthalmus

maximus) were exposed to four levels of UV-B radiation (Table 1). The highest dose,
2.15 KJ bio e�/m2 (weighted for damage to DNA), was equivalent to that predicted
for the sea surface around the UK, on a clear day in July, with an estimated 15%

Table 1

Mean cranial skin thickness and goblet cell diameter (mm) for Solea solea larvae exposed to various doses

of biologically e�ective UV-B (KJ bio e� / m2)a

Daily UV-B dose

(KJ bio e� /m2)

Mean (mm)

�2SE
% With epidermal

strati®cation

Daily UV-B dose

(KJ bio e� /m2)

0.0 0.41 1.32 2.15

Skin thickness

0.0 20.39�1.39 0 1

0.41 25.26�10.19 15 0.975 1

1.32 27.06�10.66 25 0.881 0.992 1

2.15 45.50�13.01 75 0.003 0.017 0.025 1

Goblet cell diameter

0.0 20.23�1.18 ± 1

0.41 17.48�0.72 ± 0.000 1

1.32 17.39�0.82 ± 0.000 0.999 1

2.15 14.42�0.55 ± 0.000 0.000 0.000 1

a P-values are given for the mean skin thickness and goblet cell diameter, derived from an ANOVA,

followed by a Tukey HSD multiple comparison.
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increase in ozone depletion (SORG, 1996). Exposures were conducted for 6 h daily,
on each of ®ve consecutive days after hatching. Simulation of a solar spectrum with
up to 15% ozone depletion was obtained with an array of ¯uorescent lamps ®tted
with cellulose tre-acetate ®lters. The control treatment spectrum had no radiation
below 315 nm. All treatments had approximately equal ratios of UV-B:UV-A irra-
diance. The daily dose of biologically e�ective UV-B (KJ bio e�/m2) was calculated
from the measured irradiance of the lamp array, weighted for the relative biological
e�ect of each wavelength, using an action spectrum for DNA damage normalized to 1
at 300 nm. Twenty individual specimens from each treatment were then anaesthetized,
prior to ®xation. Macroscopically, none of the larvae had obvious skin lesions.
Larvae were processed for methacrylate embedding, serially sectioned at 2 mm in

the sagittal plane and stained in Lees' methylene blue basic fuchsin (McFadzen,
Lowe & Coombs, 1994). Skin thickness was measured at 25-mm intervals, from the
dorsal surface of the maxilla to the onset of the auditory vesicle. The distance from
the outer limit of the basement membrane to the open surface of the epithelium was
recorded. The diameter of the epithelial mucus-secreting cells was measured, in a
parallel axis to the skin (Table 1), using a ®lar eyepiece graticule, on sections taken
in the dorsal midline.

Fig. 1. Two-micrometre sections through the cranial region of sole larvae. Lees' methylene blue basic

fuchsin, �312.5 mag. (a) Normal skin formation at 0.41 (KJ bio e�/m2). Note the single layer of mal-

pighian cells (m) and the isolated dark mucus secreting cell (open arrows). (b) Abnormal `sun burned' skin

following exposure to elevated levels of UV-B 2.15 (KJ bio e�/m2). Note the increased layers of mal-

pighian cells (arrows). B, brain; C, cartilage.
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The outer region of the normal skin structure of sole larvae is composed of
smooth, ¯attened squamous epithelial cells, predominantly comprising large (�20
mm) malpighian or ®lament containing cells (Bullock & Roberts, 1992), character-
ized by a pale cytoplasm and a peripheral nucleus. The epidermis is avascular, in
close association with a distinct basement membrane above an ill-de®ned stratum
spongiosum. Contained within the basal region of the epidermis are isolated dark-
staining, mucus-secreting cells (Fig. 1a), often spanning the epidermis. The only
notable cranial melanocytes were in the dermal layer at the apex of the maxilla
(Fig. 1a).
In response to elevated UV-B radiation, there was a signi®cant thickening and

strati®cation of the epidermis in 75% of the sole larvae exposed to the highest dose
(Table 1), and pronounced separation of the integument from the stratum spon-
giosum (Fig. 1b). There was a highly signi®cant reduction in the diameter of the
mucus-secreting goblet cells (Table 1), possibly having exhausted their protective
capacity and reducing the future protective capabilities of the skin. At lower doses
of UV-B the number of larvae showing epidermal thickening was less (0±25%,
Table 1) than at the highest dose, and mean skin thickness was approximately
halved (Table 1).
In turbot larvae the skin is a single cell-thick layer of squamous epithelial cells, com-

