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STELLINGEN 

1. UVB-straling kan een positief effect hebben op algen. 
Dit proefschrift 

2. Door de huidige luchtvervuiling hoeven wij ons in Nederland geen zorgen 
te maken over de voorspelde afhame van de ozonconcentratie in de 
stratosfeer. 
Dit proefschrift 

3. Aangezien elk organisme een specifieke respons op UVB-stress vertoont en 
elke onderzoeker een andere respons belangrijk vindt, is het onmogelijk een 
algemene biologische weegfunctie te ontwikkelen om de golflengte-
afhankelijkheid van UVB-effecten te beschrijven. 
Dit proefschrift 

4. Het waterbeheer in Nederland, dat voornamelijk is gericht op het weer 
helder maken van oppervlaktewater, kan een negatief effect hebben op het 
ecosysteem door het toenemen van de UVB-stress. 

Dit proefschrift 

5. Het bewijs dat Miiller-Navarra geeft dat de concentratie van het vetzuur 
eicosapentaenoic acid (EPA, C20:5(fl3) in het voedsel essentieel is voor de 
groei van Daphnia wordt weerlegd door de waarneming dat Daphnia een 
hogere groeisnelheid heeft op een dieet van algen waarin dit essentiele 
vetzuur niet was aangetoond, dan op een dieet van algen waarin het wel 
voorkwam. 

Miiller-Navarra D. (1995) Evidence that a highly unsaturated fatty acid 
limits Daphnia growth in nature. Archiv fur Hydrobiologie, 132, 297-307. 
Dit proefschrift 

6. Het onderzoek naar de gevolgen van ozonafname is exponentieel 
toegenomen sinds UVB-straling nauwkeurig kan worden gemeten. 



7. Het is frustrerend om in Nederland afhankelijk te zijn van mooi weer voor 
het uitvoeren van veldwerk. 

8. Honderd kilometer roeien verschaft diepere inzichten in de beperkingen van 
het menselijk en aquatisch systeem. 

9. Een overheid die Nederland als kennisland wil stimuleren maar 
tegelijkertijd blijft bezuinigen op het hoger onderwijs en onderzoek, voert 
een beleid dat niet duurzaam is. 

10. Als je op schouders van reuzen staat is het wel zaak de goede kant uit te 
kijken. 

vrij naar Newton 

11. Het getuigt van weinig fantasie om door twee punten een rechte lijn te 
trekken. 

12. Als mensen zeuren hebben ze niets te klagen. 

13. Het succes van de parlementaire enquSte naar de Bijlmerramp is illustratief 
voor de onmacht die de Tweede Kamer gewoonlijk heeft. 

14. Als een leerstoelgroep geen eerste-geldstroom promotieonderzoek meer 
uitvoert, maar ervoor kiest afhankelijk te zijn van de derde-geldstroom, leidt 
zij geen onafhankelijke onderzoekers meer op maar projectmanagers. 

Stellingen behorende bij het proefschrift: 
"Effects of ultraviolet-B radiation onphytoplankton-zooplankton interactions" 
H.J. de Lange, Wageningen, 24 maart 1999. 
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VOORWOORD 

Promotieonderzoek doe je niet zomaar, en zeker niet alleen. Het voorwoord bij een 
proefschrift is een mooie plaats om van dat alles verslag te doen. Vanaf het eerste practicum 
aquatische oecologie dat ik deed wilde ik AiO aquatische oecologie worden. Veldwerk doen, 
rondsjouwen in een waadbroek met schepnet, onderzoek doen met water en alles wat groeit en 
bloeit en ons telkens weer boeit. En 5 jaar na dat eerste practicum werd ik ook AiO en deed ik 
ook (ongeveer) al die dingen. Dat eerste practicum lijkt kort geleden, maar nu is het al bijna 9 
jaar later en heb ik mijn promotieonderzoek alweer afgerond. 

In de afgelopen 4 jaar heb ik veel geleerd, zowel op persoonlijk als op 
wetenschappelijk vlak. Terugkijkend is alles redelijk soepel gegaan. Het onderzoek doen vond 
en vind ik nog steeds erg leuk. Natuurlijk ging niet alles makkelijk, zoals veldwerk met slecht 
weer terwijl je de zon nodig hebt, problemen met de spectroradiometer, cosmonderzoek waar 
veel niet volgens planning ging. Aankomende motivatiedipjes heb ik gemakshalve altijd maar 
genegeerd en het kwam altijd wel weer goed. Uiteindelijk blijven alleen de goede 
herinneringen over, de keren dat de zon wel scheen. 

De werkomstandigheden bij de vakgroep waren dynamisch, er waren veel 
veranderingen in korte tijd. De naamsveranderingen alleen al geven daarvan een 
(psychedelische?) indruk. (What's in a name: vakgroep of leerstoelgroep? oecologie of 
ecologie? en welke bloedgroep wordt als eerste genoemd? of zijn we inmiddels al een groep 
geworden? en waarom heten we niet gewoon limnologie?). De veranderingen zijn nog steeds 
bezig, bij de groep en bij de hele universiteit. Gelukkig is er nu weer een nieuwe lichting 
AiO's die voor leven in de brouwerij kan zorgen. 

En nu de persoonlijke bedankjes, als eerste mijn promotor. Wim, we hebben niet heel 
vaak overleg gehad, een halve dag in de week professor in Wageningen was niet veel. En 
daarna was de geografische verwijdering daaraan debet. Maar de kwaliteit van overleg maakte 
veel goed, en per telefoon, e-mail of fax lukt overleg ook prima. Zeker in de laatste fase was je 
er nauw bij betrokken en je snelheid van lezen en becommentarieren is ongeevenaard. Mede 
daardoor kan ik nu gepromoveerd naar de V.S. vertrekken. 

Ellen, als dagelijkse begeleider heb je meer invloed en sturing gehad op de richting en 
uitvoering van mijn onderzoek. Je hebt me heel veel vrijheid gegund, waarvan ik veel heb 
geleerd. Ook jij vond op een gegeven moment een nieuwe baan, bij het NIOO in 
Nieuwersluis, maar ook hier geldt dat je telefonisch even makkelijk (soms beter) te bereiken 
was. 

