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DEFINITION OF TERMS

Auxiliary cell

Carpogonium

Carpospore

Carposporophyte

Cystocarp

Connecting filaments

Gametophyte

Gonimoblast

Holdfast

Juvenile

Ooblastema
Oogamous
Pericarp
Sorus
Spermatium

Sporangia

Vi

Vegetative cell which receives the 2N zygote nucleus after
fertilization

A female sexual cell consisting of a basal portion, the contents
of which function as a gamete, and an elongated, receptive
portion, the trichogyne; female gametangium = egg container
(oogamous life cycle only)

2N spore resulting from fertilization; spore formed in a
carposporangium

2N generation where the 2N zygote is cloned to form the
carpospores

Pericarp (1N) + carposporophyte (2N)

Cell that carries the zygote nucleus from fertilized egg to
internal auxiliary cell where it is cloned and differentiates into
carposporophyte

The haploid sexual phase that exhibits an alternation of
generations from which gametes are produced by mitosis
Tissue which develops from the carpogonium or an auxiliary
cell and which ultimately produces carposporangia or
carpotetrasporangia

An attachment structure that anchors macroalgae to the
substratum, which resembles a collection of roots but has no
nutrient gathering role

The life stage between the embryonic stage and the adult stage,
characterized by the absence of reproductive ability

Also known as connecting filaments

Having large, non-motile eggs and small motile sperm

IN vegetative tissue surrounding the carposporophyte

Cluster of sprongia in the epidermal tissue of a fertile frond
Non-flagellated male gamete

Structure producing and containing spores or gametes
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Sporophyte

Syngamy

Tetrasporangium

Tetraspore

Tetrasporophyte

Thallus

Trichoblast

Trichogyne

Zoospore

2N, spore producing, asexual generation of the life cycle;
typically formed by the fusion of haploid gametes

Fusion of gametes

container with 2N cell which undergoes meiosis to form 4
tetraspores

Meiospore formed by meiosis from 2N tetrasporophyte cell
2N generation from germinating carpospores

A relatively undifferentiated plant body lacking true leaves,
stems and roots

Usually a uniseriate filament of cells with little pigmentation;
either remains sterile or undergoes division to form
spermatangia or carpogonia

Extension of egg to which spermatium attaches

A motile asexual spore using flagellum for locomotion; Also

called swarmer
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Summary

SUMMARY

Mastocarpus stellatus and Chondrus crispus (Gigartinales) are morphologically comparable
red algae distributed along the North Atlantic coast and co-inhabit the rocky eulittoral and
upper sublittoral zone. In Helgoland, M. stellatus was accidentally introduced and has
successfully colonized all natural substrates out-competing C. crispus effectively changing the
appearance of the intertidal biotope of the island. Members of the order Laminariales form
extensive sublittoral kelp beds mainly in cold temperate waters of the N-Pacific, S and N
Atlantic extending to the Arctic region. Their depth distribution limit varies among species.
Laminaria ochroleuca can be found in the upper sublittoral down to a depth of 100 m. Depth
distribution of kelp species in Helgoland is characterized by occurrence of Laminaria digitata
in the upper sublittoral whereas L. saccharina and L. hyperborea dominate the mid and lower
sublittoral. The kelp forest of Kongsfjorden, Spitsbergen (Svalbard) is structured by the
annual Saccorhiza dermatodea and the perennial canopy species Alaria esculenta, L. digitata
and L. saccharina growing in this sequence down to about 10- 20 m. The endemic Arctic

species L. solidungula occurs predominantly in the inner zone of the fjord at great depths.

In this study, the susceptibility of the early life stages (spores and juveniles) of
Gigartinales and Laminariales to ultraviolet radiation was investigated in the laboratory and in
situ (Arctic Laminariales only). Experimental units were exposed to radiation consisting
either of photosynthetically active radiation (PAR; 400- 700 nm), PAR + UV-A radiation
(UV-A; 320- 400 nm) and PAR + UV-A + UV-B radiation (UV-B; 280- 320 nm) using cut-
off filters. Optimum (F/F},) and effective quantum yields of PSII (AF/Fy,’), pigment content,
DNA damage and repair, germination and growth were measured. Responses were related to
the thallus thickness, optical characteristics, UV-screening compounds of the control
specimen maintained in culture and collected in situ. Ecological implication was related to

seasonal reproduction, recruitment success, and upper depth distribution observed in the field.

Photosynthetic efficiency of spores of Laminariales and Gigartinales is already
inhibited at 20 and 60 pmol photons m? s PAR respectively. UV radiation (UVR)
contributes significant additional effect on photoinhibition. Recovery of the PSII function
after exposure to dim white light was observed but not in zoospores exposed to irradiation

longer than 4 hours of PAR + UV-A + UV-B and 8 hours of PAR + UV-A. Photosynthetic
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Summary

efficiency of carpospores was able to recover in all treatments. Juveniles of Mastocarpus and
Chondrus repeatedly exposed to 15- 28 days of UVR showed complete acclimation of
photosynthetic efficiency after 3 days while AF/Fy,,’ of Laminaria ochroleuca was only
partially able to acclimate to UVR. Chlorophyll a (Chl a) contents in young gametophytes of
both Mastocarpus and Chondrus were not affected by repeated UV exposures. A higher total
carotenoid content was measured in plants exposed to UVR indicating a photoprotective role
of the pigment enhancing acclimation of photosynthesis. Chlorophyll a and accessory
pigments were significantly affected under UVR in L. ochroleuca but not in other

Laminariales from Helgoland and Spitsbergen.

Reproductive cells were more susceptible to UVR compared to young and adult
gametophytes and sporophytes. Differences in DNA damage between life stages were
observed in both groups of macroalgae. DNA damage measured through formation of
Cyclobutane pyrimidine dimers (CPDs) was observed in carpospores of Mastocarpus and
Chondrus but not in foliose gametophytic stages. In Laminariales, haploid zoospores were
more sensitive to DNA damage compared to diploid young sporophytes. Removal of CPDs
indicating repair of DNA damage was observed in all species but minimal in the lower
sublittoral L. hyperborea. The effective DNA damage repair mechanism in carpospores of
Mastocarpus and zoospores of L. digitata will enhance their recruitment success. Diploid
carpospores were found to incur less genetic damage compared to the haploid zoospores.
Haploid zoospores were, however, more efficient in DNA damage repair. Diploid cells are,
conversely, more resistant to damage. During the diploid state DNA damage can be repaired,

since there are two copies of the gene in the cell and one copy is presumed to be undamaged.

Laboratory spore germination experiments showed that sublittoral Laminariales
species are more UV-sensitive than the eulittoral Gigartinales species. Dose response
relationship showed higher dose is needed to achieve 50% germination inhibition (BEDsp) in
Mastocarpus and Chondrus (762 and 248 J m™ respectively) compared to the Laminariales
(52- 86 J m™) at Helgoland. In situ field experiments in the Arctic, however, required up to
ten-fold higher BEDs, (418- 1124 J m™) to inhibit germination in Saccorhiza dermatodea,
Alaria esculenta and Laminaria digitata. Higher ambient PAR in the field was observed to
enhance UV tolerance of zoospores. The sensitivity of Gigartinales carpospores and
Laminariales zoospores were observed to be related to the vertical and depth distribution of

the foliose gametophytes and adult sporophytes, respectively.
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In contrast, the sensitivity of young Laminariales sporophytes to DNA damage is not
related to the upper depth distribution limits of their respective adult sporophytes. DNA
damage repair entail energy loss at the expense of growth. After 18- 21 days of repeated daily
6 hours UVR exposure and 18 hours recovery, the lower sublittoral but thick species L.
hyperborea and L. solidungula as well as the cold-temperate upper sublittoral L. digitata have
lower remaining tissue DNA damage. This is attributed either to a better repair mechanism,
protection by thallus thickness and optical characteristics, or screening by UV-absorbing
compounds but at the expense of energy which is not available for growth. The combined
protective mechanism due to thallus thickness and higher UV-absorbing compounds caused a

reduced growth rate in L. hyperborea and L. solidungula.

Growth rates of young Mastocarpus and Chondrus gametophytes exposed to UVR
were not affected while growth rates of all young Laminariales sporophytes exposed to UVR
were significantly lowered. Furthermore, morphological damage was observed in Laminaria
ochroleuca which include tissue deformation, lesion, blistering and thickening of the
meristematic part of the lamina. Growth as an integrative parameter of all physiological
processes in juvenile plants was observed to be related to the upper depth distribution of the

adult sporophytes.

Aside from UV tolerance and efficient DNA repair mechanism, the apomictic
reproduction (direct-type life history) of Helgolandian Mastocarpus could also have conferred
ecological advantage to its successful dispersal and colonization of open spaces in the upper
eulittoral. This is because the direct development female gametophyte requires only an open
space and a single establishment event; whereas sexual generation must first pass through the
crustose, tetrasporophytic generation, requiring two open spaces and two establishment
events. Moreover, spores are produced year-round, not seasonally as in sexual populations.
On the other hand, the distinct reproductive seasons of Helgolandic Laminaria spp. is
remarkable. To ensure reproductive success, formation of propagules is synchronized with the
onset of favorable environmental condition. The summer reproductive season of the upper
sublittoral L. digitata suggests that sporogenic tissues as well as zoospores of this species
could tolerate or possess effective protective mechanism against high solar radiation. On the
other hand, winter reproduction in the lower sublittoral L. hyperborea is thought to be a
strategy to avoid reproductive failure due to the relative sensitivity of their zoospores to high

PAR and UVR.
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In conclusion, the susceptibility of the reproductive cells to UVR is one important
factor for determination of spore viability, germination success and recruitment capacity of
germlings to the upper distribution limit of the adult life history stages. Juveniles are observed
to possess several mechanisms to minimize UVR damage and, hence, are less sensitive but at

the expense of growth.
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Zusammenfassung

ZUSAMMENFASSUNG

Die sich morphologisch dhnelnden Rotalgen Mastocarpus stellatus und Chondrus crispus
(Gigartinales) kommen entlang der Nordatlantischen Kiiste vor und besiedeln gemeinsam die
Felskiisten im Eu- und oberen Sublitoral. Nachdem M. stellatus auf Helgoland eingeschleppt
wurde, verdringte sie wahrscheinlich C. crispus und kolonisierte alle noch unbesiedelten
Substrate, wodurch das Erscheinungsbild des Eulitorals der Insel verdndert wurde.
Angehorige der Ordnung Laminariales bilden im Sublitoral groBflichige Seetangwilder in
den kaltgemaBigten Zonen des Nord-Pazifik, des Nord- und Siid-Atlantiks und der Arktis. Die
Arten der Gattung Laminaria kommen in verschiedenen Tiefen der Wassersdule vor, wobei
man Laminaria ochroleuca vom oberen Sublitoral bis zu einer Tiefe von 100m finden kann.
Auf Helgoland wichst Laminaria digitata im oberen Sublitoral, wihrend L. saccharina und
L. hyperborea das mittlere und untere Sublitoral dominieren. Im Kongsfjord auf Spitzbergen
wachsen die einjahrige Braunalge Saccorhiza dermatodea und die mehrjdhrigen Arten Alaria
esculenta, L. digitata und L. saccharina in dieser Reihenfolge bis in 10- 20 m Wassertiefe.
Die endemische arktische Art L. solidungula tritt dabei bevorzugt im inneren Bereich des

Fjords in groBerer Tiefe auf.

In dieser Arbeit wurde die Empfindlichkeit der frithen Entwicklungsstadien (Sporen
und juvenile Stadien) der Gattungen Gigartinales und Laminariales gegeniiber ultravioletter
Strahlung im Labor und in situ (nur Laminariales) gemessen. In der Versuchsanordnung
wurde die Algen photosynthetisch aktiver Strahlung (PAR; 400- 700 nm), PAR + UV-A-
Strahlung (UVBR; 280- 320nm), als auch PAR + UV-A + UV-B-Strahlung mittels UV-
absorbierender Filter ausgesetzt. Gemessen wurde die optimale (F\/Fy) und effektive
Quantenausbeute von PSII (AF/Fy,’), der Pigmentgehalt, DNA-Schiaden, DNA-Reparatur,
Keimung und Wachstum. Die Ergebnisse wurden mit der Dicke der Thalli, optischen
Eigenschaften und UV-absorbierenden Substanzen von Kontrollalgen, die in situ gesammelt
und kultiviert wurden, verglichen. Okologische Auswirkungen wurden mit saisonalen
Reproduktions- und Besiedlungsraten und dem Vorkommen in der oberen Wasserséule

korreliert.

Die photosynthetische Aktivitét ist bei den Laminariales und auch den Gigartinales

schon bei einer Bestrahlungsstirke von 20 bis 60 pmol Photonen m™s™ PAR und unter UV-
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Zusammenfassung

Strahlung (UVR) sogar noch stdrker inhibiert. Eine Wiederherstellung der PSII-Funktion in
Schwachlicht Exposition konnte aufler bei Zoosporen, die ldnger als 4 Stunden einer
Bestrahlung mit PAR + UV-A + UV-B bzw. 8 Stunden einer Bestrahlung mit PAR + UV-A
ausgesetzt waren, beobachtet werden. Die photosynthetische Aktivitit der Carposporen von
Rotalgen erholte sich nach allen Bestrahlungsmodi. Juvenile Sporen von Mastocarpus und
Chondrus, die wiederholt wihrend eines Zeitraumes von 15- 28 Tagen einer Bestrahlung mit
UVR ausgesetzt waren, zeigten nach drei Tagen eine vollstindige Akklimatisation der
photosynthetischen Aktivitdt an UVR, wihrend AF/F,,’ bei Laminaria ochroleuca sich nur
teilweise anpassen konnte. Der Chlorophyll a-Gehalt (Chl a) von jungen Gametophyten bei
beiden Rotalgenarten (Mastocarpus und Chondrus) wurde durch  wiederholte UV-
Bestrahlung nicht beeinflusst. Dagegen wurde ein hoherer Carotenoidgehalt in Pflanzen, die
mit UVR bestrahlt wurden, festgestellt. Dieses Ergebnis deutet an, dass diese Pigmentgruppe
eine Rolle bei der Photoprotektion durch eine verbesserte Akklimatisierung der Photosynthese
unter ultravioletter Bestrahlung spielt. Chlorophyll @ und die akzessorischen Pigmente wurden
innerhalb der Gattung Laminariales nur bei der Art L. ochroleuca durch UV-Strahlung

signifikant beeintrachtigt.

