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ABSTRACT: Measurements of photosynthesis, germination capacity and assessment of DNA damage 
were carried out in the laboratory to determine the effect of different conditions of ultraviolet (W) and 
photosynthetically active radiation (PAR) on zoospores of various large brown algae collected on Spits- 
bergen (Svalbard, High Arctic) and Tarifa (Cbdiz, southern Spain). Results were correlated to in situ 
light conditions and indicated that zoospores suffer photoinhibition of photosynthesis, loss of viability 

and DNA damage in relation to the growth depth of parental sporophytes. At both sites, germination 
capacity of zoospores in species collected in deep waters was more strongly mpaired after exposure to 
the same UV doses than in species from shallower waters. In general, zoospores exposed to 
PAR+UVA+UVB showed higher mortality rates than after exposure to PAR+UVA or PAR alone. For 
Larmnana digitata from Spitsbergen, it was found that the loss of zoospore viability is the result of DNA 
damage and photodamage of the photosynthetic apparatus. UVB irradiances occurring in southern 
Spain at water depths shallower than 7 m prevented the germination of spores of deep water Laminar- 

iales from this region. 

KEY WORDS: Macroalgae . Laminaria . Arctic - Zoospores . UV-radiation . DNA damage . Photo- 
synthesis 

INTRODUCTION 

Depth distribution patterns of large kelps (Laminari- 

ales) have been frequently thought to reflect the light 

requirements of their establishment stages (zoospores, 

germlings, etc.), which are strongly affected by both 

light quality and intensity (Liining 1980). However, 

most of the studies designed to address the relation- 

ship between the light environment and macroalgal 

zonation have been focused on the large sporophytic 

stages (Liining 1979, Luning & Dring 1979), whereas 
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physiological adaptations to depth of motile zoospores 

have been largely overlooked (Kain 1964, Luning 

1980, Amsler & Neushul 1991). For example, some evi- 

dence indicates that photosynthetic rates of kelp 

zoospores are low, just balancing respiration (Kain 

1964), and carbon assimilation of zoospores might con- 

dition their viability and dispersal capacity (Amsler & 

Neushul 1991). Thus, it is reasonable to suppose that 

the ability of spore stages to acclimate to different light 

environments will have consequences for population 

dynamics (Reed 1990). 

Since the detection of stratospheric ozone depletion, 

many efforts have been undertaken to evaluate the 

detrimental impact of enhanced UVB radiation on 

marine organisms (Holm-Hansen et al. 1993, Larkum & 

Wood 1993, Wangberg et al. 1996). In macroalgae, an 
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increasing number of photobiological studies (mostly 

using macrothalli) indicate diverse physiological alter- 

ations as a response to W-radiation, including pig- 

ment degradation, dynamic or chronic photoinhibition 

of photosynthesis, and DNA damage (reviewed in 

Franklin & Forster 1997, Hader & Figueroa 1997). 

Interestingly, the degree of vulnerability to UV and 

visible radiation is a function of the vertical distribution 

of macroalgae from polar (Hanelt et al. 1997b, Hanelt 

1998, Bischof et al. 1998a,b) and temperate regions 

(Larkurn & Wood 1993, Maegawa et al. 1993, Dring et 

al. 1996b, Hader et al. 1997, Sagert et al. 1997, Jirnknez 

et al. 1998). However, the question of whether early 

developmental stages of macroalgae, particularly zoo- 

spores, are more susceptible to W-radiation than 

large developmental stages has received little atten- 

tion (3*g et al. 1995a, Yal<ovleva et d. 1998). Thls 

contrasts with the intensive research conducted on 

spores of microorganisms and fungi, which are cur- 

rently used as biological dosimeters in monitoring of 

W-dependent responses (Munakata 1995, Tyrrell1995, 

Quintern et al. 1997). Taking into account that macro- 

algal spores are devoid of thick cell walls and are 

physiologically active, in contrast to the resistant or 

dormant character of fungal or cyanobacterial spores, 

an enhanced susceptibility to UVB radiation, e.g. DNA 

damage, may be expected. Moreover, their haploid 

state (Lee 1989) and the presence of only 1 chloroplast 

in the Laminariales (Henry & Cole 1982) make zoo- 

spores a very interesting life-history stage for detection 

of deleterious effects of W on the whole organism. 

Some results from rnicroalgae, which may be extrapo- 

lated to the situation in planktonic zoospores of macro- 

algae, reveal that induction of cyclobutane pyrimidine 

dirners (thyrnine dimers) and other photoproducts as a 

result of DNA damage varies in relation to cell size, 

organelle arrangement or cell-aggregation. Such mor- 

phological characteristics affect the transmittance of 

light through the protoplasm and the amount of UVB 

quanta that reaches DNA molecules and other cellular 

targets (Karentz et al. 1991, Mitchell & Karentz 1993). 

In polar regions, algae are exposed to seasonally 

strongly changing light conditions. Recent studies 

indicate that W B  irradiances can penetrate down to 

water depths between 5 and 10 m, depending on the 

season (Holm-Hansen et al. 1993, Bischof et al. 1998a). 

Under such conditions a clear relationship between 

depth and photoinhibition of photosynthesis in re- 

sponse to UV-radiation has been reported in sporo- 

phytes of Arctic Laminana species (Hanelt et al. 1997a, 

Bischof et al. 1998a) and in a variety of macroalgal spe- 

cies from the Antarctic (Bischof et al. 1998b). However, 

the degree of vulnerability to UV-radiation exhibited 

by large sporophytes is unlikely to be the only factor 

determining depth zonation in these species, and other 

processes occurring at early stages may be involved. 

Therefore, the present study focuses on the impact of 

W-radiation on germination capacity, photosynthetic 

efficiency (variable fluorescence of PSII) and DNA 

damage of zoospores of subtidal Laminariales from the 

Arctic. The hypothesis that susceptibility of zoospores 

to W-radiation is an adaptive character that effec- 

tively limits recruitment in shallow waters is ad- 

dressed. In order to put data into a geographical per- 

spective, zoospore viability of 4 species of Larninariales 

from southern Spain was also included in the study. 