Op deze plaats past ook een woord van dank voor het snelle lezen van de leden van de 
leescommissie, prof. Admiraal, prof. Scheffer en dr. Gieskes. 

Ik heb met veel plezier bij de groep gewerkt, daarvoor wil ik met name de volgende 
personen bedanken, ten eerste mijn paranimfen. Miquel, met jou heb ik lief en leed in het 
planktononderzoek gedeeld. Bedankt voor het altijd meedenken, discussieren, ouwehoeren, 
samen experimenteren in Plon, congresbezoeken, etc. Ik hoop nog veel met je te kunnen 



samenwerken. Elizabeth, we zijn bijna 2 jaar 'plankton-AiO-zusjes' geweest, voor mijn gevoel 
was het veel langer. Bedankt voor de hoognodige afleiding, nuttige opmerkingen, altijd 
kritisch meedenken en gedeelde cosmervaringen (c.q. frustraties). 

Bij experimented onderzoek is de technische ondersteuning belangrijk. Ronald 
Gylstra, jij wist altijd mijn houtje-touwtje gefrobel om te zetten in solide experimentele 
opstellingen. Fred Bransen, bedankt voor het eindeloos determineren van algen en honderden 
kilometers hardlopen. Wendy Beekman-Lucassen, bedankt voor het bijhouden van de algen-
en beestenboel en de liters en liters medium die je hebt gemaakt. Frits Gillissen, bedankt voor 
de DOC/TOC- en nutrientenanalyses. 

Binnen de LUW heb ik gebruik kunnen maken van de Xenon-PAM bij 
Plantenfysiologie. Jan Snel, bedankt voor alle tijd die je hebt gehad om mij, of een student van 
mij, te helpen met de Xe-PAM en het meten van fotosyntheseprocessen. Marcel Jansen, de 
enige andere UVB onderzoeker aan de LUW, bedankt voor de goede samenwerking die we 
hebben gehad. 

Veel studenten hebben me geholpen met het uitvoeren van dit onderzoek, in 
willekeurige volgorde: Karen Smit, Rob Exalto, Roy Geerts, Petra Kwakman, Anthony 
Verschoor, Arjan Huurnink, Sonja Huggers, Caroline Moermond, Remko Rosenboom, Paul 
van Reeuwijk, Henk Tamerus, Arjan Luiten en Harold Veldmaat. Hun werk is in meer of 
mindere mate terug te vinden in dit proefschrift. 

Ik heb veel mogelijkheden gekregen en benut om in het buitenland te werken. I want 
to thank Dag Hessen for the opportunity to work at the H0yfjells0kologisk Forskningsstasjon 
in Finse, Norway. It was a beautiful area to work, though the weather conditions were not 
ideal (to put it mildly). 

I want to thank Michael Arts for the opportunity to work at the National Water 
Research Institute in Saskatoon, Canada. Michael, thanks ever so much for all your hospitality 
and making the three months in Saskatoon very worthwhile. 

Naast het onderzoek heb ik gelukkig nog veel andere dingen gedaan. In verschillende 
commissies en besturen binnen en buiten de universiteit, met als trefwoord 'solidariteit', heb ik 
het nut gezocht dat ik soms in mijn onderzoek heb gemist. Verder hebben vrienden en familie 
me verhinderd een totale vakidioot te worden. Met name wil ik daarvoor de volgende 
personen bedanken: de Ranzige Anja's van het eerste uur (Anne, Annelieke, Annemiek, 
Ingrid, Jacoline) voor de culinaire en muzikale afleiding, Ingrid voor de vakanties, Janine en 
Roos voor de goede wandelingen, Hinke en Arjan zonder nadere toelichting. 

Sport heeft me altijd veel ontspanning en nieuwe energie gegeven. Al mijn roei- en 
hardloopvrienden in Wageningen bedankt voor het geduldig aanhoren van alle verhalen over 
mijn onderzoek. Met name Margreet, met wie ik duizenden kilometers in de 2- of 2x heb 
geroeid. (Het parcoursrecord van de Ringvaart Regatta breken we nog een keer!) 

Lieve papa en mama, bedankt voor alle liefde, zorg en ondersteuning, belangstelling 
voor mijn studie en werk, het geven van een stabiele basis en altijd een thuis om op terug te 
vallen. 
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CHAPTER 1 

GENERAL INTRODUCTION 

"Would you tell me, please, which way I ought to walk from here ? " 
"That depends a great deal on where you want to get to," said the Cat. 

"I don't much care where," said Alice. 
"Then it doesn't matter which way you walk," said the Cat. 

"- so long as I get somewhere," Alice added. 

"Oh, you're sure to do that," said the Cat, "if you only walk long enough!" 

(Lewis Carroll - Alice in Wonderland) 
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1.1 OZONE AND UVB RADIATION 

The decline in stratospheric ozone concentration and the resulting increase in 

ultraviolet-B (UVB) radiation (wavelengths 280-320 nm) are regarded world-wide as serious 

environmental problems. UVB radiation is harmful for organisms, and therefore scientific 

research into UVB effects on terrestrial, marine and freshwater organisms, ranging from 

bacteria to humans to complete ecosystems, receives great interest (e.g. Kessler & Bjorn 1995, 

Weiler & Penhale 1994, Williamson & Zagarese 1994, Young etal. 1993). 

The United Nations Environmental Program (UNEP) has organized several 

international meetings to develop agreements to control the emission of ozone deteriorating 

substances (Vienna Convention 1985, Montreal Protocol 1987, London 1990, Copenhagen 

1992). If the agreements made in Montreal will hold, expectations are that the stratospheric 

ozone concentration will recover within the next 50 years. A brief description of ozone 

chemistry is given in Appendix 1.1. 