Fortpflanzungszellen sind anfélliger gegeniiber UV-Strahlung als bereits differenzierte
junge und adulte Gametophyten und Sporophyten. Ontogenetische Unterschiede bei der
Schadigung der DNA konnten in beiden Makroalgengruppen (Gigartinales und Laminariales)
festgestellt werden. Einen Schaden der DNA wurde nur bei Carposporen, nicht aber bei den
Gametophyten der Gattungen Mastocarpus und Chondrus durch Nachweis der Bildung von
Cyclobutyl-Thymindimere (CPDs) festgestellt. Bei der Ordnung Laminariales reagierten
haploide Zoosporen sensitiver mit DNA-Schaden als junge diploide Sporophyten. Die
Abnahme des Gehalts an CPDs, weist auf eine Reparatur der geschéddigten DNA bei allen
Arten hin. Dies war aber am wenigsten ausgeprigt bei der im unteren Sublitoral anséssigen L.
hyperborea. Die effektive DNA-Reparatur bei den Carposporen der Gattung Mastocarpus und
bei den Zoosporen von L. digitata erhoht die Moglichkeit zur Besiedlung des oberen
Eulitoral. AuBerdem wurde beobachtet, dass sich die diploiden Carposporen geringere DNA-
Schiaden zuzogen als die haploiden Zoosporen. Dennoch konnen haploide Zoosporen
effizienter ihre DNA reparieren. Andererseits sind diploide Zellen widerstandsfahiger
gegentiiber einer Schidigung der DNA. Denn in der diploiden Phase eines Organismus kann
ein auftretender Schaden repariert werden bzw. ohne Folge bleiben, wenn eine Kopie des

Gens unbeschidigt bleibt.

xiil



Zusammenfassung

Die Auskeimversuche von Sporen im Labor zeigten, dass die sublitoralen
Laminariales UV-sensitiver als die eulitoralen Gigartinales waren. Bei einer Analyse der
Dosiswirkung auf die Versuchsalgen von Helgoland wurde festgestellt, dass eine hohere
Dosis bei den Gattungen Mastocarpus and Chondrus (762 bzw. 248 J m™) nétig war, um das
Keimen von 50% der Sporen zu verhindern (BEDs) als bei Angehorigen der Gattung
Laminariales (52- 86 J m™). In situ Feld-Experimente in der Arktis erforderten einen zehnfach
hoheren BEDsy (418- 1124 J m'z), um die Keimung der Sporen der Arten Saccorhiza
dermatodea, Alaria esculenta and Laminaria digitata zu inhibieren. Eine hohere PAR im Feld
steigerte also die UV-Toleranz von Zoosporen. Es wurde festgestellt, dass ein Zusammenhang
zwischen der Sensitivitit von Carposporen der Gattung Gigartinales und Zoosporen der
Gattung Laminariales und der Vertikalverteilung in der Wassersdule der foliosen

Gametophyten bzw. adulten Sporophyten besteht.

Die Empfindlichkeit von jungen Sporophyten der Gattung Laminariales gegeniiber
DNA-Schédden hingegen hingt nicht mit der Verteilung ihrer adulten Sporophyten in der Tiefe
zusammen. Eine Reparatur der DNA hat einen Energieverbrauch zur Folge, der sich negativ
auf das Wachstum der Algen auswirkt. Nach 18 bis 21 Tagen wiederholter, tiglich 6stiindiger
Bestrahlung mit UV-Strahlung und einer anschlieBenden 18stiindigen Erholungsphase, hatten
sowohl die im unteren Sublitoral vorkommenden, aber mit dickeren Thalli ausgestatteten
Arten L. hyperborea und L. solidungula als auch die im oberen Sublitoral Helgolands
heimische Art L. digitata einen geringeren, bleibenden Schaden in der DNA. Dies héngt
entweder mit besseren Reparaturmechanismen, der Dicke des Thallus und seiner optischen
Charakteristik oder mit der Abschirmung durch UV-absorbierende Substanzen zusammen.
Dies ist aber nur durch einen héheren Energieverbrauch, der zu Lasten des Wachstums geht,
moglich. GroBere Thallusdicke und hohere Konzentration von UV-absorbierenden
Substanzen war bei L. hyperborea und L. solidungula mit einem verringerten Wachstum

verbunden.

Wihrend die Wachstumsraten von jungen Gametophyten der Gattungen Mastocarpus
und Chondrus durch eine Bestrahlung mit ultraviolettem Licht sich nicht verdnderten, wurde
ein signifikant verringertes Wachstum bei allen jungen Sporophyten der Gattung Laminariales
festgestellt. Des Weiteren wurden morphologische Schidden bei L. ochroleuca beobachtet.
Diese waren Missbildungen, Verletzungen, Aufplatzen und Verdicken des meristematischen

Gewebes. Das Wachstum von juvenilen Pflanzen, ein integrativer Parameter aller physiolo-
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Zusammenfassung

gischen Prozesse, hidngt mit der Verteilung der adulten Sporophyten in flacher Tiefe

zusammen.

Neben UV-Toleranz und effizienten DNA-Reparaturmechanismen konnte auch die
apomiktische Reproduktion der auf Helgoland eingefiihrten Gattung Mastocarpus, dieser
einen Okologischen Vorteil bei der Besiedlung und Kolonisierung von freiem Raum im
oberen Eulitoral verschafft haben. Die sich direkt entwickelnden weiblichen Gametophyten
brauchen nur freien Raum und ein einziges Besiedlungsereignis, wohingegen die sexuelle
Generation zuerst die krustenformige, tetrasporophytische Generation durchleben muss. Dazu
sind zweimal ein freier Raum und zwei Besiedlungsereignisse notwendig. Aullerdem werden
Sporen das ganze Jahr iiber produziert und nicht nur saisonal wie bei der sexuellen
Vermehrung. Auf der anderen Seite sind die verschiedenen reproduktiven Jahreszeiten der
Gattung Laminaria spp. auf Helgoland bemerkenswert. Um einen reproduktiven Erfolg
sicherzustellen, sollte die Produktion von Fortpflanzungsorganen mit dem Auftreten von
giinstigen Umweltbedingungen synchronisiert werden. Die reproduktive Sommerzeit der
sublitoralen Art L. digitata wiirde darauf hinweisen, dass sowohl Sorusgewebe als auch
Zoosporen dieser Art entweder eine hohe Toleranz bzw. effektiv schiitzender Mechanismen
gegeniiber hoher Sonneneinstrahlung besitzen. Andererseits wird die Winterreproduktion der
tiefer zonierten Art L. hyperborea dahingehend interpretiert einen Reproduktionsausfall zu
verhindern, da ihre Zoosporen eine hdohere Empfindlichkeit gegeniiber PAR und UVR

besitzen.

Zusammenfassend kann man sagen, dass die Empfindlichkeit von reproduktiven
Zellen gegeniiber ultravioletter Strahlung ein wichtiger Faktor fiir die Entwicklungsféhigkeit
der Sporen, fiir den Keimungserfolg und fiir das Wachstum der Keimlinge in der obere
Verbreitungszone der adulten Lebensstadien ist. Es wurde festgestellt, dass Jugendstadien
mehrere Mechanismen zur Reduzierung der Schdden durch ultraviolette Strahlung besitzen

und damit weniger empfindlich sind, was aber zu Lasten ihrer Wachstumsrate geht.
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Introduction

1 INTRODUCTION

1.1 Marine macrophytes and communities

The total annual primary production of aquatic freshwater and marine ecosystems is estimated
at 45.8 x 10" g C. Of which, the phytoplankton fraction is 95% while the small areas of
coastal macrophytes, salt marshes, and estuaries contribute 3.18% of the global aquatic
primary production (Mann 1973; de Vooys 1977). Marine macrophytes or seaweeds occupy
different habitats in the rocky intertidal and subtidal zones and form the major components of
these habitats. They play important ecological roles as nutritional base in marine communities
by providing food for many marine herbivores (Liining 1985). In the temperate and polar
regions, seaweeds can form dense underwater forests called kelp forest. The lush blades form
canopies and the labyrinth holdfast support different marine communities by providing a
physical structure for shelter, protection from predators and nurseries for many marine
animals. The kelp forest also serves several species of fish foraging area for the many

invertebrates associated with the kelp.

The benthic marine flora is dominated by multicellular Chlorophyta, Rhodophyta, and
Phaeophyta. Seaweed morphologies include crustose, filamentous, pseudoparenchymatous
and parenchymatous while their anatomy ranges from almost no differentiation between cells
to the complex tissues of kelp and fucoids (Lobban & Harrison 1994). Seaweeds have also
been classified into functional-form groups, such as calcareous, encrusting, thin sheets and
thick leathery, which have characteristics levels of productivity (Littler & Littler 1980). The
island of Helgoland (North Sea) has a diverse marine macroalgal flora (Bartsch &
Kuhlenkamp 2000). The rocky intertidal zone supports prominent and extensive pure
Mastocarpus stellatus Stackhouse (Guiry) biotope or a mixture of M. stellatus and Chondrus
crispus Stackhouse community (Bartsch & Tittley 2004). Community structure in the subtidal
down to 15 m depth has been described by Liining (1970) where kelps constitute the major
biomass of the primary producers. Laminaria digitata (Hudson) Lamouroux inhabits the
uppermost part of the sublittoral while L. saccharina (Linnaeus) Lamouroux and L.
hyperborea (Gunnerus) Foslie dominates the middle and lower sublittoral of the kelp zone,
respectively (Liining 1979). Laminaria ochroleuca de la Pylaie is distributed along the coast

of S and N Atlantic (Benhissoune et al. 2002; Izquierdo et al. 2002), the Mediterranean
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(Ribera et al. 1992) and an isolated population in the Strait of Messina down to depths in
excess of 100 m (Drew 1972).

In the Arctic, marine seaweeds have a circumpolar distribution and are also found
throughout the temperate North Atlantic (Liining 1985). In Kongsfjorden, Spitsbergen
(Svalbard) the kelp forest is structured by the annual Saccorhiza dermatodea (Bachelot de la
Pylaie) J. Agardh in the upper sublittoral and the perennial canopy species Alaria esculenta
(Linnaeus) Greville, Laminaria digitata and L. saccharina in the mid sublittoral (Wiencke et
al. 2004a). The endemic Arctic species L. solidungula J. Agardh occurs predominantly in the
inner zones of the fjord at great depths (Hop et al. 2002).

1.2 Factors determining algal zonation and upper distribution limit

Propagules of marine macroalgae (spores, gametes and zygotes) can be dispersed throughout
the intertidal and sublittoral zones (Hoffmann & Ugarte 1985). Macroalgal recruitment in
coastal environments can however be influenced, beside other factors, either by temperature,
ultraviolet radiation, nutrients and their synergistic effects (Lotze & Worm 2002). The
survival of juvenile plants is further controlled by demographic factors, competitors, and

grazers (Dean ef al. 1989) in shaping up algal zonation pattern and distribution limits.

Intertidal seaweeds are periodically exposed to air during low tides where they
experience a variety of stressful environmental conditions (see review, Davison & Pearson
1996). To be able to inhabit the intertidal zone, an alga should be able to withstand emersion.
Davison and Pearson (1996) classified stresses in the intertidal zone as disruptive or limitation
stress. Stresses that are disruptive include exposure to high light, high temperature, freezing,
desiccation and osmotic shock. Limitation stress, on the other hand, is the temporary isolation
from essential nutrients such as nitrogen and phosphorous during tidal emersion. Moreover,
the algae are exposed to a very different environment for photosynthesis in the air. Inter-
specific differences in stress tolerance among intertidal macroalgal species are therefore

important in shaping up the community structure and zonation pattern.
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Fig 1. Summary of the principal features of the direct-type (apomictic) and heteromorphic life histories in Mastocarpus
stellatus. The heteromorphic life history involves a change in ploidy level between the diploid sporophyte and haploid
gametophyte, whereas the direct-type life history is diploid throughout. Female gametophyte and tetrasporophyte are
typically reddish-black to olive brown in color while male gametophyte is bright yellow to light pink. Modified from
http://www.mbari.org/staff/conn/botany/reds/mastocar/lifehist.ntm and Maggs 1988.

Sublittoral algae have a very limited resistance to desiccation and freezing when
compared to intertidal species. In the subtidal zone, irradiance is the major factor which may
determine the upper and lower distribution limit of macroalgal species (Liining 1985). The
light compensation point sets the physiological constraint for the depth limit of macroalgae
and determines the ability of macroalgae to grow in shaded habitats, below rocks or canopies
of other algae (Markager & Sand-Jensen 1992). This explains why adult sporophytes of

Laminaria digitata are excluded from the deeper kelp zones (Liining 1979) while L.

3
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ochroleuca are able to produce enough photosynthate for growth at depths down to 100 m,
where water clarity is similar to Jerlov’s (1976) type IB Oceanic water, and 5% of surface

PAR (18 W m™) reaches the kelp community at 50 m (Drew et al. 1982).

Aside from compensatory light requirements, sublittoral macroalgae are also subjected
to mechanical stress due to constant water motion. Seaweeds cope with waves and currents by
having strong holdfasts, flexible stipes and blades. A significant positive relationship between
wave intensity and depth of the upper limit of giant kelp Macrocystis pyrifera Agardh was
observed in the Pacific coast of USA (Graham 1997). On the other hand, density of Laminaria
ochroleuca was observed to be higher in an estuarine and sheltered site (8- 30 plants m™)
compared to sites exposed to wave and current surge (2- 3 plants m?) (John 1971; Sheppard

etal. 1978).

1.3 Seaweed life histories

Seaweed life histories follow different patterns. In some species the thalli are haploid and the
only diploid stage is the zygote (e.g. in the green alga Ulothrix). In other species the thalli are
diploid and the only haploid stages are the gametes (e.g. in the brown alga Fucus). An
alternation between haploid gametophyte and diploid sporophyte is common, but many
variations exist. Some seaweeds with such a heteromorphic life history have heteromorphic
sporophytes and gametophytes. Sexual reproduction may be isogamous, anisogamous, or
oogamous. Gamete fusion or syngamy is regulated by cell recognition mechanisms on cell
surfaces. In brown algae, motile gametes may be attracted to each other or to a stationary egg
by volatile pheromones (Miiller 1989). In red algae, sexual reproduction often involves
complex post-fertilization development of carposporophyte for zygote amplification (Lobban

& Harrison 1994).

The red alga Mastocarpus stellatus has principally a heteromorphic life history where
carpospore produces crustose plants previously referred to the genus Petrocelis (Fig. 1). Some
populations, however, have a direct-type life history where carpospores produce basal disc
initiating uprights which further develop into foliose plants, again producing carpospores,
suggesting a complete apomictic life history (Chen et al. 1974; West et al. 1977; Rueness
1978; Guiry et al. 1984). The heteromorphic life history involves a change in ploidy level
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between the diploid sporophyte and haploid gametophyte, whereas the direct-type life history
is diploid throughout (Maggs 1988). Female gametophytes and tetrasporophytes are typically
reddish-black to olive brown in color while male gametophytes are bright yellow to light pink.
The previously Petrocelis-classified tetrasporophytic crust of Mastocarpus are usually 5 cm
but can get up to 1 meter in diameter and are typically 2- 2.5 mm thick. Molecular evidence

confirms the relationship between Petrocelis sp. and Mastocarpus (Bird et al. 1994).

Fig. 2. Schematic diagram of the life history of Chondrus showing (1) male gametophyte, (2) transverse section
of spermatangial sorus, (3) spermatia, (4) female gametophyte, (5) procarp, (6) fertilization, (7) young
gonimoblast from supporting cell, (8) carposporangia, (9) carpospore (10) carposporeling, (11, 12) young
tetrasporophytes, (13) tetrasporophyte, (14) young tetrasporangial sorus, (15) tetrasporangium, (16)
tetraspores, (17) tetrasporeling, (18, 19) young gametophytes, (a) trichogyne, (b) carpogonium, and (c)
supporting cell. Adapted from Masuda & Hashimoto 1993.
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Mastocarpus stellatus was recently introduced in Helgoland (Kornmann & Sahling
1994). Since its introduction, only female gametophytes are observed in the field which are
fertile all year round. A study on different isolates of M. stellatus across North Atlantic
showed that in plants from Denmark and Iceland, only the direct-type life history is found
(Guiry & West 1983) from where the Helgolandian population originated.