The idea that excess solar radiation may also be a 

major factor determining the upper depth distribution 

of Larninariales in this region has hitherto not been 

addressed. Thus, the comparison between zoospores of 

Arctic and temperate macroalgae after W-exposure 

gives valuable new insights into the light-stress toler- 

ance mechanisms related to recruitment of these im- 

portant macroalgal assenlblages in a scenario of en- 

hanced W-radiation. 

MATERIAL AND METHODS 

Sampling sites and algal material. Arctic: Laminana 

saccharina, L. digitata, Alaria esculenta and Chordaria 

flagelliformis were collected by SCUBA diving be- 

tween 1 and 5 m depth in Kongsfjorden, west coast 

of Spitsbergen, Svalbard (Ny kesund,  78" 55' N, 

1l056'E; Fig. l a ) .  Thls narrow and deep fjord (maxi- 

mum depth: 400 m) covers an area of 208 km2 with a 

maximum length of 26 km and a mean width of 8 km. 

The coast line is characterized by abundant glaciers 

which strongly influence the physical environment of 

the fjord (see Ito & Kudoh [l9971 for details of hydro- 

graphical data). The shores are characterized by a 

rocky substrate, pebbles, stones (sandstone and lime- 

stone) with sporadic sandy bottoms. Macroalgae are 

primarily subtidal, with Fucus distichus and Pilayella 

Littoralis being almost the only species occurring above 

the zero line in the intertidal zone (diurnal tidal 

regime, range ca 2 m). The upper sublittoral zone 

(~4.5 m depth) is characterized by species such as 

Acrosiphonia flagelliforrnis and single individuals of L. 

digitata, A. esculen ta and C, flagelliformis. A dense 

community with L, saccharina and Saccorhiza derma- 

todea as canopy species is well developed in an inter- 

mediate zone between 5 and 16 m depth. L. digitata 

and A, esculenta individuals also occur intermixed at 

these depths. Deep-water species such as Laminaria 

solidungula and some red algae Polysiphonia sp, and 

Phycodrys sp, extend below 17 m. The persistence and 

composition of species described are strongly modified 

by ice cover (light attenuation) and abrasion by float- 

ing ice masses (see Svendsen 1959). 
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Southern Spain: Specimens of Saccorhiza polyschides, 

Laminaria ochroleuca, PhyLlariopsis brevipes and P. pur- 

purascens were sampled by SCUBA diving at depths be- 

tween 15 and 30 m in Tarifa, Cadiz, southern Spain (Isla 

de las Palomas, 36" 00' N, 5" 28" W, Fig. lb ) .  This coast 

represents a transition between Atlantic and Mediter- 

ranean waters. The upper water mass (up to 150 m 

depth) is the Atlantic component, which is characterized 

by temperatures higher than 20°C and salinities lower 

than 36.5%0 in summer. Down to a depth of 100 to 150 m 

it is possible to distinguish the deep Mediterranean wa- 

ter layer, which is more dense and exhibits a lower tem- 

perature (38.4 %O and 12.9"C) than the upper one. Thus, 

the photic zone and especially the littoral assemblages 

are basically subjected to Atlantic conditions (Rodnguez 

1982). Between 10 and 20 m depth, temperature de- 

creases by 4°C (Flores-Moya 1997). Tides are semi- 

diurnal, and in Tarifa the maximum range does not ex- 

ceed 2 m amplitude. In the upper littoral zone, algal 

assemblages are dominated by the sun-adapted species 

Fucus spiralis and Porphyra leucosticta (seasonal). The 

mid-littoral is dominated by various red algal species 

(Gelidium sp., CoraLIina sp., Asparagopsis sp., etc.) and 

the green alga Ulva sp. Below 5 to 10 m (upper limit of 

the Laminariales), brown algae of the genera Phyllari- 

opsis, Laminaria and Saccorhiza form conspicuous as- 

semblages. P. purpurascens is particularly abundant at 

depths close to 30 m. During late winter-spring, young 

sporophytes of some Larninariales commonly restricted 

to deep waters have been seen to colonise rocky crevices 

and other shaded habitats at upper sublittoral levels 

(4 m; Flores-Moya et al. 1993). 

Measurements of in situ quantum irradiance. Mea- 

surements of underwater photosynthetically active 

radiation (PAR, 400 to 700 nm) in Kongsfjorden were 

carried out using 2 Li-Cor cosine corrected irradiance 

sensors connected to a datalogger (Li-1000, Li-Cor Inc., 

Lincoln USA) during several days between May and 

August, 1997. Profiles of UVB (280 to 320 nm) radiation 

were made by using a computer-controlled 32 channel 

single-quantum-counting radiometer developed at the 

Alfred Wegener Institute mounted in a watertight 

pressure housing (ISITEC, Bremerhaven, Germany). 

The instrument, designed to measure continuous and 

single fluence rates of UVB, was fixed to a pulley 

anchored at the bottom of the fjord, and profiling was 

done by drawing it from just below the surface to the 

specific depth. The instrumentation was calibrated 

against a 1000 W quartz halogen calibration lamp 

(Gigahertz Optik, Germany). 

lsla de las 

Palornas P 
I (TARIFA) . 
L . 

Fig. 1. Maps indicating the collecting sites at (a) Kongsfjorden (Spitsbergen) and (b) Tarifa (southern Spain] 
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Water column profiles on the coast of Tarifa were 

performed using a computer controlled PUV-500 radio- 

meter (Biospherical Instruments Inc., USA), which gives 

readings of cosine-corrected downwelling W-radia- 

tion at 4 bands, 305,320 (UVB), 340, and 380 nrn (WA)  

and a broad band of PAR (400 to 700 nm). Measure- 

ments were made by slowly submerging the instru- 

ment through the water column to depths of 45 m. 