Since the early 1970s, predictions have been made that human activities will lead to a 

diminishing of the earth's protective ozone layer, those human activities included exhausts of 

supersonic transport (Johnston 1971), and emission of chlorofluorocarbons (Molina & 

Rowland 1974). Evidence of downward trends in the thickness of the ozone layer was found 

with the discovery of the Antarctic ozone hole in 1985 (Farman et al. 1985). Ozone decreases 

during the Antarctic spring are now well documented (e.g. Crutzen 1992, Downey et al. 1996, 

Johnson et al. 1995, Jones & Shanklin 1995). Ozone decreases outside the Antarctic have 

been reported at southern mid-latitudes (Kirchhoff et al. 1997), northern mid-latitudes 

(Madronich et al. 1995), and Arctic regions (Jokela et al. 1995, Muller et al. 1997). It has now 

been established that there is an apparent downward trend in the total column amount of 

ozone over mid-latitude areas of the Northern hemisphere in all seasons (e.g. Stolarski et al. 

1992). 

The decrease in stratospheric ozone concentration has received wide attention because 

the ozone layer protects the earth from harmful ultraviolet radiation. There is a direct link 

between observed decreases in ozone concentration, and increases in UVB radiation reaching 

the earth's surface (Jokela et al. 1995, Kerr & McElroy 1993, Kirchhoff et al. 1997, 

Madronich et al. 1995, Orce & Helbling 1997, Seckmeyer et al. 1997, Smith et al. 1992). 

Solar radiation is usually divided in visible radiation (wavelengths of 400 to 700 nm), 

infrared radiation (wavelengths >700 nm), and ultraviolet radiation (wavelengths <400 nm). 

Ultraviolet radiation is then further divided in UVA (320-400 nm), UVB (280-320 nm) and 

UVC (<280 nm). These are arbitrary boundaries, but they have some practical meaning. UVC 

radiation is extremely harmful to life, but is completely absorbed by the atmosphere. UVB 

radiation reaches the earth's surface in low intensities, and is harmful to organisms. UVA 

radiation is less harmful than UVB, and can also be beneficial. The visible part of the solar 

spectrum is usually referred to as PAR, photosynthetically active radiation, because these 
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wavelengths are used in photosynthesis processes. Since ozone specifically absorbs UVB 

radiation, decreases in stratospheric ozone concentration will lead to increases in UVB, but 

not in longer wavelengths. 

Stratospheric ozone concentration is not the only determinant of the intensity of UVB 

radiation reaching the earth's surface, other important factors are solar zenith angle, altitude, 

cloud cover, and tropospheric conditions. The solar zenith angle is the angle between the local 

vertical direction and the direction of the centre of the solar disk. Time of day, season, and 

geographic location (latitude and longitude) determine the solar zenith angle (see Kirk 1994 

for calculations of zenith angle). This determines the pathlength of radiation through the 

atmosphere. Altitude also determines the pathlength. The effect of a longer pathlength on 

irradiance is wavelength specific, shorter wavelengths are absorbed more quickly in the 

atmosphere, a longer pathlength thus results in a smaller proportion of shorter wavelengths. 

The magnitude of this pathlength effect was shown for different altitudes, UVB increased with 

19% per 1000 m altitude increase, and UVA with 11% (Blumthaler et al. 1992). 

Clouds play an important role in modulating UVB radiation reaching the earth's 

surface. A first approximation is that cloudy skies provide the same attenuation for all 

wavelengths. However, when tropospheric ozone concentration is low, less attenuation occurs 

in the UVA than in the PAR region. For wavelengths in the UVB region, clouds in polluted 

air are absorbers as well as scatterers of radiation, and the situation becomes far more 

complicated (e.g. Booth et al. 1997, Frederick & Steele 1995, Gautier et al. 1994). 

Tropospheric conditions, such as humidity, haze, smog and aerosols, influence the 

UVB radiation reaching the earth's surface (Briihl & Crutzen 1989, Dickerson et al. 1997, 

Estupifian et al. 1996, Nemeth et al. 1996). An increase in tropospheric ozone pollution may 

cancel the effect of an increase of UVB radiation due to stratospheric ozone depletion (Ma & 

Guicherit 1997). 

1.2 UVB PENETRATION IN AQUATIC SYSTEMS 

For aquatic organisms the exposure to UVB is not only dependent on ozone layer, 

cloud cover, zenith angle, and tropospheric conditions, but also on the water properties 

defining the underwater light field. Fig. 1.1 illustrates the wavelength dependency of intensity 

vs. depth. UVB is attenuated more rapidly than wavelengths in the green and yellow part of 

the spectrum (500-600 nm). 
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wavelength (nm) 

Figure 1.1: Solar irradiance at the water surface and at 3 depths, measured in Lake Blauwe Kamer, 
11 May 1998 (see Chapter 2 for full description). 

Exposure of an aquatic organism to UVB radiation is highly dependent on the vertical 
positioning in the water column. For planktonic organisms with limited mobility, mixing 
processes will be important in determining the position in the water column, and therefore 
UVB exposure. In clear, colourless, oligotrophic lakes UVB can penetrate to depths of more 
than 10 m (Kirk 1994). However, in most inland waters, UVB penetration is limited to less 
than 1 m. This is mainly caused by a higher concentration of dissolved humic substances. 
Another important factor in the attenuation of light is phytoplankton biomass. In eutrophic 
systems with high phytoplankton biomass, radiation of all wavelengths is quickly absorbed. 
The attenuation of UVB, UVA and PAR radiation will be discussed in more detail in Chapter 
2. 

Because of the importance of humic substances in attenuating UVB radiation, UVB 
exposure for a system is linked with several other environmental issues. Both climate 
warming and acidification processes can cause a decline in dissolved organic carbon (DOC). 
Declines in lake DOC in North American boreal lakes were explained by the reduced 
transport of DOC from the terrestrial and wetland watershed to a lake, as drought caused 
streamflows and water tables to decline (Schindler et al. 1996). Lower water tables will also 
increase the oxidation processes in exposed areas, which will result in a lower pH when the 



General Introduction 

water table fills again. This acidification process is expected to lower the DOC concentration. 