In Chondrus crispus, the tetrasporophytic and gametophytic generations are
isomorphic (Fig. 2). The gametophytes are similar in morphology to Mastocarpus. However,
the types of carrageenan composing their cell walls are distinct making it easy to identify life
history stages in the vegetative state (Garbary & DeWreede 1988). A typical alternation of a
haploid gametophyte with a diploid carposporophyte, and a diploid tetrasporophyte is
indicated in this species (Chen & McLachlan 1972). Demographic studies on Chondrus
fronds, however, showed that many populations are found to be overwhelmingly
gametophytic (approximately 80%; Bhattacharya 1985; Chopin 1986; Dudgeon & Johnson
1992; Lindgren & Aberg 1996; Carrington et al. 2001), although tetrasporophyte dominated

populations have also been infrequently observed (Lazo ef al. 1989).

The brown algal genus Laminaria J.V. Lamouroux has a heteromorphic life history
with an alternation of macroscopic sporophytes and microscopic gametophytes (Fig. 3). The
sporophyte develops sporangia which divide meiotically producing flagellated haploid
zoospores. Zoospores are released and upon settlement develop into microthalli which bear
the gametangia. Sexual reproduction is oogamous. Male gametophytes produce sperm (male
gametes) in antheridia and female gametophyte produces eggs in oogonia. Fertilization takes
place with the egg partially extruded from the oogonium and the zygote often develops in situ
to form a sporophyte. Sporophytes of Laminariales are differentiated into holdfast, stipe and

lamina while gametophytes are undifferentiated and are filamentous and creeping.

Enormous amounts of propagules are produced by seaweeds, but only a small fraction
survives to become mature plants. Competition takes place within and between species, and
grazing and physical factors account for much of the mortality among juveniles. Marine
communities are dynamic where recruitment and succession take place on available substrates

across the vertical gradient of coastal environments (Lobban & Harrison 1994).
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Figure 3. Schematic diagram of the life cycle of Laminaria showing (a) macroscopic sporophyte, (b) section of
sorus with sporangia, (c) haploid zoospores, (d, €) germinating spores, (f) microscopic male gametophyte
with sperm-producing antheridia, (g) microscopic female gametophytes with egg-producing oogonia, (h)
zygote, and (i) developing young sporophyte. Modified from Bold 1973.

14 Photosynthetically active and ultraviolet radiation

The sun radiates energy over a broad spectrum of wavelengths. Light differs in its
wavelength, frequency and energy. High energy wavelengths are characterized by high
frequencies and short wavelengths. Wavelengths between about 400 nm - 700 nm are
absorbed by the pigments inside the retina of our eyes and are collectively referred to as
‘visible light’ or known as photosynthetically active radiation (PAR). The amount of light
harvested by a thallus depends on both pigment concentration and thallus morphology. The
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rate of photosynthesis is strongly dependent on irradiance level. At the compensation point,
photosynthesis equals respiration. Photosynthesis is maximal at saturating irradiance while at
very high irradiance; the photosynthetic rate may be declined because of photoinhibition.
Seaweeds can acclimate to differences in light quality and quantity by increasing the quantity
of pigment or the density of photosynthetic units, and by changing the ratio of accessory

pigments to chlorophyll a (Lobban & Harrison 1994).

UV radiation is defined by the Commission Internationale de 1'Eclairage, International
Commission on Illumination (CIE) as UV-C (100 nm < A < 280 nm), UV-B range (280 nm <
A < 315 nm), and UV-A (315 nm < A < 400 nm). The level of UV radiation (UVR) that
reaches the Earth's surface can vary depending on a number of factors. The ozone layer
absorbs most of the sun's UV-B radiation, but the absorption has decreased due to the thinning
and destruction of ozone layer from the release of ozone-depleting substances that have been
widely used in industry (Solomon 1990). Solar UV irradiance is highest when the sun is in
zenith i.e. around noon and during the summer months. UV irradiance increases with altitude
because the atmosphere is thinner and less capable of absorbing the UV rays. Cloud cover
reduces UV levels while some surfaces, such as snow, sand, grass, or water can also reflect

much of the UVR that reaches them.

Most stratospheric ozone is produced in low latitudes and transported to high latitudes.
In the tropics, the ozone layer is thin compared to the mid- and high-latitudes. The sun's
irradiance is highest at the equator, where the sun is directly in zenith and UV rays travel the
least distance through the atmosphere. In contrast to the Polar Regions, the sun’s angle is
lower in the sky. Sunlight passes over long distances through ozone-rich portions of the
atmosphere, so more of the UV-B is absorbed. Average UV-B exposure at the poles is

therefore lower than at the equator (Wéngberg et al. 1996).

Stratospheric ozone depletion over Antarctica was first observed and reported in the
early 1980s (Farman et al. 1985). Net springtime stratospheric ozone loss of up to 60-70%
was since observed a yearly recurring phenomenon over Antarctica that intensifies ambient
UV-B radiation (Crutzen 1992; Herman et al. 1996). Moreover, the area affected by ozone
depletion has expanded to 5 fold over the past decades in the continental Antarctica. In the
Arctic, springtime stratospheric ozone depletion was also detected recently at a less severe

loss of up to ~ 20-25% (Miiller et al. 1997; Dahlback 2002). Ozone loss of ~ 6% has also
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been reported in the mid latitudes (WMO 1998). The increasing UVR on the earth’s surface
caused by stratospheric ozone depletion has been documented in the polar and temperate

regions (Smith et al. 1992; Pearce 1996; Solomon 1999; Staehelin et al. 2001).

1.5 The damaging effects of high light stress and UV radiation

Excessive amounts of photosynthetically active radiation (PAR) and UV radiation (UVR)
cause a broad spectrum of photochemical, genetic and other damaging effects in aquatic
organisms. On the other hand, there are also repair and protective mechanism. The balance
between damage, repair and the energetic costs of protection can be manifested in terms of
increase energy demand, changes in cell composition, and decreased growth and survival

rates (Vincent & Neale 2000).

When exposed to irradiances exceeding the energy requirement for photosynthesis, a
strong degradation of the reaction center protein (D1) of Photosystem II (PS II) can occur
(Ohad et al. 1984; Mattoo et al. 1984; Hanelt et al. 2003). This process is called chronic
photoinhibition to distinguish it from dynamic photoinhibition through the xanthophyll cycle,
which regulates quantum yield of photosynthesis (Demmig-Adams & Adams 1992). This
involves a fast reversible process during which the quantum yields of PS II is diminished by
increasing thermal energy dissipation is probably controlled by carotenoids (Osmond 1994).
However, thermal energy dissipation by the xanthophyll cycle might not effectively protect
the algae against harmful UV effects (Bischof ef al. 1999).

Enhanced ultraviolet-B (UV-B) radiation due to stratospheric ozone depletion has
several effects on the physiology and productivity of marine macrophytes. The negative
impact of exposure to UVR includes (1) photoinhibition and eventual photodamage to the
photosynthetic apparatus (Hanelt et al. 1997a); (2) protein breakdown and the loss of specific
enzymatic or biological function (Lao & Glazer 1996); (3) formation of cyclobutane
pyrimidine dimers (CPDs) in the DNA, inhibiting genome replication and expression (Buma
et al. 1995, 2000; van de Poll et al. 2001, 2002); (4) absorption by aromatic sulthydryl-
containing biomolecules causing direct molecular damage (Vass 1997); and (5) production of
reactive oxygen species responsible for oxidative damage within the cell (Rijstenbil et al.

2000). Recent studies have implicated the role of solar and especially UV radiation (UVR) in
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determining macroalgal zonation patterns from polar to temperate regions (Dring et al. 1996;

Hanelt et al. 1997b; Bischof et al. 1998).

1.6 Protection against and repair of UV-induced damage

Responses to UV damage are counterbalanced by protection strategies such as avoidance,
screening, photochemical quenching and repair. The physiological balance to counteract the
negative effects can, however, increase energy demands for protection and repair at the

expense of growth.

Avoidance strategies include habitat selection by recruiting under the canopy of adult
sporophytes and circadian rhythms by phasing cellular activities sensitive to light at night
(Suzuki & Johnson 2001). Reproductive seasonality and diel periodicity in spore release
(Reed e al. 1988; Amsler & Neushul 1989) could also ensure reproductive success by
synchronizing propagules production and release with the onset of favourable environmental

condition (Santelices 1990; Kinlan et al. 2003).

Screening includes extracellular (cell walls, thallus thickness) and intracellular
mechanisms (UV-absorbing compounds). Species morphology is an important trait in algal
ecology. Littler and Littler (1980) defined functional-form groups in marine macroalgae and
grouped the genus Laminaria in the thick leathery functional form. However, different thallus
thickness is observed in different species of the genus whereby Laminaria hyperborea
(Gunnerus) Foslie is considered the thickest leathery species (Johansson & Snoeijs 2002). The
optical effect of the outer cell layers can influence reflection, attenuation, scattering,
absorption or transmittance of UV radiation to the inner cells (Caldwell et al. 1983) enhancing

UVR tolerance in species with increasing thallus thickness (Franklin & Forster 1997).

The pronounced wavelength selectivity of absorption in leaf epidermis of terrestrial
plants is often attributed to flavonoids and other related UV-absorbing compounds
(Robberecht & Caldwell 1978). Flavonoids absorb UVR with maximum effectiveness around
295 nm (Stapleton & Walbot 1994; Landry et al. 1995). Among Laminariales phlorotannins
are accumulated within the outer cortical layer of the thalli (Liider & Clayton 2004; Shibata et

al. 2004). UVR can therefore be attenuated by cellular UV-absorbing compounds and cell
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walls of the epidermal tissue effectively reducing UV fluence from reaching physiological

targets.

Several functions of phlorotannins have been reported in brown algae such as
herbivore deterrents, digestion inhibitors, antibacterial agents, and UV screens
(Schoenwaelder 2002). The production of these compounds involves a substantial cost in
terms of individual growth (Pavia et al. 1999). However, synthesis of moderate levels of
phlorotannins and growth could be maintained simultaneously (Steinberg 1995). The
synthesis and production of this compound in nature is not strictly inducible as a secondary
metabolite but also serve some primary and secondary roles in reproduction, fertilization,
spore attachment and cell wall construction (Arnold 2003). Its synthesis could also be in
response to specific environmental cues or stress factors and has different functions in

different kelp species.

UV-B induced DNA damage can be repaired under photo-reactivating light (van de
Poll et al. 2002), nucleotide and base excision repair, and recombination repair (Roy 2000).
Stress proteins specific for light-induced stresses in photosynthetic organisms (early light-
induced proteins, ELIPs) play a role in photoprotection (Adamska 1997). Antioxidant
enzymes, lipid-soluble antioxidants inside cellular membranes (e.g. carotenoids), and water-
soluble reductants found in the cytosol are defences against forms of reactive oxygen (Dunlap

& Yamamoto 1995).

Physiological adjustments enable the organism to undergo acclimation in order to
optimise growth in a given environment. Photosynthesis is a dynamic process which can
acclimate to variations in light intensity and spectral quality (reviewed by Senger & Bauer
1987; Falkowski & LaRoche 1991). Short term light fluctuations elicit fast and reversible
reactions such as: fluorescence or heat dissipation via the xanthophyll cycle which is
considered a major photoprotective process, or energy redistribution between the two
photosystems (Hall & Rao 1994). Some photoadaptive mechanisms that might have been
involved in UVR acclimation is the establishment of a physical barrier which shields the
photosynthetic apparatus against damaging radiation (Karentz 1994). Acclimation to high
PAR irradiance significantly increases UV-B tolerance through photoinduction of screening
compounds, increased activity of photorepair enzymes and other physiological changes

related to life under high irradiance (Warner & Caldwell 1983).
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1.7 Statement of the research questions

Physiological studies on the early life stages of macroalgae in response to environmental
stress are wanting. The question whether early developmental stages of macroalgae, specially
algal spores which are devoid of cell wall, are more susceptible to UVR than the large
developmental stages is addressed in this study. Among the few available studies, the effect of
UVR on photosynthesis had been studied only on the gametophytes and zoospores of
Laminariales (Dring et al. 1996; Wiencke et al 2000) and unicells of Ulvales (Cordi et al.
2001). Other studies on impact of UVR on the early life stages of Ulvales, Corallinales,
Laminariales, Fucales and Ectocarpales are focused either on the (1) sporulation of fertile
thalli, (2) germination and photomovement of spores, (3) growth of germlings and (4) DNA
synthesis in gametophytes (Houvinen et al. 2000, Swanson & Druehl 2000, Cordi et al. 2001,
Makarov & Voskoboinikov 2001, Banares et al. 2002, Flores-Moya et al. 2002, Altamirano et
al. 2003, Han et al. 2003). The negative physiological response to UVR includes:
photoinhibition of photosynthesis, lower spore release and motility, lower DNA synthesis and

nuclear translocation, higher spore mortality and lower germling growth.

Spores and germlings of kelps can be found to remain viable in plankton for extended
periods of time (Reed et al. 1992). Surviving spores are therefore capable of dispersal,
settlement, attachment, and initiation of new individuals across the expanse of the vertical
tidal zones, especially in crevices and sheltered tide pools. However, they can be exposed to
air during low tides and the whole spectrum of solar radiation which may contribute to the

post-recruitment mortality and exclude sensitive species from higher positions on the shore.

Survival of early transitional life history stages (e.g. spores, sporelings and germlings)
is the most critical phase leading to the successful formation of benthic populations. In
Helgoland, Mastocarpus stellatus was able to successfully colonize open spaces in the upper
eulittoral while the distribution of Chondrus crispus is limited under canopies of Fucus spp.
in the eulittoral, in tidepools and upper sublittoral. Differential susceptibility between M.
stellatus and C. crispus carpospores and young gametophytes to UVR could therefore
influence spore viability and establishment of early post-settlement stages and growth of

young juveniles.
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Although interference competition, demographic factors and grazing pressure on the
early life stages also play important role in recruitment and subsequent community structure
(Lubchenco & Menge 1978; Lubchenco 1980; Dean et al. 1989; Reed 1990; Worm &
Chapman 1996, 1998), this study is focused on the physiological constraints that lead to the
presently observed zonation pattern in Helgoland and Spitsbergen shoreline and susceptibility

of early life stages of different Laminariales across a latitudinal gradient.

The present study is the first to investigate the impact of UV-B-induced DNA damage
and repair capacity on the photosynthesis, germination and growth of the early life stages of
Gigartinales from Helgoland as well as Laminariales from the temperate Atlantic coast of
Spain and the North Sea, and the Arctic population in Kongsfjorden, Spitsbergen. One goal of
the thesis is to test the hypothesis that susceptibility of early life history stages to UVR

determines the upper depth distribution limit of the mature sporophytes.

1.8 Thesis outline

The susceptibility of spores and juvenile stages of ecologically important red and brown
macroalgae to UVR was investigated in the laboratory. Field germination experiment was also

conducted for the first time. This thesis is divided into 7 publications.

Publication 1 examines the relative susceptibility between spores and gametophytes of
the two coexisting Gigartinales (Mastocarpus and Chondrus) in the rocky littoral zone of
Helgoland. A higher tolerance against UV-B-induced DNA damage and effective repair
mechanism in carpospores of the introduced Mastocarpus is speculated to be responsible for
its successful recruitment and colonization of the eulittoral area effectively changing the

appearance of the intertidal biotope of the island.

Publication 2 describes the effect of UVR on growth, photosynthesis and pigments in
the temperate Laminaria ochroleuca. Continuous growth measurement using growth
chambers with online measuring technique was first conducted and reported in this study.
This study is also the first to report morphological damage, which includes tissue
deformation, lesion, blistering and thickening of meristematic lamina, on young sporophytes

exposed to UVR.
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Publications 3, 4 and 5 follow-up growth experiments on different Laminariales
species from Helgoland and Spitsbergen using the growth chambers with online video
measuring technique. Tissue morphology, optical characteristics and absorption spectra, as
well as remaining tissue DNA damage, were found to contribute on the sensitivity of growth

to UVR.