Simultaneously, depth profiles of spectral irradiance in 

the range between 300 and 800 nm, i.e. including also 

the UVA region, were made using a spectroradiometer 

(Li-Cor 1800-UW) at different intervals between 0 (just 

below of the surface) and 32 m depth. These light mea- 

surements were performed only on one day in October 

1997. In general, the weather condtions and water 

transparency in thls region of southern Spain are good 

betwee:: May and November, lnaking ~ a r k e d  varia- 

tions in light attenuation patterns unlikely. It should be 

mentioned that the instrumentation used for measure- 

ments at both sites were intercalibrated in order to 

make data comparable. 

Diffuse attenuation coefficients (Kd) were calculated 

by linear regression of natural logarithm (In) trans- 

formed irradiance data versus depth: 

where I. is the irradiance just below the water surface, 

and I, the irradiance at depth z (m). For the calcula- 

tions of Kd from the.305 nm channel, only data in the 

log-linear region of the curve were used. Percentage 

transmission (T) was calculated as: 

Thus, the point at which the slope of the log trans- 

formed data intercepts the depth axis was used to esti- 

mate the depth of the 1% of the level of Io. In situ 

spectral irradiance data at each site were also used to 

calculate biologically weighted UVB doses (DNA dam- 

age, Setlow 1974) at different depths as described 

below. 

Light environment and optical characteristics. Inci- 

dent solar radiation measured at the surface was 

clearly lower in Kongsfjorden than in Tarifa (Table 1). 

In general, higher UV-radiation was recorded in the 

vertical profiles made in Tarifa, whereas Kd was signif- 

icantly higher in the area of Kongsfjorden than in Tar- 

ifa. Consequently, the 1 % I. depth estimated for Tarifa 

varied between 16.4 m for the 305 nm ( W B )  band and 

43.3 m for photosynthetically active radiation (PAR). In 

contrast, the 1 % I. depth of PAR in the Kongsfjorden 

was about 7 m. An estimation of the lower limit of light 

penetration (Do,l) using broad wavelength bands indi- 

cated that 0.1 % I, of PAR and UV (UVA and W) can 

reach great depths (between 25 and 67 m) under sunny 

conditions in southern Spain, whereas UV and visible 

radiation in Kongsfjorden are restricted to depths 

c20 m. It must be emphasized that the optical charac- 

teristics described for Kongsfjorden correspond to an 

ice-free season. Under overlying ice-cover during late 

winter-early spring, light conditions are greatly re- 

duced. (See Bischof et al. [l9981 for additional details 

on bio-optical characteristics of the waters in Kongs- 

fjorden.) 

Experimental design and light source. To evaluate 

the effects of exposure to W-radiation on the mortality 

rate of zoospores and their photosynthetic responses, 

the samples were irradiated using 2 different lamps: 

PAR-Duro-Test, Truelite 11, USA; UVA + UVB (UVA- 

340, Q-Panel, USA), Each of the Petri dishes were cov- 

ered with different cut off filters to obtain a combina- 

tion of 3 radiation treatments: (1) PAR + UVA + UVB, 

by use of Schott-WG 280 (Schott, Germany) or Ultra- 

phan 295 (Digefra GmbH, Germany). (2) PAR + UVA, 

by use of Schott-WG 320 or Folex 320 (Folex GmbH, 

Germany). (3) PAR alone, by use of Schott-GG 400 or 

Ultraphan 395. 

The spectral irradiances between 290 and 700 nm 

under the light sources and filters used for experiments 

with Arctic and southern Spain species were measured 

using a Spectro 320-D (Instrument Systems, Germany) 

and a Li-1800 spectroradiometer (Li-Cor Inc.), respec- 

tively. As an example, the spectral characteristics of 

the Schott-filter system are shown in Fig. 2. The irradi- 

ance conditions using Ultraphan and Folex foils were 

comparable and have previously been described 

(Figueroa et al. 1997b). In order to estimate the wave- 

length-dependent effectiveness of the UV-irradiances 

Table 1. Optical characteristics of the collecting sites at 
Kongsfjorden (Spitsbergen) and Tarifa (southern Spain). 
Details of profiling, data acquisition and calculations are 
given in the 'Material and methods'. Io, surface irradmnce; 

D1, depth at  which irradiances reach 1 % of I. 

Site/measurement Maximum I. Kd (m-') Dl (m) 

Kongsfjorden 
PAR (400-700 nrn) 700 0.624 7.3 

(pm01 photons m-' S-') 

UVB bands (W mr2 m - ' )  
305 n m  0.0084 0.898 4.5 

320 nm 0.085 0.730 5.1 

Tarifa 
PAR (400-700 nm) 1530 0.095 43.3 

(pm01 photons m-2 S-') 

UVB bands (W m-2 nm-l) 
305 nm 0.0049 0.265 16.4 

320 nm 0.102 0.259 18.3 

UVA bands (W m-' m-') 
340 nm 0.241 0.209 22.7 

380 nm 0.488 0.134 38.1 
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Fig. 2. Spectral irradiance of the UV-range (290 to 400 nm) 

and PAR (400 to 700 nm) emitted by the lamps and the effect 

of the cut-off filters (Schott) used in the experiments. WG 

280 = PAR+UVA+UVB; WG 320 = PAR+UVA; GG 400 = 

PAR alone 

0.3 . . , . . . I .  - , . . . , . - . , . - - , . . . o . , . r  tions, which has been discussed in previous reports 

applied in each treatment (biologically effective dose, 

BED), spectral irradiances in the range between 290 

and 400 nm were weighted using 2 action spectra for 

well-known biological responses: DNA damage for E. 

coli (Setlow 1974) and the generalized plant damage 

described by Caldwell(1971). The weighted irradiance 

dose was then calculated by multiplying the incident 

spectral irradiance and the function described above 

(Rundel 1983): 

400 

BED = I A  - ehdx 

290 

where IA is the irradiance at h nm and e~ is the biological 

response at h nm defined by the weighting function. 