Increases in aluminium concentration, a common consequence of acidification, can also lower 

DOC concentrations (Yan et al. 1996). 

For clear, oligotrophic systems, decreases in DOC concentrations might have a larger 

effect on the exposure of UVB of a system than declines in ozone concentration. The reason 

for this is that the relation between ozone decrease and UVB increase is approximately linear, 

and the relation between DOC decrease and UVB penetration depth is exponential for DOC 

concentrations below 5 mg l"1. 

1.3 UVB EFFECTS ON AQUATIC ORGANISMS AND ECOSYSTEMS 

1.3.1 UVB effects on phytoplankton 

UVB radiation is harmful for aquatic organisms. Already in 1964, Steemann-Nielsen 

found that UV radiation reduced photochemical and enzymatical processes in photosynthesis 

of plankton algae. Lorenzen (1979) found that UV inhibited the 14C incorporation by natural 

phytoplankton populations. The major effect was restricted to the upper part of the euphotic 

zone. 

UVB effects on freshwater phytoplankton have been reviewed by Karentz et al. 

(1994). The most important effects are DNA damage, photosynthesis inhibition, and 

decreased growth rate. UVB wavelengths are strongly absorbed by DNA, causing structural 

changes in these molecules (dimers) that can interfere with vital cellular processes of growth 

and reproduction (Karentz & Lutze 1990). DNA damage can be repaired in three cellular 

repair mechanisms. In photoreactivation (light repair), a single-enzyme system, cyclobutane 

dimers are recognized and monomerized. Long-wave UV (310-400 nm) and/or short-wave 

visible light (400-480 nm) is needed. In excision repair (dark repair), a series of enzymes 

recognize DNA damage, remove the damaged portion of the molecule, and resynthesize that 

segment of DNA. Postreplication (recombination) repair is a complex process that occurs after 

DNA replication and corrects the DNA defect on the basis of information in the undamaged 

strand. The net effect of UVB on DNA is the resultant of the balance between damage and 

repair processes (Mitchell & Karentz 1993, Karentz 1994). 

UVB contributes significantly to the photoinhibition of primary production {e.g. 

Holm-Hansen et al. 1993, Vincent & Roy 1993). Field measurements made in springtime in 

the Antarctic marginal ice zone clearly showed that as the ozone layer thinned, UVB 

intensities increased, and UVB photosynthesis inhibition increased. This photoinhibition was 

estimated to reduce primary production by 6 to 12% (Smith et al. 1992). UVB can interfere 

with many aspects of the photosynthesis process, especially photosystem U, electron transport, 

and destruction of Dl protein. Repair mechanisms do exist for the UV-damaged 
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photosynthetic apparatus. If these repair processes can balance damage, no net reduction of 
photosynthesis will be observed. This does not imply, however, that there is no detrimental 
effect. The energy reserves needed to resynthesize proteins and/or pigments may affect long-
term survival and fitness (Cullen & Neale 1994). Recovery depends on longer wavelengths for 
direct repair and energy conversion, the ratio of UVB, UVA and PAR determines the energy 
balance between photosynthesis and recovery (e.g. Smith et al. 1992). 

UVB can affect cell morphology and biochemical composition. Cell volume may 
increase, possibly caused by a stagnation of cells in G2 phase as result of DNA damage 
(Buma et al. 1995, Karentz et al. 1991). Cell wall structure may alter as well; Van Donk & 
Hessen (1995) found a thickened cell wall for UV-stressed Selenastrum capricornutum, 
resulting in a decreased digestibility for Daphnia. Biochemical composition may alter, 
generally protein and lipid content decrease and carbohydrate content increases, which will 
affect the nutritional quality for herbivorous zooplankton. These aspects are discussed further 
in Chapter 3. 

Phytoplankton organisms generally have several strategies to cope with UVB stress, 
these can be categorized as avoidance or adaptation strategies (flight or fight). Avoidance 
strategies minimize the exposure of the organism to UVB radiation, through behavioural 
patterns or habitat strategies, and by morphological and structural features (Karentz 1994). 

Migration implies an ability to detect UVB radiation (or longer wavelengths that are 
proportional to UVB), and an ability to move. Motile phytoplankton generally exhibit a 
negative phototaxis at high light intensities. UV impairs both orientation and motility in 
flagellates, this would impair escape from UVB under some conditions. In negatively buoyant 
cells, loss of motility and subsequent sinking would reduce the UVB exposure (Hader 1993). 
Some cyanobacteria react to UVB radiation by migrating into deeper strata of mat 
communities (Quesada & Vincent 1997). 

Producing sunscreen pigments to protect cellular organs from UVB radiation can be 
regarded as a second avoidance strategy. Cyanobacteria can produce an extra-cellular sheath 
pigment, scytonemin, with an absorption band of 280-450 nm. It is primarily considered to be 
a UVA protectant, but it also absorbs UVB (Garcia-Pichel & Castenholz 1991). Many marine 
organisms contain mycosporine-like amino acid compounds (MAAs), with a range of 
absorption maxima from 310 to 360 nm (Carreto et al. 1990, Karentz et al. 1991). These 
MAAs are recently also identified in freshwater phytoplankton (Sommaruga & Psenner 1997, 
Xiong et al. 1997). Carotenoid pigments have an absorption spectrum that tails in the 
ultraviolet part of the spectrum, and may serve as protective pigment (Gala & Giesy 1991). 
UVB irradiance at low intensities can result in increased levels of cellular carotenoid pigments 
(e.g. Buma et al. 1996b, Dohler 1995). Other studies show a decreased pigment synthesis as 
result of UVB irradiance (e.g. Dohler 1984, Lohmann et al. 1998). 