Publication 6 compares the relative sensitivity of the three Laminaria species from
Helgoland to UVR in the laboratory. Efficient DNA damage repair and recovery of PSII
damage contributed to germination success in different species. UVR sensitivity was found to
be related to the reproductive seasonality of kelps and on the upper depth distribution of the
adult sporophytes around the island.

Publication 7 is the first field study on spores’ germination capacity of brown algal
species exposed to ambient solar radiation. Higher ambient PAR in the field was observed to
enhance UV tolerance of zoospores. Relative susceptibility was found to be related to the

upper depth distribution limit of the adult sporophytes.
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2 MATERIAL AND METHODS

2.1 Algal materials
2.1.1 Gigartinales
2.1.11 Carpospores

Carpospores were obtained from unialgal cultures of vegetative Mastocarpus stellatus
Stackhouse (Guiry) and Chondrus crispus Stackhouse fronds which are maintained in the
Biologische Anstalt Helgoland (BAH). The culture medium of the gametophytes with fertile
carposporophytes was exchanged with fresh Provasoli-enriched seawater (Starr & Zeikus
1993) and after 3 days the spore containing medium was collected. The spores were allowed
to sink for 4 hours. Then the supernatant water was slowly sucked out by a vacuum pump to
obtain a concentrated spore suspension. Then, it was slowly and continuously agitated using a
magnetic stirrer to stop the spores from settling and derive a homogenous spore suspension. A
working spore suspension with a density of approximately 4 x 10° spores ml” was adjusted
after counting the number of spores in 20 pl of suspension on a cavity slide using an inverse

microscope.

2.1.1.2 Young gametophytes

Following the direct-type life history, carpospores of Mastocarpus develop directly into
female gametophytes (Maggs 1988). The young vegetative fronds of Chondrus used for the
study was found to be gametophytic after acetal-resorcinol test (Garbary & DeWreede 1988).
The young fronds of both species were maintained in Provasoli-enriched culture medium

(Starr & Zeikus 1993).

2.1.2 Laminariales

2.1.2.1 Zoospores

Fertile specimens of the Helgoland species of Laminaria digitata (Hudson) Lamouroux were

collected by hand in the upper sublittoral (0.5- 1 m) during low tide, while L. saccharina
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(Linnaeus) Lamouroux and L. hyperborea (Gunnerus) Foslie were collected by SCUBA
diving in the mid (2- 4 m) and lower (5- 7 m) sublittoral respectively around the island of
Helgoland. Sporophytes with sori were collected at different times during the peak fertile
season of L. digitata (May- July), L. saccharina (September- November) and L. hyperborea
(December- February). Fertile specimens of Saccorhiza dermatodea (Bachelot de la Pylaie) J.
Agardh, Alaria esculenta (Linnaeus) Greville and Laminaria digitata were collected between
May and June 2004 by SCUBA divers in Kongsfjorden at Prins Heinricheya or
Blomstrandhalveya close to Ny Alesund (Spitsbergen, 78°55°N, 11°56°E).

Thallus parts with sori were cleaned and blotted dry with tissue paper and kept for 2
days in a wet chamber in dim light at 0 °C (Spitsbergen isolates) or at 5 + 1 °C (Helgoland
isolates). Spores were released from 5 individual sporophytes per species by flooding
Provasoli enriched seawater (Starr & Zeikus 1993) to the thallus in separate Petri-dishes.
Spore density released from individual sporophytes was adjusted to 2.0 x 10° — 4.0 x 10’

spore ml™ after counting using a Neubauer chamber (Brand, Germany).

2.1.2.2 Young sporophytes

Stock gametophyte cultures of different species of Laminariales, originally established from
zoospores of fertile sporophytes collected from La Corufia (Spain), Helgoland (North Sea,
Germany) and Kongsfjorden, Spitsbergen (Svalbard, Norway) were used to obtain young
sporophytes. Filaments of male and female gametophytes were fragmented together using
mortar and pestle, and transferred to culture dishes filled with Provasoli-enriched seawater
(Starr and Zeikus 1993). Cultures were maintained inside a temperature-controlled room at 12
+ 2 °C (temperate species) or at 5 + 2 °C (Arctic species) and 10 umol photons m™ s white
light with different light: dark (LD) photoperiod to initiate gametangia formation (12:12 LD
for Laminaria ochroleuca, L. digitata, L. saccharina and L. hyperborea; 8:16 LD for L.
solidungula J. Agardh, Saccorhiza dermatodea and Alaria esculenta). After 6- 10 weeks,
young sporophytes (approximately 3 mm length) were taken from the bottom of the culture
dishes and transferred to aerated 5-liter culture bottles until sporophyte size was large enough
for experimentation. At this time, all young sporophyte cultures were maintained at 12:12 LD

photoperiod.
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2.2 Laboratory irradiation treatments

Photosynthetically active radiation (PAR) was provided by white fluorescent tubes (Osram,
L65 Watt/25S, Munich, Germany) and ultraviolet radiation (UVR) was generated by UVA-
340 fluorescent tubes (Q-Panel, Cleveland,OH, USA), emitting a spectrum similar to solar
radiation in the range 295 to 340 nm. Three kinds of glass filters and filter foils were used to
cut off different wavelength ranges from the spectrum emitted by the fluorescent tubes.
Therefore, experimental units were covered with the following filters: Quartz glass, Ultraphan
transparent (Digefra GmbH, Germany), WG 320 (Schott GmbH, Germany) or Folanorm
(Folex GmbH, Germany), GG400 (Schott GmbH, Germany) or Ultraphan URUV farblos
(Digefra GmbH, Germany) corresponding to the PAR + UV-A + UV-B (PAB), PAR + UV-A
(PA) and PAR (P) treatments respectively. Irradiation was measured using a cosine sensor
connected to a UV-VIS Spectroradiometer (Marcel Kruse, Bremerhaven, Germany) below the
cut-off filters. The biologically effective doses (BED) between 280 and 320 nm were
calculated using 2 action spectra for well-known biological responses: the generalized plant
damage (280- 312 nm, Caldwell 1971) and DNA damage for Escherichia coli (280- 320 nm,
Setlow 1974). Erythema-weighted UV dose (UV.y) below the cut-off filters was also
measured using an ELUV-14 UV-Data logger (ESYS GmbH, Berlin, Germany; El Naggar et
al. 1995). Weighted and unweighted irradiances for each experiment are presented in tables in
each chapter (see different publications). The UV (total UVR): PAR ratio of 0.6- 1.26 used in
our treatments is within the highly variable ratio of UV (305, 320, 340, and 380): PAR ratio
measured in Helgoland which ranges between 0.002- 1.4 depending on cloud cover and

season (Dring ef al. 2001).

23 Laboratory experimental set-up for growth measurements

2.3.1 Basin flow through culture system

Thalli of young Gigartinales gametophytes and Laminariales sporophytes were exposed to
experimental irradiances in a large flow-through basin (600 x 400 x 120 mm). Inside the
basin, upright standing PVC rings (120 mm diameter x 70 mm height) served as enclosure for
the algae. The PVC rings had a 5 mm diameter hole at the bottom for water inflow through
silicon tubes and water flowed out into the basin through four equidistant 10 mm diameter

holes around the PVC rings covered with mesh. From a reservoir, 80 1 of filtered and
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pasteurized seawater flow circulating into the basin through the PVC pipes using submersible
water pump (Eheim; Typ 1060, 38 L min™', Deizisau, Germany) which also provided water
movement inside the PVC rings. Water level in the basin was maintained at 60 mm, to
simulate low tides. During the experiment, water temperature was maintained at 10 + 1 °C.

Seawater was changed weekly to prevent depletion of nutrients.

23.2 Online video scanning system

Three growth chambers (ISITEC GmbH, Bremerhaven, Germany) with online video
measuring technique and a circulating water system were used for the experiment (see Figure
1 of publication 3). Light sources were mounted 15 cm above the platform consisting of 2
white fluorescent lamps (Philips, TL 8W/965, Holland) and 2 UV lamps (Q-Panel UVA-340,
40 Watt, Cleveland, USA; modified from the figure). Infrared diodes (maximum at 930 nm)
mounted at the sides of the chamber produced infrared images of the object for the video
camera, also during dark periods. The image captured by a CCD camera was analysed by a
MedeaLAB Count and Classify software (Multimedia and Software GmbH, Erlangen,
Germany) which calculates growth of the algae in terms of increased number of pixel. The
algae were fixed between the top and bottom of Plexiglas chambers and acclimated for 3 days
to 16:8 light:dark (LD) photoperiod without UVR. After acclimation, UVR was supplemented
in the middle of the light phase (09:00- 15:00 hours). Two types of glass filters: Schott-GG
400 (Schott, Germany) and Quartz glass were placed over the top of the Plexiglas chamber
covering the algae corresponding to the photosynthetically active radiation (PAR= P) and
PAR + UV-A + UV-B (PAB) treatments respectively. Three growth chambers, each unit
containing a replicate for P and PAB treatments, were operated simultaneously per species.

Seawater was changed weekly to ensure enough nutrient supply within the medium.

24 Measurement of photosynthetic performance

24.1 Thalli

Young thalli were acclimated to 46 pmol photons m™ s™ (= 10 W m™) white light at ambient
temperatures for 3 days under 16:8 h light: dark (LD) cycles. To determine the effects of
different light treatments, 6 hours UV exposure was supplemented in the middle of the light
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phase. Photosynthetic activity was determined by measuring the wvariable chlorophyll
fluorescence of PSII with a Diving PAM device (Heinz Walz GmbH, Germany). Effective
quantum yield (AF/F,,’) was measured 1 hour before UV exposure, during UV exposure and
after UV exposure in the course of several days (15 days for gametophytes of Gigartinales and

28 days for sporophytes of Laminariales).

2.4.2 Spores

Photosynthetic efficiency measured as variable fluorescence of photosystem II (PSII), was
determined using a Xenon Pulse Amplitude Modulation fluorometer (XE-PAM) connected to
a PC with WinControl software (Heinz Walz GmbH, Effeltrich, Germany). Immediately after
adjustment of spore density, spore suspension was filled into 5 ml Quartz cuvettes and the
maximum quantum yield (F,/Fy,) was measured to determine initial photosynthetic efficiency
(control at Ty, n=5) as described by Hanelt (1998). To evaluate the effect of different radiation
and exposure time treatments, 5 ml of fresh spore suspension were filled into each 35 mm x
10 mm cell culture dish and exposed to the 3 radiation conditions (P, PA, PAB) in a series of
time treatments (n=5, per treatment combination) at 10 + 1°C. After treatments, F\/F,, was
measured and spore suspension was returned to the same culture dish and cultivated under
dim white light (10 pmol photons m™ s™) for recovery. Spore suspension measured at Ty was
also maintained at the same condition. After 2 days, measurements of photosynthetic
efficiency were repeated to determine recovery and handling effect on untreated Ty samples
(now designated control at T, measurement), which were eventually used as control. Settled
and germinating spores were slowly resuspended by sucking and jetting the medium against
the bottom of the culture dish using Eppendorf pipettes. F\/Fy, after exposure and after

recovery was expressed as percent of Ty and T, control, respectively.

2.5 Measurement of thallus growth

In the basin flow through culture system, thallus growth was measured every 3 days in terms
of weight (g) and surface area (mm?) increase using a weighing scale (Sartorius CP225D,
Germany) and a scanner with an image analysis software (Winfolia™™ 5.0, Regent Instrument

Inc., Canada) respectively. In the growth chambers with online video scanning system,
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growth was continuously measured as increase in pixel sizes every 10 min for 18- 21 days.
Growth rates were computed by plotting all data points (entire experiment period) of each
replicate per treatment. They were individually fitted to an exponential equation N; = Noe",

where N; is growth at time t, Ny is initial size and r is the intrinsic rate of increase.

2.6 Spore mortality and germination rate

2.6.1 Gigartinales

For this experiment, 20 ml of working spore suspension and 20 ml of Provasoli enriched
seawater were filled into 85 mm x 15 mm culture dishes laid with cover slips. The dishes
were then exposed to the same combination of treatments used for photosynthesis and an
additional treatment of 16 h exposure at four varying levels of radiation, in triplicates. After
the treatment, spores were allowed to germinate in low white light (10 pmol photons m™ s™)
for 6 days. Carpospores settled on the cover slip were scored as dead or alive by counting 300
cells per replicate using light microscope (Olympus CH-2, Japan) equipped with 20x seawater
immersion objective. Dead cells are easily recognizable (no pigment and ghost like cell) from
the live cells (pigmented and dividing cells, sometimes with germinating tubes, see Figure 1
of publication 1). Because dead cells were also observed under P treatment, the percentage
dead cells for PA and PAB was calculated by using the average number of dead cells in P as a
control value as described by Wiencke et al. (2000):
Dead spores (%) = 100 x (Sqgead — Dc) X Lot

Where Sgeaq 1s the number of dead spores under UV-exposure, and D¢ and L¢ are the numbers
of dead and living spores under P respectively. Mortality data and BED were used to create a
dose-response relationship and to calculate the BEDsy, which is the UV dose needed to

achieve 50% inhibition in germination.

2.6.2 Laminariales

Cover slips were put inside the 85mm x 15mm culture dishes and filled with 40 ml Provasoli
enriched seawater. To ensure that the density of spores per unit area is similar throughout the
experiments, 2- 4 drops of the working spore suspension were put into each dish. The dishes

were then exposed to the same experimental treatments, in triplicates. After treatment, spores
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were allowed to germinate in low white light (10 pmol photons m™ s) for 3 days. Triplicate
of untreated samples (control) were also allowed to grow at the same low light condition.
Spores settled on the cover slip were scored as germinated or not germinated by counting 300
cells per replicate using a light microscope (Olympus CH-2, Japan) equipped with 20x
seawater immersion objective. A spore was classified as germinated when at least a germ-tube
was formed. Dead and living cells were not differentiated. Since non-germinated cells were
also observed under control, germination rate under P, PA and PAB treatments was expressed
as percent of control. Dose response relationship was also calculated to determine biological

effective dose needed to inhibit 50% germination (BEDsy).

2.7 Experimental set-up and sampling for spore DNA damage and repair

Spore suspensions were exposed to the whole light spectrum (PAB) under different exposure
times (1, 2, 4, 8, 16 hours) and at 16 hours of 4 irradiation levels. For each treatment, 6
experimental units were prepared. After the irradiation treatment, 3 experimental units (as
replicates) were processed immediately while the other 3 were allowed to recover in low
white light for 6 days in Gigartinales carpospores and 2 days in Laminariales zoospores
before processing. Settled and germinating spores were resuspended from the bottom of the
Petri dishes by jetting pressurized seawater from a wash bottle. The spore samples were
filtered through 44 mm diameter 1.0 um pore size Nuclepore® polycarbonate membrane
(Whatman, UK). Filters were individually filled into 2 ml Eppendorf tubes and frozen at -80
°C for further DNA extraction and analysis of CPDs.

2.7.1 Extraction of algal DNA

DNA was isolated following the CTAB extraction procedure described by van de Poll et al.
(2001). Spore samples were immediately treated with extraction buffer while vegetative
fronds were first homogenized in liquid nitrogen. After DNA extraction, the pellet was
dissolved in 0.2 ml TE buffer (10 mM Tris, | mM EDTA, pH 8.0), treated with RNAase (5 pul
10 mg ml™, 30 min, 37 °C; Sigma, MO) and stored at —20 °C. The DNA concentration was
quantified fluorometrically using the PicoGreen assay (Molecular Probes, Eugene, OR) and a

Cary Eclipse Fluorescence Spectrophotometer (Variance Scientific Instrument, CA). A
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dilution series with a known amount of DNA (Serva, Heidelberg, Germany) was included for

calibration purposes.