Both unweighted and weighted irradiances for each 

treatment are compiled in Table 2. Undoubtedly, the 

UV/PAR ratios reached by our lamp systems did not 

match ratios normally measured under natural condi- 

- - 
0.25 

the algae from south Spain were incubated at 15°C. 

The number of specimens with sori in the south Spain 

area increased from June onwards with the largest per- 

centage of fertile sporophytes occurring in October-No- 

vember (see also Flores-Moya et al. 1993). To induce 

the release of zoospores, fertile sections of thalli were 

immersed in Provasoli enriched seawater (PES) in light 

(14°C for experiments with Arctic species and 15°C for 

specimens from southern Spain). The initial zoospore 

densities (5 X 104 to 3 X 106 ml-') for each species 

were then calculated using a Thoma chamber (Brand, 

Germany). From these suspensions, a few drops were 

taken and transferred to Petri dishes (diameter: 10 cm, 

n = 3) containing PES medium (Starr & Zeikus 1987). 

The zoospores were exposed to the radiation conditions 

described in Table 2. After 1, 2, 4 ,  8 and 16 h exposure, 

the Petri dishes were put under dim light (10 pm01 pho- 

ton m-' S-' white light; 14 to 18 h light d-l) and culti- 

vated there for 5 d. Zoospore mortality was calculated 

from the scores of both dead and germinated zoospores 

(between 300 and 1500 single spores) for each treat- 

ment using a light microscope (Zeiss Axioplan, Ger- 

many) equipped with a 25 X seawater immersion objec- 

tive. Germinating zoospores were easily recognizable 

Table 2. Lamp design indicating the experimental irradiances applied in each treatment (PAR/UVA/UVB ratios = 0.8/1.0/0.1) and 

the corresponding weighted irradiances calculated using the biologically-effective weighting function for the DNA damage of 

E. col1 (Setlow 1974) and general plant damage (Caldwell 197 l )  

possible masking of UV effects by excessive PAR 

(Molina & Montecino 1996, Nilawati et al. 1997). More- 

over, the low level of PAR used was not regarded to be a 

limiting factor for physiological requirements as studied 

macroalgae from both Arctic and southern Spain sites 

are shade-adapted species (Flores-Moya et al. 1993, 

Bischof et al. 199813, Hanelt 1998; see 'Discussion'). 

Determination of spore mortality. Sporophytes of the 

different Arctic species containing abundant son were 

collected during May-June 1997 and 1998. After sam- 

300 350 400 450 '0° 550 600 650 700 pling, fertile tissue was blotted with tissue paper and 
Wavelength (nm) maintained for 2 d in a wet chamber at O°C, whereas 

- 

Treatment Experimental irradiance (W m-') Weighted irradiance (W m-2) 
PAR UVA UVB DNA damage Generalized plant damage 

(400-700 nm) (320-400 nm) (290-320 nm) (Setlow 1974) (Caldwell 1971) 

(Dring et al. 1996a, Nilawati et al. 1997, Perez-Rodriguez 

et al. 1998). A low PAR background, however, avoids 

Without filter 6.541 8.225 0.851 0.077 0.632 

WG 280 6.535 7.599 0.567 0.065 0.554 

(PAR+UVA+UVB) 

WG 320 6.779 5.562 0.070 0.013 0.040 

(PAR+UVA) 

GG 400 6.186 0.120 0.012 0.014 0.019 

(PAR alone) 
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by the formation of germ tubes and later of embryo- 

spores. Since even under white light some fraction of 

zoospores did not survive (due to imperfect maturity), 

an average number under PAR alone (GG 400 filter) 

was used as a control value to set the 100% living 

germlings. Finally, the percentage of dead cells was 

calculated using the following equation: 

Dead zoospores (5%) = 100 X (Sdead - DC) X Lc-l 

where Sdead is the number of dead zoospores under 

W-exposure, D, and L, are the % of dead and living 

zoospores under white light, respectively. 

Evaluation of DNA damage. In parallel with mortal- 

ity experiments, spore suspensions of species collected 

in Kongsfjorden were taken at the same times for de- 

termination of DNA damage. The samples were fil- 

tered through a 2 pm mesh polycarbonaie filter aiid 

dried on activated sllica gel. After 2 to 6 h the filters 

were transferred into a plastic tube covered with 

gauze, put into a plastic bag f~lled with activated silica 

gel and stored at 4°C in the dark until later analysis. 

DNA extraction and analysis of DNA damage (for- 

mation of thyrnine dirners) was determined as follows: 

Each silica gel-dried filter was divided into 2 parts and 

from each half DNA was extracted independently 

using a CTAB (hexadecyltrin~ethylammonium bro- 

mide) extraction buffer. DNA was quantified fluoro- 

metrically with the PicoGreen dsDNA quantitation 

assay (Molecular Probes). The procedure for the quan- 

tification of thymine dimers was modified after Vink et 

al. (1994). Heat denaturated DNA samples (0.2 pg) 

were transferred to a nitrocellulose filter (Protran 

0.1 pm, Schleicher and Schuell, Germany) using a slot- 

blot apparatus, and the filter was dried for 2 h at 80°C 

to immobilize DNA. To block specific sites, the filter 

was incubated in PBS-T (PBS + 0.1 % [v/v] Tween-20, 

Sigma) with 5% (w/v) skim milk powder. Subse- 

quently, the filter was washed in PBS-T (3x) and incu- 

bated with the first antibody, the thymine dirner-spe- 

cific H3 (Roza et al. 1988). After washing (3x), the filter 

was incubated with the second antibody (rabbit anti- 

mouse horseradish peroxidase). After washing (4x), 

the filter was transferred to a buffer containing detec- 

tion reagents (ECL, Amersham) which emit light dur- 

ing breakdown by the horseradish peroxidase. The fil- 

ter was sealed in a transparent folder (Photogene 

development folder, GibcoBRL) and exposed to a pho- 

tosensitive sheet (Hyperfilm ECL, Amersham). After 

the sheet was developed and fixed, it was scanned and 

the gray-scale values were quantified with the soft- 

ware program Image Quant (Molecular Dynamics). 