Adaptation mechanisms include defence against radicals and photoproducts, and repair 
of damage. The defences against radicals and active forms of oxygen produced in 
photochemical reactions include various biochemical antioxidants, quenchers, scavengers and 
enzyme systems. Carotenoids are known to inhibit free radical reactions, quench singlet 
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oxygen and photosensitized macromolecules, and protect cellular systems from 
photooxidations induced by visible and ultraviolet radiation. The radical scavenging role of 
carotenoid pigments is probably more important than the UVB absorbing properties of 
carotenoids (Gala & Giesy 1991). Another mechanism against radicals is the superoxide 
dismutase enzyme system that reacts with and neutralizes reactive oxygen species (Vincent & 
Quesada 1994). 

A second adaptation mechanism is the variety of repair mechanisms and 
photoreactivation processes available to restore cellular components after UV damage. Such 
mechanisms include DNA repair mechanisms, and photosynthesis repair mechanisms, as 
described above. The ability to repair damage is species specific, and will also depend on 
other environmental factors as temperature, nutrient concentrations, and PAR light. 

Responses of phytoplankton to UVB radiation are taxon specific. Diatoms are 
typically more sensitive to UVB radiation than other types of algae, while blue-green algae are 
relatively resistant (Gala & Giesy 1991). Motile dinoflagellates appear to be more sensitive 
than diatoms (Cullen et al. 1992, Ekelund 1990). Sensitivity appears to be size dependent, 
picoplankton is more sensitive than nanoplankton (Garcia-Pichel 1994, Helbling et al. 1992). 
An explanation for this size-dependent sensitivity may be that intracellular sunscreens are not 
possible for picoplankters due to physical and physiological constraints, but are feasible for 
nanoplankters (Garcia-Pichel 1994). These differences in UVB sensitivity may result in shifts 
in species composition under UVB stress. 

1.3.2 UVB effects on zooplankton 

UVB effects on zooplankton have been reviewed by Siebeck et al. (1994). 
Mechanisms of damage and repair processes on cellular level are similar for phytoplankton 
and zooplankton. An important consequence of zooplankton having specialized cell types is 
the possibility of differential damage and repair in different tissues (Siebeck et al. 1994). 

UVB effects on organism level can be lethal, depending on the UVB intensity and 
exposure duration. UVB induced mortality in single-species assays was shown for cladocerans 
(e.g. Siebeck 1978, Zagarese et al. 1994), and copepods (e.g. Ringelberg et al. 1984, Zagarese 
et al. 1997). Short term in situ incubations with a natural population of zooplankton showed 
different sensitivity between taxa, the copepod Diaptomus showed a strong response to UVB 
radiation, and the rotifer Keratella showed no response to UVB radiation (Williamson et al. 
1994). Short term incubations in a clear lake showed that UVB could induce mortality of 
Daphnia until depths of 1.5 m. Similar incubations in 3 eutrophic lakes did not show 
significant mortality below 20 cm depth (Zagarese et al. 1994). But even if short-term 
incubations do not show mortality, sub-lethal doses may negatively affect fecundity, as shown 
for copepods (e.g. Karanas et al. 1981, Williamson et al. 1994). 

Survival strategies for zooplankton can be divided in avoidance and adaptation. Since 
adaptation processes on cellular level are similar to the processes in phytoplankton described 
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in the previous paragraph, only avoidance strategies will be described here. The well-known 
phenomenon of diel vertical migration (DVM) of zooplankton (see review by Lampert 1989) 
offers the potential for UVB avoidance. Visible light may act as a controlling, an initiating and 
an orientating cue during migration. Endogenous rhythms are important for some species but 
for others migration appears to result from responses to changes in exogenous environmental 
factors (Forward 1988). 

Daphnia is able to detect UV radiation (Smith & Macagno 1990) and responds with an 
immediate downward migration (Hessen 1994). The UV receptor of Daphnia has a peak 
sensitivity at 348 nm. Comparison of migrating and non-migrating Daphnia showed that the 
former species was more sensitive to UVB than the latter one (Siebeck & Bohm 1994). 

The occurrence of photoprotective compounds in zooplankton is well-known. Three 
major types occur in planktonic crustaceans: carotenoid pigments, cuticular melanin, and 
mycosporine-like amino acids (MAAs). In general, copepods have carotenoid pigments, and 
cladocerans have cuticular melanin. MAAs have not yet been detected in freshwater 
zooplankton, but they are widely distributed in marine Antarctic organisms (e.g. Karentz et al. 
1991). Carotenoid pigmentation plays an important role in protecting copepods from short­
wave radiation {e.g. Hairston 1976, Ringelberg et al. 1984). Carotenoids are less important for 
cladocerans, but various genera possess the ability of carapace melanization. Melanized clones 
of Daphnia almost uniquely occur in alpine or Arctic locations, within these regions melanic 
populations inhabit clearwater lakes and ponds, while transparent populations are found in 
ponds with slightly humic water (Hebert & Emery 1990, Hessen & Sorensen 1990, Hobaek & 
Wolf 1991). The adaptive significance of melanic pigmentation in cladocerans is linked to 
UVB exposure. Melanic morphs of Daphnia were more resistant to UVB, but had a lower 
growth rate than hyaline morphs, suggesting a trade-off between the metabolic cost of melanin 
synthesis for UVB protection and growth (Hessen 1996). 

1.3.3 Importance of mixing on UVB effects 

Mixing processes cause planktonic organisms to be exposed to fluctuating radiation 
levels, that may vary over a range of several orders of magnitude (Smith 1989). Consider two 
organisms with the same mean depth averaged over time, one fixed at constant depth, and the 
other with vertical movement. The radiation that they are exposed to differs in three important 
respects: 1) Because radiation attenuates exponentially with depth, a vertically moving 
organism will be exposed to higher doses of any given wavelength. 2) Because of the 
wavelength dependent attenuation, a vertically moving organism will be exposed to relatively 
shorter wavelengths. 3) A vertically moving organism will be exposed to pulses of radiation 
many times higher than the mean, followed by periods of very low intensity (Zagarese et al. 
1998a). 