2.7.2 Assay for CPD detection

The immunoassay for CPDs was modified after Vink ef al. (1994) and van de Poll ef al.
(2001). Heat denatured samples containing 50 ng DNA were transferred to a nitrocellulose
membrane (Protran BA 79, pore size 0.1 um, Schleicher & Schuell, Keene, NH) with a
Minifold I SRC96 dot blot apparatus (Schleicher & Schuell). After a two step antibody assay,
the membrane was treated with ECL Western blotting detection reagent (Amersham
Buckinghamshire, UK) and sealed in a transparent vinyl plastic folder (Leitz, Stuttgart,
Germany). This was subsequently exposed to photosensitive ECL films (Amersham) at
different exposure times. The films were developed using X-ray film developer. Developed
films were scanned using Biorad imaging densitometer (Model GS-700, Bio-Rad
Laboratories, USA) and gray scale values were quantified using Multi-Analyst (Macintosh
Software for Bio-Rad’s Image Analysis Systems). A calibration series of UV-irradiated calf
thymus DNA (Serva) supplemented with unexposed DNA was included giving 1 pg ml™
DNA for each calibration point. The UV-irradiated DNA (45 min exposure to 2 TL 20W/12
lamps, Philips, Eindhoven, Netherlands) was previously calibrated against UV-irradiated Hela
DNA with known amounts of CPDs (kindly provided by A. Vink). CPDs were quantified by

comparing the gray scales within the linear range of the film.

2.8 Thallus morphology

Wet weight: surface area (mg: mm?) ratio was used to determine thallus thickness. Surface
area of sporophytes taken directly from the unialgal cultures was measured using a scanner
and WinFolia 5.0 image analysis software (Regent Instrument, Quebec City, Canada) and the
corresponding wet weight of the blotted tissue was weighed using Sartorius (CP225D,

Germany) weighing scale (n = 10).
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2.9 Spectrophotometric measurements

29.1 Zoospores suspension

To determine the presence of UV absorbing compounds in the zoospore suspension, untreated
samples were filled into quartz cuvettes and scanned in the 250- 700 nm waveband using
Shimadzu photometer (UV 2401PC, Japan) equipped with an integrating sphere. Absorbance
spectra of the zoospore suspension, the medium (filtrate) and zoospores were measured from:
(1) zoospore suspensions with seawater as reference (2) filtrates with seawater as reference
and (3) zoospore suspensions and filtrates as reference, respectively. The filtrate was obtained
by filtering the zoospores out of the suspension through 44 mm diameter 1.0 pm pore size
Nuclepore® polycarbonate membrane (Whatman, UK) using a vacuum pump at 400- 600

millibars to minimize damage to the cells.

2.9.2 Tissue of young sporophytes

To determine the presence of UV absorbing compounds in the tissue, young sporophytes
obtained from culture were inserted into seawater filled quartz cuvettes and scanned with
seawater as reference in the 250- 750 nm waveband using a Shimadzu photometer (UV
2401PC, Japan) equipped with an integrating sphere. For comparison, young sporophytes

collected in the field in Spitsbergen were also scanned.

2.10 Pigment analysis

Frozen samples at —80 °C from previous growth experiments were treated with 100 ul of
100% N-N-dimethylformamide and stored in darkness for approximately 16 h. Extracts were
centrifuged at 5000 rpm. Diethyl ether and water added to the supernatant to precipitate the
pigments. The volatile solvent was then evaporated under a stream of gaseous nitrogen and
the precipitated pigments were re-dissolved in 100 ul of acetonitrile/methanol/tetrahydrofuran
(75:15:10 by vol.; solvent A). Sample volume of 50 ul were injected into an HPLC set up
(Waters, Eschborn, Germany), equipped with a 600E gradient module with system controller
and a Model 996 photodiode array detector. Separations were performed on a stainless-steel

Merck LiChrosphere RP 18 cartridge (5 um: 125 mm long, 4 mm inner diameter) filled with
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material identical to the main cartridge. Pigments were eluted by a binary gradient system of
helium-degassed solvents and monitored at 436 nm. Each second, absorption spectra in the
range 300- 800 nm were recorded by the diode array detector. For optimum resolution, the
flow rate of the mobile phase of solvent A and solvent B (0.13 M ammonium acetate, 0.05 M
tetrabutyl ammonium acetate) was adjusted according to the protocol of Bischof et al. (2002).
Pigments were identified by co-chromatography with standards obtained from DHI Water and

Environment (Horsholm, Denmark).

Fig. 4. Experimental field set-up used in Kongsfjorden, Spitsbergen. Stainless steel frame holding 15 petri
dishes (53 x 12 mm) covered with different filter foils corresponding to P, PA, PAB treatments. Treatment
was assigned randomly. An ELUV 14 datalogger is fastened to determine UV-B dose at different depths.

2.11 Field experiment

Sample holders made of stainless steel frame (0.25 x 0.40 m) with bottom and top UV-
transparent Plexiglas ‘GS 2458’ (R6hm, Darmstadt, Germany) platforms accommodating 15
Petri-dishes (53 x 12 mm) arranged in 3 rows and 5 columns are used for the field
experiments (Fig. 4). To determine the effect of different radiation treatments, the top
Plexiglas area representing each Petri-dish was covered with different filter foils
corresponding to P, PA and PAB treatments. Assignment of treatment was done randomly.

The Petri-dishes were then completely filled with filtered seawater and 2- 5 drops of zoospore
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suspension from different sporophytes. Then it was covered, air-bubble free, with the top UV-
transparent Plexiglas. Four sample holders were prepared and deployed at different depths in
the fjord using anchors and floats. They were exposed to + 24 hours in the field (one set-up

was exposed to 45 hours).

In each sample holder, an ELUV 14 datalogger was fastened to determine UV-B dose
(recorded as erythema-weighted dose, UV.y; El Naggar et al. 1995) at different depths (0.25
m, 0.5 m, 1 m, 2 m and 4 m) where the set-up was deployed. Surface PAR was measured
through out the scientific campaign using a cosine quantum sensor attached to a LI-COR data
logger (LI-1000, LI-COR Biosciences, Lincoln, Nebraska, USA). Diffuse vertical attenuation

coefficients of downward irradiance of UV-B radiation were determined after Kirk (1994).

After treatment exposure, the sample holders were recovered from the fjord and the
individual Petri-dishes were covered with corresponding lids and exposed to dim white light
(10 pmol photons 2 s™") using daylight fluorescent tubes (Osram Daylight Lumilux De Luxe
L36W/12-950) at a temperature of 10 °C for 3 days to determine germination rates.
Germination was determined microscopically by use of an Axioplan microscope (Zeiss,
Gottingen, Germany) equipped with a 25x seawater immersion objective. A spore was
classified as germinated if at least a germ-tube was formed. Dead and living, but not
germinated spores were not differentiated. In each sample, approximately 300 spores were
counted and the percentage of germinated and non-germinated spores determined. Dead

spores and their remains were readily identified.

2.12 Statistical analyses

Data were tested for homogeneity of variances (Levene Statistics) and normality
(Kolmogorov-Smirnov test). Transformations were done to heteroskedastic and non-normal
data. Corresponding statistical analyses were performed on different data set in each chapter
(see different publications). Statistical analyses were done using SPSS program (SPSS,

Chicago, IL, USA).
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PAR and UVBR eifiects on photosynthesis,
viability, growth and DNA in different life stages
of two coexisting Gigartinales: implications
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ABSTRACT: The effects that ultraviolet radiation (UVR, 280 to 400 nm) and photosynthetically active
radiation (PAR, 400 to 700 nm) had on early life stages of Mastocarpus stellatus and Chondrus crispus
were studied to determine if differences in UVR tolerance could influence their recruitment success
on the upper eulittoral shores of Helgoland (North Sea). Photosynthesis, germination capacity, DINA
damage and carpospore repair were measured after exposures to different time lengths and intensi-
ties of PAR+UV-A+UV-B, PAR + UV-A or PAR alone, and also after recovery in low white light. Ger-
mination and photosynthesis of the low light adapted carpospores of both species were inhibited as
PAR was increased. Supplemental UV-A and UV-B had a small additional effect on the F,/F,, of M.
stellatus but this effect was more pronounced in C. crispus. However, photosynthesis of both species
significantly recovered after 48 h. Carpospore viability in C. crispus was more sensitive than in M.
stellatus to UVR, while a higher dose was needed to achieve 50 % germination inhibition in M. stel-
latus. Furthermore, UV-B-induced DNA damage, measured as cyclobutane-pyrimidine dimers
(CPDs), was less in M. stellatus spores, which also exhibited an efficient DINA repair mechanism com-
pared with C. crispus. In contrast, growth and chlorophyll a contents in young gametophytes of both
species were not affected by repeated UV exposures. Higher total carotenoid was measured in plants
exposed to UVR, indicating a photoprotection role, because photosynthesis completely acclimated to
UVR after 3 d. Furthermore, DNA damage was not detected on mature fronds of both species when
exposed to the full solar spectrum. Therefore, the susceptibility of carpospores to UVR could influ-
ence species recruitment to the upper eulittoral zone.

KEY WORDS: Carpospores - Gametophytes - Mastocarpus stellatus - Chondrus crispus - Germination -
Cyclobutane-pyrimidine dimers - DINA repair - Pigments
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INTRODUCTION rocky littoral zone (Lining 1990). Chondrus has al-

ways been regarded as an abundant species within the

Mastocarpus stellatus Stackhouse (Guiry) and Chon-
drus crispus Stackhouse (Gigartinales) (hereafter called
‘Mastocarpus' and ‘Chondrus’ respectively) are mor-
phologically similar red algae abundantly distributed
along the North Atlantic coasts and co-inhabit the

*Email: mroleda@awi-bremerhaven.de

lower eulittoral and upper sublittoral of the island of
Helgoland (North Sea) (Kornmann & Sahling 1977),
while Mastocarpus was not recorded there before
1983, when material from Iceland was accidentally
introduced during a scientific campaign (Kornmann &

© Inter-Research 2004 - www.int-res.com
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Sahling 1994). Now it has successfully established and
colonized all natural and man-made hard substrates,
forming extensive stands that have changed the
appearance of the intertidal biotopes of the island
(Bartsch & Kuhlenkamp 2000).

Since the introduction of Icelandic Mastocarpus to
Helgoland, only presumptive female gametophytes
have been observed in the field and fertile plants are
found all year round. Mastocarpus is heteromorphic
and has 2 basic types of life history (Chen et al. 1974,
Guiry et al. 1984). However, studies on different iso-
lates of Mastocarpus showed that only apomictic or the
direct-type life history is found in plants from Denmark
and Iceland (Guiry & West 1983), from where the
Helgoland population originated. Chondrus is iso-
morphic (Chen & McLachlan 1972) but a demographic
study showed that most populations are overwhelm-
ingly gametophytic (approximately 80%; Bhattacharya
1985, Chopin 1986, Dudgeon & Johnson 1992), al-
though tetrasporophyte dominated populations have
been also infrequently observed (Lazo et al. 1989).

Intertidal algae experience drastic environmental
fluctuations on a daily basis. During low tide they can
be exposed to desiccation, hyper- or hypo-osmofic
shock, high or freezing temperatures and full solar radi-
ation, depending on the season and latitude. Further-
more, stratospheric ozone depletion increases the ultra-
violet-B radiation (UV-BR) component of the solar
spectrum on the earth's surface (Smith et al. 1992). Re-
cent studies have implicated the role of solar and espe-
cially ultraviolet radiation (UVR) on macroalgal zona-
tion patterns from polar to temperate regions (Dring et
al. 1996a, Hanelt et al. 1997, Bischof et al. 1998). Aside
from photoinhibition of Photosystem II (PSII), UV-B
damages DNA by forming cyclobutane-pyrimidine
dimers (CPDs). These photoproducts inhibit transcrip-
tion and replication of DNA and consequently disrupt
cell metabolism and division (Buma et al. 1995, 2000),
which could directly inhibit growth and survival.

Comparative ecophysiological studies on Mastocar-
pus and Chondrus showed that Mastocarpus is more
tolerant of environmental stress such as temperature,
desiccation and freezing (Dudgeon et al. 1989, 1990,
1995). Moreover, Mastocarpus was also found to be
more efficient in scavenging reactive oxygen and more
resistant to oxidative stress (Collen & Davison 1999),
which may explain the extensive distribution of Masto-
carpus from the upper eulittoral to the upper sublittoral
zone. Recently, Bischof et al. (2000) also reported the
sensitivity of Chondrus photosynthesis to UVR while
the relative tolerance of Mastocarpus photosynthesis
to UVR was determined to be due to its 6-fold higher
total mycosporine-like amino acid (MAA) content. All
previous comparative studies on the physiological
response to environmental variations between these
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species were conducted on mature fronds (and crusts
in the case of Mastocarpus).

Early developmental stages of macroalgae, especial-
ly ‘naked' algal spores, are more susceptible to UVR
than are the large developmental stages (as shown for
zoospores of various brown algae by Wiencke et al.
2000). Physiological studies on the early life stages of
macroalgae in response to environmental stress are
lacking. Effects of UVR on photosynthesis have been
studied on gametophytes and zoospores of laminari-
ales (Dring et al. 1996b, Wiencke et al. 2000) and uni-
cells of ulvales (Cordi et al. 2001). Other studies on the
impact of UVR on the early life stages of green, red and
brown macroalgae have focused either on (1) the
sporulation of fertile thalli, (2) germination and photo-
movement of spores, (3) growth of germlings or (4)
DNA synthesis in gametophytes (Huovinen et al. 2000,
Swanson & Druehl 2000, Cordi et al. 2001, Makarov &
Voskoboinikov 2001, Banares et al. 2002, Flores-Moya
et al. 2002, Altamirano et al. 2003a,b, Han et al. 2003).
All these studies indicated high sensitivity of the early
life stages of macroalgae to UV-B. In contrast to the
relatively abundant information on UV-B-dependent
DNA damage in higher plants and phytoplankton,
information on this subject with regards to macroalgae
is still limited (e.g. Pakker et al. 2000a,b, van de Poll et
al. 2001, 2002a,b, Bischof et al. 2002a). Only 1 study
has investigated DNA damage on macroalgal spores
(Wiencke et al. 2000).

Our study focuses on UVR effects on carpospores
and young gametophytes of Mastocarpus and Chon-
drus, in order to test if their sensitivity plays a role in
the establishment of the zonation pattern on the Hel-
goland shoreline. This study is the first to investigate
UV-B-induced DNA damage and photoinhibition on
germination and growth of these early life stages. The
survival of these transitional life history stages is the
most critical phase leading to the successtul formation
of a benthic population. In the field, Mastocarpus is
able to colonize open spaces in the upper eulittoral,
while the distribution of Chondrus is limited to sites
under canopies of Fucus spp. in the eulittoral, in tide-
pools and in the upper sublittoral. We hypothesize that
differences in UVR sensitivity between Mastocarpus
and Chondrus carpospores and young gametophytes
atfect the establishment of early post-settlement stages
and growth of young juveniles in the upper eulittoral.