The number of thymine dimers per 10%ucleotides was 

finally calculated by comparing the grey scale values 

of the samples with those from a dilution series of stan- 

dard DNA with a known amount of thymine dimers. 

Chlorophyll fluorescence. In Laminaria digitata, 

photosynthetic efficiency, measured as variable fluo- 

rescence of photosystem I1 (PSII), of zoospores and 2 to 

3 mo old sporophytes were determined in vivo using a 

portable pulse amplitude modulation fluorometer 

(PAM 2000, Walz, Germany) after Schreiber et al. 

(1986). Zoospores (suspensions of ca 3 X 106 cells rnl-l) 

and sporophytes (2 cm diameter disc samples from the 

basal part of the blade) were incubated for 3 h in Petri 

dishes (10 cm diameter) under the same light con- 

ditions used for determinations of zoospore mortality 

(Table 2). During the exposure period, algal material 

received doses of UVA and UVB close to 75.2 and 

5.5 kJ m-2, respectively, with a PAR background of 

61.24 kJ m-'. The optimum quantum yield (F,/ F,), i.e. 

the ratio of variable to maximum fluorescence, was 

meas-&-ed after acdizzatization in ,,h.e d x k  for 10 min 

in a thermostatically controlled chamber. The parame- 

ter F, defines the difference between the maximum 

fluorescence F,, when all reaction centers of PSII are 

reduced or 'closed' due to the saturation light pulse, 

and the initial fluorescence, Fo, i.e. when all PSII reac- 

tion centres are oxidized ('open'). Moreover, the time 

span of dark acclimatization used was optimal in dif- 

ferent species of macroalgae. (See Hanelt et al. [1997b] 

and Hanelt [l9981 for details of PAM 2000 fluorescence 

determinations of Arctic species.) 

Data analysis. Effects of irradiation treatments on 

the physiological responses determined for different 

species, as well as for the developmental phases 

(zoospores and large sporophytes), were estimated by 

2-way ANOVA (model I). In the case of ratios and per- 

centages, data sets were firstly arcsine transformed. 

Multiple comparisons of means were carried out using 

the a posterion Fisher test (Least Significance Differ- 

ence, LSD) at p c 0.05 (Sokal & Rohlf 1995). 

RESULTS 

Mortality rates 

The various W-treatments had a differential effect 

on the germination capacity of zoospores from the Arc- 

tic species (Fig. 3a). In Alaria esculents and Chordaria 

flagelliformis, mortalities were about 60% after 16 h 

exposure to PAR+UVA+LJVB, whereas zoospores irra- 

diated with PAR+UVA showed a low mortality (20%) 

after the sanle period. Laminaria digitata and L, sac- 

charina zoospore viability was very strongly affected 

by exposures to PAR+WA+UVB. During the first 

hours of exposure, PAR+UVA+UVB was more effective 

in causing spore mortality than radiation deprived of 

UVB. This situation was not observed in L. digtata, 

where a differential response to the treatments was 
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C. flagelliformis 

-D- PARalone 

+ PAR +UVA ,@ 

-. - PAR + uVA,' 
+ UVB ..' 

A. esculente L. saccharine 

S. polyschldes 

t 
P. brevlpe .-..-..-., . P. purpurpscens /p1 

Time of exposure (h) 

Fig. 3. Mortality of zoospores from macroalgae collected in (a) Kongsfjorden and (b) Tarifa after exposure to different conditions 
of PAR and UV-radiation using cut-off filters. Data are means + SD of 3 samples. See 'Results' for details 

seen only after 8 h exposure. Likewise, the UVB af- mid-sublittoral, thymine dimer formation in plants 

fected zoospore viability more than UVA alone in spe- irradiated with PAR+UVA+UVB (WG 280) for 4 h 

cies from southern Spain; however, the numbers of (0.94 kJ m-2 BEDDNA.noo) varied between 100 and 150 

viable zoospores declined more strongly during the thymine dimers (relative units). These values were cor- 

first 4 h of exposure to PAR+UVA+UVB (Fig. 3B) com- related to a fraction of dead zoospores higher than 

pared to the Arctic species. Thls was particularly evi- 25%. Conversely, in the shallow water species Alaria 

dent in both Phyllariopsis species, whereas Sacchoriza esculenta, formation of thymine dimers after exposure 

polyschides showed the highest tolerance. to UV-radiation (WG 280) was negligible ( c 3  dimers 

The dose-response data (Table 3) using weighted per 106 nucleotides) and comparable to values mea- 

irradiances (DNA damage and generalized plant dam- sured in Laminaria after exposure to only PAR (GG 

age) indicate a correlation between viability of zoo- 400) for 4 h. Results from dose-response experiments 

spores and growth depth of sporophytes. In shal- 

low-water species, Chordaria flagelliformis and Table 3. Estimated biologically effective UV dose (BED) (DNA dam- 

Alaria esculenta from Spitsbergen, biologically age and generalized plant damage) causing 50% spore mortality in 

effective UVB doses above 2.8 and 23 k j  m-2 each species. Values were calculated by regression analysis of the 

(DNA damage and plant damage action spectra, 
dose-response data using weighted irradiances. See 'Results' section 

for details of BEDS calculations 
respectively) would be required to cause 50 % of 

spore mortality. In contrast, 50% of spore mortal- 

ity was already observed at doses of 1 kJ m-2 

(DNA damage) or 13 kJ m-' (generalized plant 

damage) in mid-sublittoral species such as Lam- 

inaria saccharina and in species from south 

Spain (Phyllanopsis sp.) . 