The net effect of UVB on an organism is the result of damage and repair processes. 
When using static incubations in field experiments, or constant radiation conditions in 
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laboratory experiments, a balance between damage and repair might be established (Buma et 
al. 1996a, Cullen & Lesser 1991). Under the fluctuating irradiance of vertical mixing 
conditions, such a steady state may be delayed. It is frequently observed that the law of 
reciprocity fails for UVB effects, effects are not only dependent on the dose, but also on the 
dose rate. The explanation is the presence of repair processes such as photoreactivation 
(Lesser et al. 1994). It seems that reciprocity holds for damage, but not for repair processes. 

The photoprotection and photoreactivation processes described in the previous 
paragraphs differ amongst species, resulting in a different UVB sensitivity (e.g. Zagarese et al. 
1997). Zagarese et al. (1998b) showed in field experiments that static incubations could 
accurately predict the survival of moving individuals for zooplankton species without 
photorecovery, but failed to do so for zooplankton species capable of photorecovery. 

Neale et al. (1998) developed a model for the inhibition of photosynthesis by UVB 
radiation in Antarctic phytoplankton. The inhibition can be enhanced or decreased by vertical 
mixing, depending on the depth of the vertical mixing layer. Mixing within the euphotic zone 
causes increased inhibition. Mixing well below the euphotic zone lessens inhibition. Predicted 
inhibition is most severe when mixing is rapid, and extends to the lower part of the euphotic 
zone (Neale et al. 1998). 

1.3.4 UVB effects on ecosystem interactions 

Photolysis of organic molecules by UVB radiation is well known (e.g. De Haan 1993, 
Strome & Miller 1978). Low molecular weight DOC is considered to be easily utilized by 
bacterioplankton. Bacterial productivity was stimulated by the photodegradation of large, 
recalcitrant organic substrates into smaller molecules (e.g. Bertilsson & Tranvik 1998, Kieber 
et al. 1989, Lindell 1996, Wetzel et al. 1995). On the other hand, photodegradation may also 
release substances that cause negative effects on phytoplankton or zooplankton (e.g. Gjessing 
& Kallqvist 1991, Hessen & Van Donk 1994). Humic substances absorb UVB radiation, and 
may thus protect organisms against UVB (e.g. Ekelund 1993). However, in the process of 
absorption, photodegradation of humic substances occurs, and this may result in a decrease in 
UVB attenuation (Morris & Hargreaves 1997). 

The interaction between UVB radiation, large organic molecules, and planktonic 
organisms is complicated. High concentrations of DOC provide variable degrees of 
photoprotection to bacteria, phytoplankton and zooplankton (Karentz et al. 1994). Photolysis 
of large molecules can act positively, because it stimulates bacterial growth, but can act 
negatively because toxic substances may be released, and photodegradation will result in an 
increase in UVB penetration. 

As described in the previous paragraph, the UVB exposure is partly determined by 
vertical mixing. For bacterioplankton, the net effect of UVB in a well mixed system may be 
positive, because mixing prevents damage, but UVB photolysis provides easily accessible 
substrates (e.g. Miiller-Niklas et al. 1995). 
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Interactions between planktonic organisms may be affected by UVB radiation. A direct 
effect of UVB radiation can be inhibition of grazing, as found for heterotrophic 
nanoflagellates (Ochs 1997, Ochs & Eddy 1998, Sommaruga et al. 1996). An indirect effect is 
a reduced grazing rate as found for Daphnia magna feeding on UVB stressed Selenastrum 
capricornutum (Van Donk & Hessen 1995). Bothwell et al. (1994) found that in shallow 
outdoor experimental streams total algal biomass doubled in the UV exposed community as 
UV radiation selectively suppressed chironomid grazers. 

Several multitrophic studies using microcosms or mesocosms have been published so 
far, with different results. The variable tolerances and responses of different species to UVB 
radiation is expected to result in changes in community structure of both phytoplankton and 
zooplankton. Worrest et al. (1978, 1981) showed that increased UVB irradiance caused a 
decrease in algal biomass, and a decreased community diversity. Experiments on large marine 
enclosures showed effects of UVB on the primary producers, and to a lesser extent on primary 
consumers. However, no effect was seen on the higher trophic levels (Keller et al. 1997). In 
an enclosure experiment in a high-altitude mountain lake in the Central Alps, no UVB effect 
was found on phytoplankton growth and species composition (Halac et al. 1997). In an 
outdoor mesocosm experiment in a high-altitude Andean lake the abundance of chlorophytes 
increased and the abundance of diatoms decreased in the UVB treatment (Cabrera et al. 1997). 

Effects of UVB radiation vary between the experiments, various mechanisms may be 
responsible for the different effects. Williamson (1995) defined four hypotheses to describe 
the role of UVB radiation in freshwater ecosystems. 1) Solar ambush hypothesis: Aquatic 
organisms that cannot detect and respond to changes in UVB are especially vulnerable. Some 
organisms have photoreceptors for UVA, but not for UVB. If this is the case, increases due to 
ozone depletion of UVB but not of UVA may result in unexpectedly high UVB exposure. 2) 
Solar bottleneck hypothesis: Some small zooplankters show a reverse diel vertical migration, 
seeking refuge from large zooplankters in the epilimnion. In oligotrophic waters, these small 
zooplankters may then be exposed to damaging levels of UVB radiation. 3) Solar cascade 
hypothesis: In cascading trophic interactions, UVB can have a strong effect on organisms by 
influencing the abundance of their food resources or predators. 4) Acid transparency 
hypothesis: Anthropogenically acidified environments are harsher UVB environments than 
naturally acidified lakes. 

Phytoplankton-zooplankton interactions receive great interest in aquatic ecology. UVB 
effects on individual species of phytoplankton or zooplankton are already widely studied (see 
previous paragraphs). It is widely hypothesized that UVB-induced changes in phytoplankton 
will affect herbivorous zooplankton. UVB effects on phytoplankton primary production, 
species composition, morphology, and biochemical composition are likely to affect 
herbivorous zooplankton. Van Donk & Hessen (1995) found a reduced grazing rate for 
Daphnia magna feeding on UVB stressed Selenastrum capricornutum. This was explained by 
a reduced digestibility as result of increased cell wall thickness. There is however little further 
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information to support the hypothesis that UVB will affect phytoplankton-zooplankton 

interactions. The aim of this thesis is to provide this information. 