MATERIALS AND METHODS

Algal material. Unialgal cultures of Mastocarpus
and Chondrus fronds are maintained in the Biologi-
sche Anstalt Helgoland (BAH). Carpospores from Mas-
tocarpus cultures gave rise to discoid germlings with
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upright fronds following the direct-type life history.
The gametophytic fronds produced from the basal
discs were scraped from the culture dish and main-
tained in aerated culture vessels. Young vegetative
fronds of Chondrus were found to be gametophytic
after acetal-resorcinol testing (Garbary & DeWreede
1988). The young fronds in culture were also observed
to become fertile and to release spores. Histological
cross sections of the sporulating fronds showed single-
spored carposporangia. For both species, Provasoli
enriched culture medium (Provasoli 1968) was used.

To obtain carpospores from both species, the culture
medium of the stock gametophytes was changed and
after 3 d the spore-containing medium was collected.
The spores were allowed to settle for 4 h. The super-
natant water was slowly sucked out by vacuum pump
to obtain a concentrated stock spore suspension. The
latter was then slowly and continuously agitated using
a magnetic stirrer to stop the spores from settling and
to derive a homogenous spore suspension. The density
of the suspension was adjusted to approximately 4 x
103 spores ml! after counting the number of spores in
20 pl of suspension on a cavity slide using an inverse
microscope.

Experimental light conditions. Light was provided
by 3 white fluorescent lamps (Osram, L65 Watt/255,
Germany), emitting background photosynthetically
active radiation (PAR) of 400 to 700 nm and 3 UV lamps
(Q-Panel UVA-340, 40 Watt, Cleveland), emitting a

spectrum similar to solar radiation in the range of 295
to 340 nm. Three kinds of filter foils and glass filters
were used to cut off different wavelength ranges from
the spectrum emitted by the fluorescent tubes. Experi-
mental units were covered with the following filters:
Ultraphan 280 (Digefra GmbH, Germany), Quartz
glass; Folanorm 320 (Folex GmbH, Germany), Schott-
WG 320 or Schott-GG 400 (Schott, Germany) corre-
sponding to the PAR+UV-A+UV-B (PAB), PAR+UV-A
(PA) and PAR (P) treatments respectively. Further-
more, 4 irradiation levels were achieved by varying the
distance between the experimental units and the light
source (where level 1 = highest radiation and level 4 =
lowest radiation; Table 1). Irradiation was measured
using a cosine sensor connected to a UV-VIS spectrom-
eter (Marcel Kruse, Bremerhaven, Germany) below
the cut-off filters. The biologically effective doses
(BED) applied in each treatment were calculated using
2 action spectra for well-known biological responses:
DNA damage for Escherichia coli (280 to 320 nm, Set-
low 1974) and the generalized plant damage (280 to
312 nm) described by Caldwell (1971). Both
unweighted and weighted irradiances for each treat-
ment are compiled in Table 1.

Spore photosynthesis. From the working suspen-
sion, 5 ml were put into each 35 x 10 mm cell culture
dish (5 replicates per treatment). To evaluate the effect
of different radiation and exposure time treatments,
carpospores of both species were exposed to the 3 radi-

Table 1. Experimental treatments applied with different irradiance levels (1 = highest, 4 = lowest) and the corresponding
weighted irradiances using the biologically effective weighing function for the DNA damage of Escherichia coli (Setlow 1974)
and general plant damage (Caldwell 1971)

Treatment — Experimental irradiance (W m™2) —— — Weighted irradiance (W m™%) ——
PAR UvA UVB DNA damage Generalized plant
(400-700 nm) (320-400 nm) (280-320 nm) (Setlow 1974) damage (Caldwell 1971)
Carpospore experiment
PAB 1 28 15.87 1.00 0.013 0.050
Ultraphan 280 2 14 10.20 0.55 0.005 0.017
(PAR+UVA+UVB) 3 14 7.48 0.35 0.002 0.007
4 13 6.8 0.30 0.002 0.006
PA 1 27 13.77 0.04 1.41 % 107 0
Folanorm 320 2 14 8.80 0.01 5.89 x 10°° 0
(PAR+UVA) 3 13 6.10 0.01 2.41x10°° 0
4 12 6.00 0.01 1.47 x 107° 0
P 1 26 0.07 0 0 0
Schott-GG 400 2 14 0.04 0 0 0
(PAR alone) 3 13 0.03 0 0 0
4 12 0.03 0 0 0
Gametophvte experiment
Quartz (PAR+TUVA + UVB) 12 6.24 0.50 0.021 0.050
WG 320 (PAR+UVA) 11 6.08 0.16 0.001 0.002
GG 400 (PAR alone) g 0.01 0 0 0
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ation conditions for 1, 4 and 8 h at 10 £ 1°C. As control,
initial photosynthesis of another 5 replicates was mea-
sured without treatment. Photosynthetic efficiency,
measured as variable fluorescence ot PSII, was deter-
mined using a Xenon Pulse Amplitude Modulation flu-
orometer (XE-PAM, Heinz Walz, Germany), coupled to
a PC with WinControl software (Heinz Walz GmbH,
Germany). Affer treatments, spore suspension was
poured into 5 ml quartz cuvettes and the optimum
quantum yield (F,/F,) was measured as described by
Hanelt (1998). After measurements, the spore suspen-
sion was exposed for 2 d under low white light
(10 pmol photons m~? s7!) to recover. The control was
also maintained under the same conditions.
Determination of spore mortality. For this experi-
ment, 20 ml of working spore suspension and 20 ml of
Provasoli enriched seawater were filled into 85 x 15 mm
culture dishes with cover slips. The dishes were then
exposed to the same combination of treatments used
for photosynthesis and also to an additional treatment
of 16 h exposure at 4 varying levels of radiation, (3
replicates per treatment). After the treatment, spores
were allowed to germinate in low white light (10 pmol
photons m=2 s°!) for 6 d. Carpospores settled on the
cover slip were scored as dead or alive by counting 300
cells per replicate using a light microscope (Olympus
CH-2, Japan) equipped with 20x seawater immersion
objective. Dead cells were easily distinguishable (no
pigment and hollow ghost-like cells) from the live cells
(plgmented and dividing cells, sometimes with germi-
nating tubes; Fig. 1). Because dead cells were also
observed in the P treatment, the percentage of dead

cells for PA and PAB treatments due to the effect of
PAR was calculated by using the average number of
dead cells as a control value as described by Wiencke
et al. (2000):

Dead spores (%) = 100 x (Sgeaqa — D) % Lt

where Sge,q is the number of dead spores under UV
exposure, and D¢ and L are the number of dead and
living spores under white light respectively. Mortality
data and BED were used to create a dose-response
relationship and to calculate the BED;, which is the
UV dose needed to achieve 50 % inhibition in germina-
tion.

Spore DNA damage and repair. In parallel with the
mortality experiment, DNA damage and subsequent
repair of this damage was determined after 16 h expo-
sure to the 4 irradiation levels. From the working spore
suspension, 40 ml was used for each experimental unit.
For each treatment, 6 experimental units were pre-
pared. After the irradiation treatment, 3 experimental
units (as replicates) were processed immediately while
the other 3 were allowed to recover for 6 d in low white
light before processing. The spore samples were fil-
tered through 44 mm 1.0 pm pore size Nuclepore®
polycarbonate membrane (Whatman, UK) and frozen
at —80°C in 2 ml eppendorf tubes for further DNA
extraction and analysis of CPDs.

Young gametophyte photosynthesis and growth.In a
temperature controlled room, a large flow-through
basin (600 x 400 x 120 mm) was placed on a shelf along
with lamps as previously described. Inside the basin
were cut-out PVC pipes (120 mm diameter) standing

upright (70 mm height), which held the
algae. The PVC pipes had a 5 mm diam-
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basin through the PVC pipes using a
submersible water pump (Eheim; Typ
1060, 38 1 min~!, Deizisau, Germany)
which also provided water movement
inside the PVC pipes. Water level in the
basin was maintained at 60 mm, to sim-
ulate low tide water. During the experi-
ment, water temperature was main-
tained at 10 + 1°C. Water was changed
weekly to prevent depletion of nutri-
ents.

Fig. 1. Carpospores of Mastocarpus stellatus (a & b = germinating, d & e = dead)
and Chondrus crispus (¢ = germinating, f = dead and alive). Scales are in pm
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To determine the effects of different
light treatments, glass filters corre-
sponding to PAB, PA and P treatments



Publication 1

Roleda et al.: UV-B effects on developmental stages of Gigartinales 41

were laid on top of the standing PVC pipes. Young
Chondrus and Mastocarpus thalli (average size = 20 to
27 mm?, n = 5), previously acclimated to 46 pmol pho-
tons m> 57! (=10 W m™2) white light at 10°C for 3 d,
were grown for 15 d under 16:8 h light:dark (LD) cycles
(05:00 to 21:00 h) with 6 h UV exposure in the middle
of the light phase (09:00 to 15:00 h). Photosynthetic
activity was determined by measuring the variable
chlorophyll fluorescence of PSII with a Diving PAM
device (Heinz Walz GmbH, Germany). Effective quan-
tum yield (AF/F,') was measured every 3 d: 1 h before
UV exposure (08:00 h), after 6 h of cumulative UV
exposure (15:00 h), and 2 h after UV exposure (17:00 h).
Growth, in terms of weight (g) and surface area
increase (mm?), was also measured every 3 d using a
weighing scale (Sartorius CP225D, Germany) and a
scanner with image analysis software (Winfolia™ 5.0,
Regent Instrument Inc., Canada) respectively. Growth
rates were computed by plotting all data points (entire
experiment period) of each replicate per treatment.
They were individually fitted to an exponential equa-
tion, N, = Nye", where N, is growth at time ¢, Nj is ini-
tial size and r is the intrinsic rate of increase. After the
experiment, the fronds were immediately frozen in
liquid nitrogen and stored at —80°C for further pigment
analysis.

Outdoor exposure experiments on mature gameto-
phytes. Vegetative gametophytic fronds of Mastocarpus
and Chondrus (average size = 76 + 22 mm?) were col-
lected in the Northwestern intertidal flat of Helgoland.
They were cleaned of epiphytes and the meristematic
tips (size = 51 to 99 mm?) were used for the experiment.
They were spread out under UV transparent (Quartz)
and non-transparent (GG 400) filter glasses, incubated
directly below the water surface inside a basin and ex-
posed to the full solar radiation for 4 h (10:00 to 14:00 h)
on the roof of the institute (BAH). During the experiment
(18 March 2003), 11 h sunshine and 4 to 9°C air tem-
perature was recorded in Helgoland. This is equivalent
to a maximum UV radiation of 20.4 Wm™2 UVA (= 1.2 x
10°Jm™?) and 1.6 Wm= UVB (= 4.95 x 10* JTm~?) as mea-
sured by a multichannel UV-spectroradiometer (Isitec
GmbH, Bremerhaven) installed on the roof of the insti-
tute. After exposure, 8 replicates per treatment were har-
vested and the rest of the fronds were allowed to recover
overnight with screen cover under low light condition.
Seawater was continuously replaced during the course
of the experiment. Samples were immediately frozen in
liquid nitrogen and stored at —80°C after treatment and
recovery for further experiments. Three replicates were
used for pigment analysis and 5 replicates for DNA
extraction and CPDs analysis.

Pigment extraction and characterisation. Frozen
samples were treated with 100 pl of 100% N-N-
dimethylformamide and stored in darkness for approx-

imately 16 h. Subsequent analyses for chlorophyll a
and o- and B-carotene using HPLC were performed as
described by Bischof et al. (2002b).

DNA extraction. DNA was isolated following the
CTAB extraction procedure described by van de Poll et
al. (2001). Spore samples were immediately treated
with extraction buffer while vegetative fronds were
first homogenized in liquid nitrogen. After DINA ex-
traction, the pellet was dissolved in 0.2 ml TE buffer
(10 mM Tris, 1 mM EDTA, pH 8.0), treated with RINAase
(51l 10 mg ml?, 30 min, 37°C; Sigma, MO, USA) and
stored at —20°C. The DNA concentration was quanti-
fied fluorometrically using PicoGreen assay (Molecular
Probes, Eugene, OR, USA) and a Cary Eclipse Fluores-
cence spectrophotometer (Variance Scientific Instru-
ment, CA, USA). A dilution series with a known amount
of DNA (Serva, Heidelberg, Germany) was included
for calibration purposes.

Assay for CPDs detection. The immunoassay for
CPDs was modified after Vink et al. (1994) and van de
Poll et al. (2001). Heat denatured samples containing
50 ng DNA were transferred to a nitrocellulose mem-
brane (Protran BA 79, pore size 0.1 um, Schleicher &
Schuell, Keene, NH, USA) with a Minifold I SRC96 dot
blot apparatus (Schleicher & Schuell). After a 2 step
anti-body assay, the membrane was treated with ECL
Western blotting detection reagent (Amersham, UK)
and sealed in a transparent vinyl plastic folder (Leitz,
Stuttgart, Germany). This was subsequently exposed
to photosensitive ECL films (Amersham) for different
exposure times. The films were developed using X-ray
film developer. Developed films were scanned using
Biorad imaging densitometer (Model GS-700, Bio-Rad
Laboratories, USA) and gray-scale values were quanti-
fied using Multi-Analyst (Macintosh Software for Bio-
Rad's Image Analysis Systems). A calibration series of
UV-irradiated calf thymus DNA (Serva) supplemented
with unexposed DNA was included giving 1 pg ml™
DNA for each calibration point. The UV-irradiated
DNA was previously calibrated against UV-irradiated
Hela DNA with known amounts of CPDs (kindly pro-
vided by A. Vink). CPDs were quantified by comparing
the gray scales within the linear range of the film.

Data analysis. All data were tested for homogeneity
of variances (Levene's test) and normality (Kolmogorov-
Smirnov test). Corresponding transformations were
done to heteroskedastic (unequal variances) and non-
normal data. Carpospore data were subjected to multi-
ple analysis of variance (MANOVA) to determine the
main effects and interactions of species, irradiance
exposure time and radiation levels on the photosyn-
thesis, spore viability, DNA damage and repair in Mas-
tocarpus and Chondrus. Biologically effective UV-B
doses [BEDDNABUO nm and BEDplant damage313 mn} 1‘esulting
in a 50% inhibition in germination were determined
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from all germination data (expressed as % of P) using
linear (y = a + bx) and non linear (y = a + bx + cx?)
regressions, corresponding to the best fit curve for
Mastocarpus and Chondrus respectively.

Time series measurements on the photosynthetic
vield (AF/F,") of the young gametophytes were sub-
jected to repeated measures analysis of variance
(RMANOVA) to determine the effects of light treat-
ments across the sampling days. Differences in growth
rates and pigment contents were tested for statistical
significance using analysis of variance (ANOVA,
p = 0.05). All test were followed by Duncan's multiple
range test (DMRT, p = 0.05), when appropriate. Statis-
tical analyses were done using SPSS® software.

RESULTS
Spore photosynthesis

Initial measurement of the controls showed that
Mastocarpus spores had a higher mean (+SD) opti-
mum quantum yield (F,/F,, = 0.533 + 0.01) compared
with Chondrus spores (0.386 + 0.04). However, after
2 d in low white light (10 pmol photons m= s7!), photo-
synthesis of the Masfocarpus controls had reduced to
0.453 + 0.02 but did not vary much in Chondrus

During treatment

After recovery

controls (0.394 + 0.04), Under P treatment of around
56 pmol photons m™2 571 (= 12 + 1 W m™2), carpospores
were photoinhibited after all exposure times (Fig. 2a,b).
However, the eftect in Chondrus was less than that in
Mastocarpus. Additional UV-A did not further reduce
the F./F, of Mastocarpus regardless of exposure time,
but significantly reduced the F,/F,, of Chondrus. The
combined effect of UV-A and UV-B lowered the photo-
synthesis of both species with increasing time, with a
more pronounced effect in Chondrus.