DNA damage 

Zoospores of the Arctic species Alaria escu- 

lenta, Laminaria saccharina and L. digitafa show 

a different degree of DNA damage (Fig. 4) :  in L. 

saccharina and L. digitata, 2 species from the 

Species BED (kJ m-') 
DNA damage Generahzed plant 
(Setlow 1974) damage 

(Caldwell 1971) 

Kongsfjorden 
Chordaria flagelliformis 2.8 23.5 

Alaria esculents 3.4 25.2 

Laminaria digitata 1.2  7.16 

Laminaria sacchadna 0.6 6.6 

Tarifa 
Saccorhiza polyschides 1.56 13.4 

Laminaria ochroleuca 1.05 8.9 

PhylIariopsis brevipes 0.46 3.9 

Phyllariops~s purpurascens 0.54 4.5 
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1 I I I 

9 
0.8 - .- m Sporophytes 

Control PAR alone PAR + UVA PAR + 
UVA + UVB 

Irradiation treatment 

Fig. 6. Effects of different conditions of PAR and UV-radiation 
on chlorophyll fluorescence (optimal quantum yield, F,IF,) of 

Fig. 4. DNA damage measured as formation of thyrnine 
zoospores &d sporophytes of ~aminaria digitatd. Algal mate- 
rial was irradiated for 2.5 h with the spectra shown in Fig. 2. 

dimers in zoospores of 3 brown algal species from the Kongs- 
Data are means 5 SD (6 to 8 sarr.p!es). Sh~Aar  letters denote 

fjorden after exposure for 4 h to different conditions of PAR 
no siNicant differences (p , 0.05, means after an 

and ND: not determined' are given in ANOVA and Fisher LSD test. Control represents fluorescence 
the 'Results' 

in plants measured irnmebately after sampling 

carried out in L, digitata show that formation of 

thyrnine dimers increased linearly as a function of the off filters. Both the different developmental stages and 

increasing W B  dose (BEDDNA-300; Fig. 5).  Plants ex- the W treatments significantly affected the variations 

posed to doses above 0.4 kJ m-2 had between 35 and in FJF,  (p < 0.01; 2-way ANOVA). Irrespective of the 

70 thymine dimers per 106 nucleotides whereas doses UV treatment, large sporophytes showed the highest 

below 0.3 kJ m-2 were not effective in causing DNA F,/F, values compared to zoospores (p < 0.05). In 

damage. 

PAM chlorophyll fluorescence 

Fig. 6 shows the changes in FJF, of zoospores and 

large sporophytes of Laminaria dgitata after exposure 

to a combination of UV conditions using different cut- 

Laminaria digitata 

Fig. 5. Relationship between the DNA damage measured as 
thymine dirner formation in Laminaria wtata and the bio- 
logically effective dose (BED) of irra&ances weighted using 
the action spectra for DNA damage described by Setlow 

(1974) 

general, exposure to PAR+UVA and PAR+WA+WB 

exerted a similar photoinhibitory effect, which was 

especially marked on the zoospores (p < 0.05). In large 

sporophytes, exposure to UV-radiation for 2.5 h caused 

a significant reduction in the fluorescence ratio of up to 

60 % of controls deprived of any UV-radiation. 

DISCUSSION 

Effects of UV-radiation on spore viability 

Spore mortalities measured after 16 h of exposure to 

PAR+UVA+WB and PAR+UVA indicate a relationship 

between the position of the adult plant on the shore 

and the UV-tolerance capacity of their zoospores. 

Additionally, the effect of exposure to PAR+UVA+UVB 

on the zoospore viability relative to that caused by 

PAR+UVA is higher in species from the shallow sublit- 

toral, such as Chordaria flagelliformis and Alaria escu- 

lenta. 

Dring et al. (1996b) reported that a loss of germina- 

tion capacity of Laminaria saccharina, L, hyperborea 

and L. digitata from Helgoland (North Sea) became 

evident after 1 h exposure to levels of artificial irradia- 

tion comparable to that used in our study. After 12 h, 

germination capacity decreased to less than 30% in 

the 3 species. In the case of Laminanales from the Arc- 

tic and southern Spain, a noticeable reduction in spore 
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viability was observed after 4 h exposure to UV. This 

was particularly marked in the deep-water species 

Phyllanopsis purpurascens and P. brevipes, in which 

50 and 90% loss of viability was observed after 2 and 

4 h UV, respectively. In terms of weighted UV doses, 

50% of spore mortality in L. digitata and L. saccharina 

from Spitsbergen and L. ochroleuca, P. brevipes and 

P. purpurascens from southern Spain would occur at 

doses = 1 kJ m-2 BEDDNA.300 or 10 kJ m-2 BEDplant damage 

However, it must be emphasized that in our study rec- 

iproclty, i.e. the effect of dose regardless of irradiance 

rates (cf. Smith et al. 1980), was not tested and care 

must be taken when data are used to predict possible 

consequences for zonation (see below). For example, 

50% of tetraspores of the littoral red alga Ceramium 

rubrum from the North Sea survived after exposures at 

2.2 W m-2 W B  and l l W m-2 UVA for 1 h; however, 

when these doses were increased by 3 or 4 times, sur- 

vival decreased to 7 % (Yakovleva et al. 1998). In any 

case, the absence of reciprocity does not necessarily 

preclude the wavelength-dependent effect of UVB 

on the biological response, and time scale of expo- 

sure should always be indicated in this type of study 

(Cullen & Lesser 1991). Conversely, mortality after 4 h 

PAR+UVA irradiation reaches a saturation level in all 

species, indicating that zoospores do not possess iden- 

tical UV-tolerance capacity. Instead, they constitute a 

heterogeneous population formed by UV-sensitive and 

non-sensitive cells, explaining the survival of more 

than 50 % of zoospores after 16 h. 