The underlying hypothesis in this thesis is that phytoplankton is directly affected by 

UVB radiation, since it needs PAR for photosynthesis. Zooplankton on the other hand is not 

dependent on light, and is able to move actively through the water column. This capability of 

vertical migration, and the possible ability to detect UV radiation may allow zooplankters to 

regulate their exposure to UVB. Therefore, indirect effects on zooplankton through changes in 

its food may play a more important role. 

1.4 BIOLOGICAL WEIGHTING FUNCTIONS 

The harmful effects of ultraviolet radiation are wavelength dependent, with shorter 

wavelengths causing more damage. Biological weighting functions (BWF, or action spectra) 

have been developed to define effects as function of wavelength. These weighting functions 

describe generalized wavelength dependent responses. However, every organism has its 

specific response to ultraviolet radiation, and every scientist has his/her specific response of 

interest. Therefore any weighting function will give an approximation of the biological 

effective dose. 

The most commonly used action spectra used for higher plants are: 1) Photosynthesis 

Inhibition (PI) action spectrum (Jones & Kok 1966), derived from Hill reaction inhibition of 

isolated spinach chloroplasts by radiation between 260 and 560 nm. 2) Plant Action Spectrum 

(Caldwell 1971), derived from the damage spectra of several terrestrial plants for wavelengths 

below 313 nm. 3) DNA Action Spectrum (Setlow 1974), derived from photoproducts in DNA 

and the mutation rates and mortality of bacteria and phages at wavelengths between 250 and 

370 nm. 

The use of action spectra has been reviewed extensively in photobiology literature 

(e.g. Coohill 1989, Halldal 1967, Rundel 1983). With the increased interest in UVB effects on 

phytoplankton, the need for a general phytoplankton action spectrum increased. Recently, 

several action spectra have been developed for the photosynthesis inhibition of (marine) 

phytoplankton. Fig. 1.2 gives a comparison between the 'old' action spectra, and a selection of 

action spectra recently developed for phytoplankton. 

Cullen and co-workers have constructed biological weighting functions combined with 

a P-I model, taking into consideration that photoinhibition is dependent on both absolute UV 

irradiance, and UV relative to PAR. Weighting functions were developed for natural 

phytoplankton populations in Antarctica (curve g in Fig. 1.2), and on laboratory cultures (e.g. 

Phaeodactylum sp., curve d in Fig. 1.2) (Cullen et al. 1992, Neale et al. 1994). Behrenfeld et 

al. (1993) developed a biological weighting function for the UVB induced inhibition of 

phytoplankton carbon fixation. Measurements were made on phytoplankton populations off 

the Washington state coast. Boucher & Prezelin (1996) developed a daily integrated biological 
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weighting function for inhibition of primary production. Measurements were made on a 

natural community of Antarctic diatoms under natural daylight conditions. 

The main differences between the curves are that the PI biological weighting function 

(curve c) is very flat, and the DNA weighting function (curve b) is very steep compared with 

the other curves. The BWF developed for Phaeodactylum (curve d, Cullen et al. 1992) and the 

BWF developed for natural temperate phytoplankton community (curve f, Behrenfeld et al. 

1993) are rather similar. The other curves are quite similar as well, however the BWF for 

natural Antarctic diatom populations is more sensitive to wavelengths below 300 nm (curve e, 

Boucher & Prezelin 1996). In contrast, the BWF for natural Antarctic phytoplankton 

populations studied by Neale et al. (1994) (curve g) is less sensitive to wavelengths below 300 

nm. 
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Figure 1.2: A comparison of different biological weighting functions. For clarity of the figure, the 
spectra are normalized to 1 at 310 nm, and the y-axis is on a log-scale, a = Caldwell (1971), b = 
Setlow (1974), c = Jones & Kok (1966), d = Cullen et al. (1992), e = Boucher & Prezelin (1996), f = 
Behrenfeld et al. (1993), g = Neale et al. (1994). See text for further explanation. 
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1.5 AIM OF THIS STUDY AND THESIS OUTLINE 

The problem of ozone depletion, fluctuations in UVB radiation, and effects on 

terrestrial, marine and freshwater ecosystems has many aspects. The work in this thesis 

concentrates on the implications of UVB radiation for freshwater ecosystem functioning, 

especially the effects on phytoplankton and zooplankton. The underlying hypothesis in this 

thesis is that phytoplankton will be directly affected by UVB radiation, and that zooplankton 

will be indirectly affected by UVB through changes in its food. The results presented in this 

thesis can be divided into the following aspects: 

• What is the effect of current intensities of UVB radiation at temperate latitude on 

phytoplankton-zooplankton interactions? 

• What is the potential effect of UVB radiation on phytoplankton-zooplankton interactions? 

This thesis is composed of 9 chapters. These mostly contain (parts of) papers 

published in or submitted to international scientific journals. The attenuation of solar radiation 

in aquatic systems in the Netherlands, and theoretical relations between water quality 

variables and attenuation properties are described in Chapter 2. Chapter 3 gives a review of 

UVB effects on phytoplankton cells, and implications for herbivorous zooplankton. Chapter 4 

studies the (short-term) effects on grazing rates of different zooplankton species when grazing 

on UVB irradiated phytoplankton. Chapter 5 considers the (long-term) effects on survival, 

somatic growth and fecundity of 2 species of Daphnia when fed with UVB irradiated 

phytoplankton. Chapter 6 studies the effects of prolonged UVB exposure on indoor freshwater 

microcosm systems, with special attention for the phytoplankton-zooplankton interactions. 