After 48 h in low white light, photosynthesis of both
species in all treatments was able to recover. However,
the effect of long exposure times (4 and 8 h) to rela-
tively high PAR on Mastocarpus and Chondrus carpo-
spores of was still persistent, but better recovery was
observed in Chondrus compared to Mastocarpus
(Fig. 2¢,d). Conversely, higher recovery was observed
in carpospores of Mastocarpus exposed to UVR com-
pared with those of Chondrus. Multiple analysis of
variance (MANOVA) showed significant effect of the
main factors (species, irradiance and exposure time) on
carpospore photosynthesis after treatment and recov-
ery (p < 0.001, Table 2). Moreover, 2-way interactions
between species and irradiance as well as between
species and exposure were also found to be significant
in photosynthesis after treatment but only the interac-
tion between species and irradiance was found to be
significant (p = 0.005) after recovery.
No 3-way interaction was found to be
significant for carpospore photosynthe-
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Fig. 2. (a,c) Mastocarpus stellatus and (b,d) Chondrus crispus. (a,b) Mean opti-
mum quantum yvield (F/Fy) of carpospores during treatment of photosyntheti-
cally active radiation, PAR = P; P+UVA = PA; PA+UVB = PAB and exposure
time. PFD is 56 pmol photon m 57!, (¢,d) Corresponding photosynthetic recov-
ery after 48 h post culture in low white light (10 pmol photon m=2 s7!). Control
(= C) is without treatment and continuously maintained at 10 pmol photon m™2 s~
Vertical bars are standard deviations (SD),n=5
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sis. Duncan's multiple range test
(DMRT, p = 0.05) also showed no
homogenous subsets among the vari-
ables, such that the effect of irradiance
(P, PA and PAB) and exposure time (1, 4
and 8 h) were significantly different
from each other.

Spore mortality

Spore viability and germination ca-
pacity were also found to be low light
adapted. Exposure of 1 to 8 h of high
P (50 + 5 pmol photons m™> s7!) was
sufficient to induce significantly higher
mortality in Chondrus (Fig. 3b) com-
pared with Mastocarpus spores (Fig. 3a).
After 16 h exposure to varying radiation
level of P (50 to 130 umol photons m™>
s7!), mortality due to high PFD (photon
flux density) of PAR doubled in Masto-
carpus (Fig. 3c¢) and slowly increased in
Chondrus (Fig. 3d). The spore mortality
under UVR (PA, PAB) was higher in



Publication 1

Roleda et al.: UV-B effects on developmental stages of Gigartinales 43

Table 2. Mastocarpus stellatus and Chondrus crispus. Multi-

ple analysis of variance (MANOVA) and significance values

for main effects and interactions of species, irradiance, expo-

sure time and radiation levels on the photosynthesis, spore

viability, DNA damage and repair of carpospores of both
algae species. *Significant; ns: not significant

Variable Source of variation df F r

Spore photosvnthesis and viability experiment

Fy/Fy Species (A) 1 9947 <0.001*

(after treatment] Irradiance (B) 2 116.25 <0.001*
Exposure time (C) 2 17.43 <0.001*

AxB 2 42,53 <0.001*
AxC 2 1562 <0.001"
BxC 4 1.47 0.219%
AxBxC 4 0.71 0.585™
Fy/Fy Species (A) 1 62.08 <0.001*
(after recovery) Irradiance (B) 2 9.83 <0.001*
Exposure time (C) 2 154.49 <0.001*
AxB 2 5.81 0.005*
AxC 2 2.61 0.081™
BxC 4 1.57 0.191%
AxBxC 4 0.41 0.804n
Spore mortality  Species (4) 1 69256 <0.001*
Irradiance (B) 2 38.67 <0.001*
Exposure time (C) 2  45.50 <0.001*
AxB 2 1.34 0.276™
AxC 2 3.87 0.030°
BxC 4 2,73 0.044*
AxBxC 4 2.20 0.088™

Spore viability, DNA damage and repair experiment

Spore mortality  Species (4) 1 5339 <0.001*
Irradiance (B) 2 101.06 <0.001*

Radiation level (C) 3 98.75 <0.001*
AxB 2 8.48 0.001*
AxC 3 421 0.010°
BxC 6 3.58  0.009*
AxBxC 6 0.91  0.499%
DINA damage Species (A) 1 1072 0.005*
UVB level (B) 3 4583 <0.001*
AxB 3 1.63  0.221%
DINA repair Species (A) 1 5111 <0.001*
UVB level (B) 3 3498 <0.001*
AxB 3 4.81 0.014*

Chondrus compared with Mastocarpus across all treat-
ments. In the first spore mortality experiment, the main
factors and 2-way interactions (species x exposure time
and irradiance x exposure time) were found to signifi-
cantly affect spore mortality (Table 2). DMRT showed
that the effect of irradiance (P vs PA vs PAB) differed
significantly among treatments, while exposure times
of 1 and 4 h were homogenous but significantly differ-
ent from 8 h. In the second spore mortality experiment,
the main effects and all 2-way interactions between
species, irradiance and radiation level significantly af-
fected carpospore mortality; no 3-way interaction was

observed. Moreover, DMRT (p = 0.05) showed that P #
PA # PAB and radiation level (light quantity) was also
significantly different from each other.

Dose-response relationship (BEDsp) for both Mastocar-
pus (R? = 0.802 [linear regression]; 0.776 [non linear re-
gression]) and Chondrus (R? = 0,780 [linear regression];
0.930 [non linear regression]) were highly significant (p <
0.05), indicating clear relationship between UV dose and
inhibition of germination. A higher dose is needed to
achieve a 50% inhibition of germination (BEDpya 300 nm
and BED (.. damage 3131m) I Mastocarpus (Fig. 4).

DNA damage and repair

After 16 h exposure to increasing radiation, higher
DNA damage was observed in the carpospores of
Chondrus compared with Mastocarpus (Fig. 5a). CPD
induction in both species increased with radiation
intensity. Analysis of variance (ANOVA, p < 0.05)
showed significant ditferences between species and
UV-B level on DNA damage (Table 3). DMRT showed
that accumulation of DNA damage in UV-B level 1 =
level 2 #level 3 #level 4. After 6 d post-culture in low
white light, the amount of remaining CPDs was also
significantly higher in Chondrus (p < 0.001) and in
samples exposed to higher UV-BR (p < 0.001; Fig. 5b,
Table 2). DMRT showed that DINA repair mechanism
in UV-B level 1 # level 2 #1evel 3 = level 4.

The rooftop experiment simulating a low tide field
condition showed no accumulation of DNA damage in
exposed plants compared to non-exposed plants (data
not shown).

Gametophyte photosynthesis, pigment contents
and growth

Initial values of the mean effective yields (AF/Fy,") of
Mastocarpus and Chondrus gametophytes showed sim-
ilar photosynthetic efficiencies with that of the
carpospores, where higher AF/F,," were observed in
Mastocarpus (0.617 + 0.03) compared with Chondrus
(0.497 + 0.07) (Fig. 6). Adverse reductions in the mean
AF/F," of the cultured young Mastocarpus and Chon-
drus gametophytes were observed only during the first
day of UV exposure. After 6 h of PA exposure, a compa-
rable reduction of ~22 and 23 % in the AF/F,' was ob-
served in Mastocarpus and Chondrus respectively. In
the PAB treatment, a higher reduction in the AF/F,," was
observed in Chondrus (43%) than in Mastocarpus
(30%). Two hours after the end of the first UV treat-
ment, photosynthesis was able to recover to values
comparable to pre-UV treatment. Time series measure-
ments showed that both algae were able to acclimate to
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Fig. 4. Mastocarpus stellatus (Ms) and Chondrus crispus (Cc).
Empirical relationship between biologically effective UVB
doses and germination using action spectra for DNA damage
BEDpaz00nm (@) and generalized plant damage BEDyantdamage313 im
(b) with corresponding BEDs, derived from the regression
equations. Vertical bars are standard deviations (SD), n = 3

Fig. 5. Mastocarpus stellatus (Ms) and Chondrus crispus {Cc).

UVB induced DNA damage (induced CPD concentrations per

million nucleotides) after (a) exposure to varying levels of

UVB-radiation and (b) corresponding CPD repair after 6 d

recovery in low white light (10 pmol photon m—2s!). Vertical
bars are standard deviations (SD), n =3
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Table 3. Mastocarpus stellatus and Chondrus crispus. Repeated measures

DISCUSSION

analysis of variance (RMANOVA) on the photosynthetic yields (AF/F,")

and analysis of variance (ANOVA) on pigments and growth of young
gametophytes of both algae species. *Significant; ns: not significant

Carpospores of Mastocarpus and Chon-
drus are more susceptible to the detrimental

Dependent —_ Independent variable —  df r b effects of UVR than were.the conspecific
variahle Sampling Source of young gametophytes. Optimum quantum
time variation yields (F,/F,) of carpospores were able to

recover after pulse UV exposure while

Photosynthesis ) effective quantum yields (AF/F,') of young
AF/Fy ?bgjf}gre uv) ﬁf:g;:;g:}(]g} % ;;% g %géz gametophytes were able to acclimate to
AxB 2 065 0,530 chronic UV exposure. The carpospores used

15:00 Species (A) 1 0.83  0.3795 in our experiments were low light adapted

(after 6 h Irradiance (B) 2 12.07 0.000* since sporulation occurred in a low light

UV exposure) A xB 2 044  0.649™ environment and were maintained under

17:00 Species (A) 1 0.05 0.823% this condition to prevent germination. In a

{I‘;f(}:‘l‘;jr;in g;r:déance (B) % ggi ggggz pilot experiment, we observed a maximum

white light) ’ ’ germination of 95 + 5% under 10 pmol pho-

Pigments tons m~? s7! of PAR (data not shown). For
Chlorophyll a Species (A) 1 8.03  0.015° Chondrus spores, a wide range of optimum
Irradiance (B) 2 2.38 0.135% photon flux densities (PFD) of PAR (20 to

AxB 2 024 0791™ 80 pmol photons m2s!'=4.3 to 17.2 Wm™)

C. crispus ) has been reported (Tasende & Fraga 1992
g_';::gtt::: i::gﬁ:ﬁzz % 12‘;’3 gg;é: and references therein). However, we found
Crowth that exposure of 1 to 16 h of 12 W m™2 PAR
Area Species (A) 1 110.82 <0.001* (50 + 5 pmol photons m™? s71) induced ~30%
Irradiance (B) 2 032 0.730% mortality in Chondrus and photosynthesis

AxB 2 213 0.141% was also reduced under these conditions in

Weight Species (A) 1 9591 <0001° both species. Therefore, it appears that low
Ll;r:déance (B) % ?ég gigjz PFD of PAR is optimal for spore germina-

) ) tion. Our data also indicate a large impact of

but enhanced P-carotene content in young gameto-
phytes (Fig. 7c,d, Table 3). In mature thalli, «-carotene
was not affected while B-carotene reacted similarly to
UVR, but the effect of irradiance was insignificant.
Overnight recovery of plants exposed to the full solar
spectrum showed no significant change in all of the
pigments examined.

Increases in surface area and wet weight as growth
parameters were positively correlated in Mastocarpus
(r=0.937%, p < 0.001) and Chondrus (r = 0.980, p < 0.001)
(Fig. 8). Regardless of treatment, the rate of increase in
surface area was faster in Chondrus (slope, r = 0.077)
than in Mastocarpus (r = 0.044) (Fig. 9). Consequently,
growth rate under all treatment was higher in Chon-
drus (7.0 to 8.4 % d-!) than in Mastocarpus (4.4 to 5.2%
d™!) (Fig. 9, inset a). Growth rates of UVR treated plants
expressed as a percentage of PAR (Fig. 9, inset b)
showed that UVR had a relatively low impact on the
growth rate of both species. Under PA, growth rate was
similar between Mastocarpus and Chondrus, but
higher growth rate was observed in Mastocarpus
under PAB treatment. However, statistical analysis
showed insignificant effect of irradiance on the growth
rate of both species (Table 3).

the PAR waveband on carpospore survival,
because in the field, the UVB radiation applied in
our experiments would be accompanied by a 10- to
20-fold higher PAR. Whether carpospores are capable
of acclimating to higher PAR is still unknown. Physio-
logical acclimation to high PAR can increase UVB tol-
erance. In higher plants, this was facilitated through
photoinduction of screening compounds, increased
activity of photorepair enzymes and other changes re-
lated to life under high irradiance (Warner & Caldwell
1983).

Carpospores of Mastocarpus were found to be more
tolerant of the deleterious effect of UVR compared
with Chondrus carpospores. Apart from the BEDy;, dif-
ferences in tolerance were also reflected in UVB
induced photoinhibition and DNA damage. F,/F, of
Mastocarpus spores were relatively less atfected under
UVR, and UV-B induced DNA damage was also lower
compared with Chondrus. Moreover, DNA damage
was also repaired faster by Mastocarpus. However,
these differences were not observed in the growth,
AF/F," and DNA damage of the gametophytic life
stages of these algae. Therefore, differences in the
sensitivity between Mastocarpus and Chondrus carpo-
spores to high light and UVB radiation elucidate the
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1st day 4th day 7th day 10th day thetic tolerance of Mastocarpus. Al-
0.8 though MAAs were not determined
0.7 1 | ' in this study, we observed that pho-
0.6 | U;—_-__—‘_______é | ?——%’g a § % tosynthesis and growth of gameto-
0.5 ) | | phytes of both species were equally
0.4 ] 1 resistant to a daily repeated UV
0.3 ——Ms ] | treatment. Whether carpospores of
02 ——Cc | 1 these species produce sufficient

MAASs to achieve the same degree of

protection to that of the gameto-

H phytes remains to be studied. The
; presence of UV screening com-
pounds such as MAAs reduces the
effective UVR that penetrates to UV
sensitive targets in the cell. There-
fore, the absence of passive pro-
tection increases the sensitivity of
carpospores to UVB induced photo-
inhibition and DNA damage.

The higher photosynthetic rate of

| E UV on E ] E UV on E
081 : : : : : 1 :
071 i 1 5 1 i 11 ‘
0.6 _1 : : : - : 1 R’L‘:ﬁ:ﬁ

5
ﬂ;

Mastocarpus compared with Chon-
drus (F,/F, of carpospores and
AF/F,'" of young gametophytes) un-

051 ; i ! ; : 1 i der control conditions, is attributed
0.4 ' : : 1 i ' 1 ; to Mastocarpus' efficient use of the
031 ! . i H i : 1 1 available photon flux density. The
0.2 E I- 11 i e E i i : initial values of the mean quantum
0.11 E UVon | ) E. Uvon i | i UV on :: i i UV on : efficiency of cultured young Masto-
SESSE5 888883 BISEEE BEBBEE e e e
EGrEBE RarS0N EIrOOBN KO- 6b~ goland are compa-
eOor-rr-r- O0OOF--+-r QOr-Te-T OO Tm Yo rable to those reported by Bischof et
Time of day al. (2000) on mature wild materials

Fig. 6. Mastocarpus stellatus (Ms) and Chondrus crispus (Cc). Time series of the cir-
cadian pattern of the mean effective quantum yield (AF/F,") of young gameto-
phytes during the light phase of the 16:8 h light:dark photoperiod. Vertical bars are

standard deviations (SD), n=5

differences in their zonation. A lower sensitivity to
high light and UVR would allow Mastocarpus to re-
cruit at higher shore levels. Conversely, the higher
sensitivity of Chondrus would limit recruitment at
lower shore levels or under the canopy of Fucus spp.
and Mastocarpus. Survival of the carpospores and
recruitment of young juveniles is critical in structuring
the community because once established, growth rates
of young gametophytes are higher in Chondrus com-
pared with Mastocarpus, regardless of irradiance con-
dition. Our data concur with a previous in situ growth
study, where 2-fold productivity was also reported in
Chondrus (2.65 g dry wt m™* d-!) compared to Masto-
carpus (1.04 g dry wt m™? d-!) (Dudgeon et al. 1995).