The loss of viability, expressed as cellular disintegra- 

tion or loss of germination capacity (Dring et al. 1996a). 

is the result of the deleterious effect of UV-radiation on 

the zoospore. However, which cellular structures or 

processes are primarily affected by UVB? In the case of 

biflagellate brown algal zoospores, motility or photo- 

taxis may be impaired first by UV, as in the flagellate 

Euglena gracilis (Hader & Hader 1988, Ekelund 1996). 

In general, zoospores of Laminariales remain motile for 

about 20 h after release from sporangia (Kain 1964, 

Makarov 1992). During this period, naked zoospores 

are directly exposed to the prevailing light conditions 

in the water column, as other components of the phyto- 

plankton. Nanoplankton-sized flagellates (2 to 20 pm) 

are the phytoplankton group most sensitive to UV 

(Hader & Hader 1989, Helbling et al. 1994, Figueroa et 

al. 1997a). Small zoospores exhibit only few constitu- 

tive (structural or physiological) mechanisms of photo- 

protection and their acclimation potential to light stress 

is very limited (Amsler & Neushul 1991). Mortalities of 

Antarctic biflagellate stages of Phaeocystis sp. (5 to 

8 pm 0) are close to 95%, after exposure to 0.58 J m-' 

UVB in the laboratory, a value significantly higher 

than determined in various species of diatoms (David- 

son & Marchant 1994). Therefore, it is reasonable to 

argue that macroalgae are most vulnerable to UV-radi- 

ation during this planktonic life history phase, espe- 

cially if vertical mixing transports cells to shallower 

water (Cullen & Lesser 1991, Helbling et al. 1994). 

DNA damage 

In contrast to the relatively abundant information on 

UVB-dependent DNA damage in higher plants (Beggs 

et al. 1986, Quaite et al. 1992) and phytoplankton (Small 

& Greimann 1977, Karentz et al. 1991, Mitchell & Kar- 

entz 1993, Gieskes & Buma 1997), the effect of short 

wavelengths on the genetic material of macroalgae has 

up to now been practically ignored. Our results indicate 

that there is a direct relationship between DNA damage 

and mortahty of zoospores of Arctic Laminaria species. In 

zoospores from algae growing at shallow sites (e.g. 

Alaria esculents) thymine dimer formation was very low 

relative to that measured in zoospores from algae grow- 

ing in deeper waters (e.g. L. digitata). As DNA does not 

absorb in the UVA region, some PAR+UVA mediated 

DNA damage (= 3 thymine dimers per 106 nucleotides) 

could be caused by indirect action of oxygen radicals 

(Bornman & Teramura 1993). It is unknown if repair 

mechanisms (e.g. photoreactivation) are active in zoo- 

spores. As mentioned for the photosynthetic apparatus, 

cell size appears to be a critical factor determining the 

extent to whch UVB quanta reach DNA molecules (Kar- 

entz et al. 1991, Mitchell & Karentz 1993). Although we 

do not have data on DNA damage of sporophytes, it may 

be reasonable to argue that DNA of zoospores may be 

more sensitive to UVB than the multicellular develop- 

mental stages. For L, digitata zoospores, which are 

shade-adapted and are commonly subjected to very low 

light conditions, biologically effective W B  doses close to 

1 kJ m-' induce the formation of 60 to 70 thymine dimers 

per 106 nucleotides, values in the range measured in 

the diatom Cyclotella sp, exposed to weighted doses 

(BEDDNA.300) up to 6 kJ m-2 (Buma et al. 1995). Undoubt- 

edly, the occurrence of DNA damage in zoospores of 

Laminariales leads to many important questions refer- 

ring to the survival and selective adaptation in benthic 

macroalgae: direct mutagenic and other sublethal alter- 

ations in the genomic information at this early develop- 

mental stage may have important consequences for the 

later development of sporophytes and gametophytes. 

For example, growth rates of L. religiosa gametophytes 

from Sapporo, Japan, are inhibited by 90% if parental 

zoospores have been irradiated at a W B  dose of 3 kJ m-' 

(Yabe et  al. 1997). It remains open as to whether a rela- 

tionship between susceptibility to DNA damage and 

depth distribution of parental sporophytes is a common 

characteristic in kelps and whether such a relation also 

occurs at the level of large sporophytes. 
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Photosynthetic characteristics: shade adaptation 

of zoospores 

Measurements of chlorophyll fluorescence in Lami- 

naria digitata from Spitsbergen show that zoospores 

are capable to photosynthesize at low rates. Con- 

versely, irrespective of the Light treatment, photosyn- 

thetic efficiency (F,IF,) declined more strongly in 

zoospores than in large sporophytes. These findings 

are not surprising and support an adaptation to low 

light conditions documented in the literature (Kain 

1964, Arnsler & Neushul 1991). Data from Macrocystis 

pyrifera, Nereocystis lu tkeana and Pterygophora cali- 

fornica have revealed that zoospores can photosynthe- 

size actively and supply part of their carbon require- 

ments for metabolism (Arnsler & Neushul 1991). The 

lower FJF, values measured in zoospores relative to 

sporophytes in L. digitata is interrelated to a lower 

chlorophyll content, corresponding to the presence of 

only 1 chloroplast in the zoospores of Laminariales 

(Henry & Cole 1982). This would support the idea that 

the photosynthetic machinery at this level is not com- 

pletely developed or, as has been suggested by Amsler 

& Neushul (1991), a fraction of the pigment-protein 

complexes is stored as nitrogen reserves for use during 

germination of gametophytes. In terms of energy al- 

location, this low photosynthetic efficiency may be suf- 

ficient to support respiratory demands during the 

planktonic phase. As has been demonstrated in the 

flagellate euglenophyte Euglena gracilis, decreases in 

photosynthesis after UV-exposure are not necessarily 

coupled to any reduction in flagellar activity (Hader & 

Hader 1989, Ekelund 1996), and thus, it maybe that 

motility of zoospores is mainly supported by degrada- 

tion of reserve compounds. Effects on other related 

settlement processes of such as chemotaxis and photo- 

taxis targeted by high light stress (PAR or W-radia- 

tion) also require investigation. 