prised of a mixture of specialist types; malpighian, and chloride cells (Bullock, 1982).
There was no evidence of mucus-secreting cells in the epidermis, but a continuous layer
of sub-epithelial pigment cells (melanocytes) covered all larvae.
There was no observed alteration to the structure of the skin of UV-B-exposed

turbot larvae, irrespective of the treatment. The epidermis appeared normal, with no
increase in cell number or strati®cation despite the protective pigment cells being
sub-epidermal. Therefore no attempt was made to measure the epithelial thickness.
Structural and cellular alterations observed in the skin of the sole from the higher

dose treatments are, in part, comparable to those reported for plaice (Bullock,
1982), laboratory-reared trout (Blazer et al., 1997), anchovy (Hunter et al., 1981)
and salmon (Berghahn, Bullock & Karakiri, 1993). Kaupp and Hunter (1981) found
that anchovy exposed to UV-B radiation alone were more a�ected than specimens
illuminated with white light immediately following the UV-B exposure. This latter
group was capable of photo-repair, had greater survival rates, and grew to a greater
length. In another experiment, where the larvae were exposed to UV-B for 4 days,
surviving specimens exhibited lesions in the brain and eye as well as retarded growth
and development (Hunter et al., 1981). Both sole and turbot seem to have evolved
protective mechanisms that minimize the e�ects of UV-B they would naturally
encounter in the environment, with no depletion of the stratospheric ozone. Sole are
less well adapted to accommodate any increase in UV-B radiation. Turbot appear
particularly well adapted, and this is re¯ected in that they appear in the ichthyo-
plankton during mid-summer and live high in the water column. However, sole lar-
vae are generally found in the spring in deeper water, where the incident UV-B
has been attenuated. This work has shown UV-B radiation can have a direct
impact on the integument, which may then have possible deleterious implications
for recruitment success.

276 I. McFadzen et al. /Marine Environmental Research 50 (2000) 273±277



Acknowledgements

The authors would like to thank the UK Department of the Environment,
Transport and Regions for funding aspects of this work, under contract EPG 1/1/
49. This work was also funded by MAFF under contract. Special thanks to the
Director and sta� of the CEFAS Conwy laboratory for allowing access to the
exposure system and for many years of technical assistance.

References

Berghahn, R., Bullock, A. M., & Karakiri, M. (1993). Journal of Fish Biology, 42, 329±345.

Blazer, V. S., Fabacher, D. L., Little, E. E., Ewing, M. S., & Kocan, K. M. (1997). Journal of Aquatic

Animal Health, 9, 132±143.

Bullock, A. M. (1982). Proceedings of the Royal Society of Edinburgh, 81(B), 199±210.

Bullock, A. M. (1988). J. F. Muir, & R. J. Roberts, Recent Advances in Aquaculture III (pp. 139±224).

London: Croom Helm

Bullock, A. M., & Roberts, R. J. (1992). Journal of Fish Diseases, 15, 143±152.

HaÂ der, D. P., Worrest, R. C., Kumar, H. D., & Smith, R.C (1995). Ambio, 24, 174±180.

Hunter, J. R., Kaupp, S. E., & Taylor, J. H. (1981). Photochemistry and Photobiology, 34, 477±486.

Kaupp, S. E., & Hunter, J. R. (1981). Photochemistry and Photobiology, 33, 253±256.

Kielbassa, C., Roza, L., & Epe, B. (1997). Carconogenesis, 18(4), 811±816.

McFadzen, I. R. B., Lowe, D. M., & Coombs, S. H. (1994). Journal of Fish Biology, 44, 255±262.

Setlow, R. B. (1974). Proc. Natl. Acad. Sci. USA, 71, 3363±3366.

Solomon, S. (1990). Nature, 347, 347±354.

SORG, (1996). Sixth report of the United Kingdom Stratospheric Ozone Review Group. Department of the

Environment, 96DPL0020

I. McFadzen et al. /Marine Environmental Research 50 (2000) 273±277 277