Chapter 7 describes results of field experiments studying plankton interactions at different 

latitudes, in the Netherlands, Norway, and Spitsbergen (Norway). Chapter 8 attempts to link 

field seston quality and quantity variables (as food for Daphnia) with differences in light 

penetration of the sample site. Finally, concluding remarks are given in Chapter 9. 
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APPENDIX 1.1: OZONE PRODUCTION AND DESTRUCTION REACTIONS 

Ozone is continuously produced in the stratosphere. Radiation at wavelengths less than 

240 nm dissociates molecular oxygen into atoms that attach themselves to 0 2 to form ozone 

(O3) (Box 1). The production of ozone peaks in the stratosphere; at higher altitudes the 

amount of oxygen diminishes. At lower altitudes (in the troposphere) no radiation < 240 nm is 

available as it has been absorbed by the overhead stratospheric O2 and O3. The amount of 

ozone in the stratosphere is determined in the dynamic balance of production and loss 

processes. The chemical destruction of ozone in the stratosphere is brought about by catalytic 

reactions of nitrogen, hydrogen, chlorine, and bromine oxides (Box 2). In these catalytic 

cycles the active NOx, HOx, Clx and Brx are not lost, so the ozone-destroying steps can be 

repeated many times. 

Observed reductions in ozone concentrations were much larger than could be 

explained by these gas phase reactions. Strong evidence exists to support the hypothesis that 

heterogeneous gas-solid reactions occur on the surface of polar stratospheric clouds (PSC). 

The dark polar winter stratosphere becomes loaded with gaseous CI2 and HOC1, and when the 

sun rises in spring, photolytic reactions liberate CI atoms for the ozone destroying catalytic 

cycles described in Box 2 (Box 3) (Madronich 1993, Madronich 1994, Stolarski et al. 1992). 

Temperatures in the lower stratosphere are closely coupled to ozone through dynamics 

and photochemistry. Extremely low temperatures (lower than -78 °C) contribute to the 

presence of polar stratospheric clouds (PSCs). PSCs enhance the production and lifetime of 

reactive chlorine, leading to ozone depletion in the presence of sunlight. 

Depletion of ozone in the Antarctic generally starts in September, in the lower 

stratosphere (14 to 22 km), and continues until December. In this period there is limited 

exchange of air between the polar vortex and midlatitudes, and partial exposure of the vortex 

to sunlight. When the stratosphere warms up, and the polar vortex is broken, ozone-rich air 

from lower latitudes will mix and ozone concentrations increase (e.g. Solomon 1990, 

Stolarski et al. 1992). Chemical ozone loss in the Arctic is more difficult to predict. During 

cold winters, chemical ozone loss can be substantial. Ozone concentrations are more 

perturbed by atmospheric dynamics, therefore are patterns of ozone depletion in the Northern 

hemisphere less predictable (Miiller et al. 1997). Observations show that ozone depletion 

occurs more rapidly over Scandinavia, than over most regions at corresponding latitudes 

(Bjom etal. 1998). 

20 



General Introduction 

Box 1: Production and destruction of ozone in pure-oxygen reactions (Chapman mechanism) 
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Box 2: Chemical ozone destruction reactions in catalytic cycles 
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where X may be NO, HO, CI or Br 

Box 3: Reactions occurring on the surface of polar stratospheric clouds 
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CHAPTER 2 

ULTRAVIOLET AND VISIBLE RADIATION IN THE 

NETHERLANDS: ASPECTS OF ATTENUATION 

PROCESSES IN DUTCH AQUATIC SYSTEMS 

It's a beautiful day 

The sun is shining 
I feel good 

And no-one's gonna stop me now, oh yeah. 

(Queen - It's a beautiful day) 



Chapter 2 

2.1 INTRODUCTION 

2.1.1 Optical properties of water 

The light climate is one of the most important factors determining biological processes 

in aquatic systems (e.g. Home & Goldman 1994). It is therefore not surprising that optical 

properties of freshwater and marine systems have been studied widely (e.g. Bricaud et al. 

1981, Hojerslev 1978, Jerlov & Nielsen 1974, Kirk 1994a, Smith & Baker 1979, 1981). 

Optical properties of water can be divided into two classes, the inherent and the 

apparent optical properties. Inherent optical properties can be considered as the (theoretical) 

interaction of incident radiation and the water constituents (inorganic and organic particles, 

humic substances, and water itself). The absorption coefficient (a, m'1), the scattering 

coefficient (b, m"1), and the total beam attenuation coefficient (c = a + b, m"') are inherent 

optical properties. Apparent optical properties are dependent on the radiance distribution and 

the inherent optical properties. Commonly measured optical properties as Secchi depth, light 

attenuation and reflectance are apparent optical properties (Kirk 1994a, Smith & Baker 1981). 

Changes in cloud cover, stratospheric ozone concentration, atmospheric smog, etc., 

will influence the intensity of solar radiation reaching the earth's surface (see Chapter 1). Time 

of year and latitude will affect day length and zenith angle (Kirk 1994a). Zenith angle, and 

water surface properties (waves, whitecaps, or flat surface), will affect the transmission across 

the air-water interface (Kirk 1994a). These factors acting above the water surface will not be 

described in this chapter. This chapter will focus on how ultraviolet and PAR radiation acts 

within (Dutch) aquatic systems. 

2.1.2 Absorption of light within the aquatic medium 

In the water column, a photon can be either scattered or absorbed. Light absorption in 

natural waters is attributable to four components: water itself, dissolved yellow pigments 

(humic acids), organic particulate matter (phytoplankton), and inorganic particulate matter 

(tripton). 

The light absorption by pure water is very low, and is therefore difficult to measure 

(Kirk 1994b). Pure water absorbs very weakly in the blue and green regions of the spectrum, 

absorption begins to rise above 500 nm, towards the red region (Kirk 1994a, Smith & Baker 

1981). 

Dissolved yellow pigments originate from the decomposition of aquatic or terrestrial 

biomass. Decomposition takes place by microbial action, most is converted to carbon dioxide, 

water and mineral salts, but a proportion ends up as a complex group of yellow-brown 

compounds, referred to as 'yellow substance', 'gelbstoff, 'gilvin', or 'humic acids' (Kirk 1994a). 

The absorption spectrum of these humic acids is very characteristic, and rises exponentially 

towards the ultraviolet end of the spectrum (Kirk 1994b). The concentration of dissolved 
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