Zoospore shade adaptation is primarily conferred by 

the structural and optical characteristics of the cell 

(Garcia-Pichel 1996) with 2 contrasting consequences 

for photobiology. On the one hand, thin cell walls and 

a transparent cellular cytoplasm allow a very efficient 

light transmission towards the light harvesting com- 

plexes. Therefore under low photon fluence rates, 

absorption of PAR can be enhanced per chlorophyll 

unit (Enriquez et al. 1994). On the other hand, scatter- 

ing and heterogeneous diffusion of light throughout 

the different cellular layers in a multicellular thallus 

(self-shadmg), can considerably ameliorate deleterious 

effects of UV-radiation (Halldal1964). In this sense, the 

commonly described aggregation of zoospores after 

release in these species (Charter et al. 1973, Makarov 

1992, author's pers. obs.) may be advantageous in 

avoiding photodamage of cells by high light stress, as 

has been demonstrated in Antarctic Phaeocystis sp. 

Under similar conditions of UVB, survival of colonial 

stages of this species were less affected than single- 

flagellate stages (Davidson & Marchant 1994). As zoo- 

spores and early developmental stages of macroalgae 

exhibit lower light requirements for compensation and 

saturation of photosynthesis than large sporophytes 

(Kain 1964, Arnsler & Neushul1991, Gomez & Wiencke 

1996), a short planktonic phase and a rapid settling of 

zoospores in areas under the canopy shadow of 

parental plants may also reduce the impact of harmful 

wavelengths (Graham 1996). 

Ecological implications: depth zonation 

In terms of W-tolerance, dispersd aiid survivd 

capacity, Zoospores may be regarded as a critical life 

stage, determining the upper distribution limit of 

kelps. Regarding our results, possible scenarios may 

be outlined for the 2 sites in Kongsfjorden and Tarifa 

(Fig. 7). In Kongsfjorden, characterized by turbid water 

and additionally by presence of ice-cover until early 

summer, kelps may be able to grow at shallow sites 

(1.5 to 2 m depth), i.e., well beneath the ice-cover in 

winter. Weighted W B  doses using the DNA-damage 

action spectrum (Setlow 1974) estimated for depths 

between 0 and 5 m are not enough to cause DNA dam- 

age in zoospores of Laminaria sacchaina during expo- 

sure for 16 h, but are able to induce some impairment 

in germination capacity (ca 25 %). Exposure to natural 

irradiances for 16 h are not uncommon in spring-sum- 

mer; therefore, dose-response data may be a realistic 

basis of the UV tolerance of zoospores as the low levels 

of incident irradiance and the relatively high vertical 

attenuation in this area make a direct effect of photon 

fluence rates of UVB unlikely. 

Artificial weighted UVB dose close to 0.5 kJ m-2 

(DNA damage action spectrum) caused up to 60% 

photoinhibition of chlorophyll fluorescence in zoo- 

spores of Laminaria digitata. These UVB doses are in 

the range estimated using in situ quantum doses at 0 to 

2 m depth, which strongly suggests that zoospore pho- 

tosynthesis is reduced under natural solar radiation in 

Kongsfjorden, similar to reports for macrothalli of dif- 

ferent species from this area (Bischof et al. 1998a, 

Hanelt 1998). The question of whether reductions in 

photosynthetic capacity and viability diminish recruit- 

ment rates remains unresolved. Nevertheless, unstable 

substrate and ice abrasion rather than a direct deleteri- 

ous effect of W B  radiation might considerably limit 

zoospore attachment in shallow waters between 0 and 

2 m depth in Kongsfjorden. 

The deep-water Laminariales from southern Spain 

do not grow at depths < l0  m and members of the 
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Fig. 7. Hypothesized scenarios relating prevaihng vertical UVB con&tions (weighted UV doses) and major biological and bio- 
optical events to the macroalgal zonation in Kongsfjorden and Tarifa. Weighted UVB doses (DNA damage, Setlow 1974) were 

estimated by assuming constant photon fluence rates during 16 h exposure for Kongsfjorden and 8 h for Tanfa 

genus Phyllariopsis are restricted to depths > 20 m 

(Flores-Moya 1997). Most individuals of these species 

grow at irradiances < 1 % of surface irradiance (Drew 

et al. 1982, Flores-Moya 1997). However, the sea- 

sonal occurrence of juvenile individuals of Phyllari- 

opsis sp, in shaded sites in the upper sublittoral 

(4 m), a phenomenon traditionally associated with 

local upwelling of deeper, colder waters (Rodriguez 

1982, Flores-Moya 1997), supports the idea that light 

relations are important in governing depth zonation 

in these species (Flores-Moya et al. 1993). Our study 

revealed that the deep-water species Phyllariopsis 

purpurascens and P. brevipes show the highest 

mortalities rates after 4 h exposure to different UV 

conditions. Weighted UVB doses close to 0.5 kJ m-' 

were found to cause 50% of spore mortality in this 

species, which would limit germination (and possibly 

attachment) of zoospores at depths above 7 m, where 

BEDS = 0.3 kJ m-' after a period of 8 h may occur. 

These levels may also be considered deleterious at 

the molecular level (DNA damage). Although optical 

characteristics of these waters allow UVB to pene- 

trate down to depths of 25 m (D,,), no effects of 

UV-radiation between 10 and 32 m depth on ger- 

mination rates could be demonstrated. Undoubtedly, 

the light conditions are subjected to strong variation 

and such scenarios extrapolated from instantaneous 

measurements cannot be used as the only elements 

to explain the complex phenomena involved in the 

zonation of these species, but may be seen as a pre- 

liminary identification of possible photobiological 

processes. 
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