Bischof et al. (2000) reported a 6-fold higher concen-
tration of MAAs in Mastocarpus when compared with
Chondrus, and related this to the higher UV photosyn-

collected from the same locality.
However, the complete acclimation
of photosynthesis in both species
after 3 d of repeated UVR exposure
contradicts Bischof et al. (2000), as
they reported a reduction in the
mean AF/F," (with a lesser degree of photoinhibition in
Mastocarpus) throughout the 5 d repeated exposure to
PAB. This could be attributed to the higher experimen-
tal UV irradiance used in their study, which was twice
the intensity we applied, or to the low PAR (25 pmol
photons m™2 57! = 5.4 W m™?) they applied. Insufficient
PAR and therefore unrealistically low PAR:UVB ratios,
could exaggerate the UVB effects on plants (Caldwell
et al. 1995, Rozema et al. 1997).

Chlorophyll a levels in both Mastocarpus and Chon-
druswere not affected by UVR but increased when sup-
plemented with UV-A and UV-A+UV-B. Most studies
reported significant damage and decrease in pigment
contents under UVR (i.e. Aguilera et al. 2002, Bischof et
al. 2002a,b), which can occur either (1) when protein-
based pigments absorb UV energy directly and un-
dergo photochemical degradation, (2) by photosensi-



Publication 1

Roleda et al.: UV-B effects on developmental stages of Gigartinales 47
Young gametophytes Mature gametophytes 0.07 v
0.500 —— 5 0.06 Ms y=5E-05x - 0.0013 o Ms
- . 2
E 0.400 mPA b R"=0.877 @ Ce
- | =0.000
2 0.300 BPAB g 005 (p )
s “x
0.200 4 i 5 0.041
0.100+ i g 0.03
0.000 . ; 8
Cc Ms GCc £ .02 Cc y=4E-05% - 6E-05
. R® = 0.960
4h exposure  overnight 0.01
— . (p<0.001)
" Chondrus crispus recovery
2 0.020 . 0.00 : . ‘ . ‘
= | 0 250 500 750 1000 1250 1500
0.0164 2
o Surface area (mm°)
E 0.012 1
° 0.008- | Fig. 8. Mastocarpus stellatus and Chondrus crispus. Relation-
S ship between surface area and wet weight in both algae spe-
5 0.004 1 cies with corresponding regression equation. Ms = M. stella
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Fig. 7. Mastocarpus stellatus and Chondrus crispus. Chloro-

phyll a contents in (a) young and (b) mature gametophytes

and corresponding carotenoids of C. crispus (c,d) exposed to

F, PA, PAB. Ms = M. stellatus, Cc = . crispus. Vertical bars
are standard deviations (SD), n =3

tiser action, or (3) by oxygen radical production in addi-
tion to singlet oxygen (Vincent & Neale 2000). Although
the higher chlorophyll a levels under PAB was statisti-
cally insignificant, the result of our study is similar to 2
other studies on Ulva sp., where significantly higher
pigment contents were measured in

the presence of UV-B (Grobe & Mur-

low the water surface for 4 h at noon showed no sig-
nificant CPD accumulation in either Mastocarpus or
Chondrus. This shows that prevention and repair
mechanisms are sufficient to minimize accumulation of
DNA damage. This is not surprising because both spe-
cies co-exist in the eulittoral, and therefore have to be
physiologically or genetically acclimated to the full
spectrum of solar radiation. Chondrus isolates from
Brittany, repeatedly exposed under comparable irradi-
ance treatment in the laboratory for 2 wk, were also
not significantly affected by UV-BR, and the number of

phy 1998, Altamirano et al. 2000). The 1000 a P or o6
higher total carotenoids measured 9004 = £120 R‘;: 0 99;3 ©
under PAB could be related to their g~ g’ 3 & :ﬁ
photoprotection role (Roy 2000). Ac- E 8001 « E s ’," & Ms-P
cumulation of carotenoids specitically I 700 € € @ Ms-PA
in response to UV radiation has been o * Ms-PAB
previously reported in cyanobacteria g 6001 ace-P
and chlorophytes (Buckley & Hough- 8 5004 O Cc-PA
ton 1976, Goes et al. 1994). This § B WCc-PAB
mechanism could have protected the £ 400+

photosynthetic apparatus of Chon- '§ 300 - § = 20121641
drus, which was able to acclimate its <] B = 0.961
photosynthesis and growth to UVR. In @ 2007

Meastocarpus, aside from the reported 100

higher MAA content, the thicker

thalli (higher wet weight:surface 0 0 é é é 1'2 1'5 18

area ratio) could have provided some
protective mechanism against envi-
ronmental stress contributing to its
successful colonization in the upper
eulittoral.

Exposure of mature gametophytes
to natural solar radiation directly be-

Time (d)

Fig. 9. Mastocarpus stellatus and Chondrus crispus. Growth, in terms of surface
area increase in young gametophytes exposed to different radiation. Inlaid
exponential equation is the overall growth performance of each species. Insets
show relative growth rate (RGR) in % d~!, per treatment (a) and growth
expressed as % of PAR (b). Vertical bars are standard deviations (SD}, n = 5.

Ms = M. stellatus, Cc= C. crispus
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CPDs per 10° nucleotides was found to be negligible
(van de Poll et al. 2001). However, a similar outdoor
experiment with several subtidal Arctic macroalgae
demonstrated significant CPD accumulation after 4 h
exposure to full solar radiation (van de Poll et al. 2002b).

Survival of spores is regarded as a critical life stage
because once established, the vegetative plants ap-
pear not to suffer from UV-B induced DNA damage.
Among kelp zoospores, the effect of UVR on spore via-
bility was found to be correlated to the growth depth of
the species (Wiencke et al. 2000) and within species,
those released from adults growing in high UV envi-
ronments showed higher germination and survival
rates than the progeny of adults occupying lower UV
environments (Swanson & Druehl 2000). In the eulit-
toral Enteromorpha intestinalis, inhibition of germina-
tion success (up to 50%) was only observed in swarm-
ers (both spores and gametes) when exposed to
elevated levels of UV-B (Cordi et al. 2001). On the
other hand, in the littoral red alga Ceramium rubrum,
50% spore mortality was already observed after 1 h
exposure to light with elevated UVR (2.2 W m2 UV-B
and 11 W m UVA, Yakovleva et al. 1998). Although
these experiments are not directly comparable, they
suggest a high degree of variability among UV sensi-
tivity of macroalgal spores.

There are other factors that could affect recruitment
and eventual community structure. However, her-
bivory and wave-induced mortality were reported to
have a low impact on both Mastocarpus and Chondrus.
In transplant experiments to determine competitive
interactions between the 2 species, coexistence was
observed in the space limited intertidal flat mediated
by seasonal environmental disturbances (winter storm)
and physiological stress (Dudgeon et al. 1999). Aside
from UV tolerance and efficient DNA repair mecha-
nism, the apomictic reproduction (direct-type life his-
tory) of Helgolandian Mastocarpus may be ecologi-
cally advantageous to its successful dispersal and
colonization of open spaces in the upper eulittoral. This
is because the direct development female requires
only 1 open space and a single establishment event;
whereas a sexual female must first pass through the
crustose, tetrasporophytic generation, requiring 2 open
spaces and 2 establishment events (Zupan & West
1988). Moreover, spores are produced year-round, not
seasonally as in sexual populations (Maggs 1988). In
the field, the occurrence of foliose Mastocarpus on the
walls and boulders around Helgoland which are al-
ways exposed during low tides (pers. obs.) could have
been influenced by the hydrographic conditions (i.e.
tide level and surt) during spore release (Norton 1992).
Consequently, attachment and germination under
favorable ‘recruitment windows' (Deysher & Dean 1986,
Reed et al. 1988) could have been facilitated by the
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presence of surface mucilage observed in both species.
This blanket-like extracellular mucilaginous sheath
plays a role in the ontogeny of the sporelings by in-
fluencing algal spore attachment for colonization
(Fletcher & Callow 1992, Vadas et al. 1992).

In conclusion, high PAR and UV exposure could
determine recruitment success. However, it remains to
be determined whether there would be significant
effects from exposure to UV at the magnitude and
spectral composition characteristic of in situ environ-
ments in which PAR is already high enough to cause
considerable mortality. Although mature fronds of
Mastocarpus have been reported to be more tolerant to
environmental stress (i.e. temperature, desiccation and
freezing) compared with Chondrus (Dudgeon et al.
1989, 1990, 1995, Collén & Davison 1999), we would
suggest that the foliose life stages of both species are
equally resilient to UV-B stress and could persist in the
rocky intertidal shore of Helgoland.
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Young sporophytes of Laminaria ochroleuca were exposed in the laboratory either to a full light spectrum or to light
depleted of only ultraviolet-B radiation (UVB) or of the whole ultraviolet radiation (UVR) using cutoff glass filters. The
plants were grown under 16:8 h light—dark cycles with 6 h additional UV exposure in the middle of the light phase.
Effective quantum yield of photosystem IT (AF/Fm') was measured daily. 1 h before UV exposure, at 2 and 3 h cumulative
UV exposure and at 1 and 4 h after UV exposure. Growth was measured using two methods in separate experiments. In
the first, a scanner with image analysis software was used to measure surface area every 3 days for 4 weeks. In the second,
a growth chamber with online video measuring technique was used to measure growth every 10 min for 2 weeks. Pigments
were measured at the end of the experiments. During the first day of UV exposure, the photosynthetic yield of plants exposed
to photosynthetically active radiation (PAR) + ultraviolet-A radiation (UVA) and PAR + UVA + UVB was significantly
reduced but was able to recover 1 h after the end of UV exposure. An increasing mean AF/Fm’ during UV exposure showed
partial acclimation of photosynthesis in young sporophytes in the course of several days. However, a higher growth rate
was observed in plants exposed to PAR alone, whereas reduced growth and damaged tissue were observed in plants exposed
to UVR. Similarly, a lower content of all pigments was measured in thalli exposed to PAR + UVR. The result shows that
acclimation of photosynthesis could underestimate the negative effect of this stress factor. Growth, as an integrative process,
is a better parameter to explain ecophysiological performance at organism level. It was shown that growth and morphology
of young sporophytes of L. ochroleuca are susceptible to UV damage, which could effectively limit the upper distributional

range of this species.

INTRODUCTION

Across a latitudinal gradient. Laminaria ochroleuca de la Py-
laie is distributed along the Atlantic coast of Northern Africa
to the southwestern part of the British Isles (John 1969; Price
et al. 1978: Sheppard et al. 1978: Benhissoune ef al. 2002).
the Mediterranean coast (Ribera ef al. 1992) and an isolated
population in the Strait of Messina (Drew 1972, 1974). It in-
habits the littoral zones between 0 and 2 m above low water
(John 1969, 1971: Sheppard et al. 1978) and also depths in
excess of 100 m (Drew 1972). Until recently. its population
density was reported to vary between sites only in relation to
water quality and exposure to wave action and current surge.
In Spain, within the 0-2 m zone, higher density was observed
in an estuarine and sheltered site (8-30 plants m~2) compared
to a site exposed to wave action (3 plants m™2) (John 1971).
At the same tide level at the French coast, much lower density
(2 plants m~2) was observed due to synergistic effect of wave
and current surge (Sheppard et al. 1978). Along the Strait of
Messina., a dense population was observed between 50 and
100 m depth., where water clarity is similar to Jerlov’s (1976)
type IB Oceanic water. and 5% of surface photosynthetically
active radiation (PAR: 18 W m™?) reaches the kelp community
at 50 m (Drew ef al. 1982). However, these are not the only
factors that could affect population density across a vertical
gradient.

# Corresponding author (mroleda@awi-bremerhaven.de).
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Several physiological studies have established a correlation
between stress tolerance and the vertical distribution of sea-
weeds. These stress factors include inhibiting PAR (e.g. Ha-
nelt et al. 1997a, b; Hanelt 1998) and ultraviolet radiation
(UVR: e.g. Dring et al. 1996a: Hanelt et al. 1997¢: Bischof
et al. 1998a). Eulittoral macrophytes are periodically exposed
to the full solar spectrum during low tides. Consequently.
chronic exposure to increasing solar UVR might present some
deleterious effect. Intertidal algae may possess photoadaptive
mechanisms to minimize damage by solar radiation. When
exposed to irradiances exceeding the energy requirement for
photosynthesis, a strong degradation of the reaction centre
protein (D1) of photosystem II (PS 1) can occur (Ohad et al.
1984). This process is called chronic photoinhibition to dis-
tinguish it from the xanthophyll cycle. in which quantum yield
of photosynthesis is regulated (Demmig-Adams & Adams
1992). On the other hand. dynamic photoinhibition involves
a fast reversible process where the quantum yields of PS 11
are diminished by increasing thermal energy dissipation con-
trolled by carotenoids (Osmond 1994),

The increasing UVR on the earth’s surface caused by strato-
spheric ozone depletion has been well documented in the polar
and temperate regions (Smith er al. 1992: Pearce 1996). Aside
from the extensive studies done in polar regions (e.g. Hanelt
et al. 1997¢c: Bischot et al. 2001, 2002a). other geographical
locations have received meagre attention with respect to the
potential effect of UVR to the biosphere. In Spain. for ex-
ample. levels of ultraviolet-B radiation (UVB) have been re-
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ported to be high and per:
sky condition (Altamirano et al. 2000a, b). Despite this fact,
most of the studies conducted on the ecophysiological re-
sponse of the macrothalli of seaweeds to UVR in this region
are limited to few species of green (e.g. Pérez-Rodriguez et
al. 1998; Bischofl et al. 2002b). red (e.g. Flores-Moya et al.
1998: Gémez et al. 2001) and brown (e.g. Jiménez et al. 1998;
Hader et al. 2001) seaweeds but not Laminariales.

UVR sensitivity of Laminariales is known in species from
polar (e.g. Bischof et al. 1998b. 1999: Aguilera et al. 1999)
and cold temperate (e.g. Dring ef al. 1996b. 2001: Makarov
& Voskoboinikov 2001) waters, whereas only few data are
available from lower latitudes (Yabe et al. 1997: Wiencke et
al. 2000). Moreover. only few studies have been conducted
on the effect of irradiance as a stress factor on L. ochroleuca
(e.g. Wiencke et al. 2000; Izquierdo et al. 2001). On the other
hand. most studies on the impact of UVR examine the vul-
nerability of large sporophytes. To determine the depth zo-
nation of these species, it is also important to consider the
susceptibility of other life stages to UVR (e.g. Dring er al.
1996b; Huovinen et al. 2000; Wiencke et al. 2000: Banares
et al. 2002: Altamirano et al. 2003). In L. ochroleuca, zoo-
spores are extremely sensitive to UVR (Wiencke et al. 2000).
However. in the field. where spores and germlings of kelps
can be found to remain competent in plankton for extended
periods of time (Reed et al. 1992), surviving spores are still
capable of dispersal. settlement, attachment and initiation of
new individuals across the expanse of the vertical tidal zones,
especially in crevices and sheltered tide pools. We develop
the hypothesis that the susceptibility of young sporophytes to
UWVR effectively determines the upper distribution limit of this
species. Young sporophytes in the eulittoral zone are period-
ically exposed to air during low tides and the whole spectrum
of solar radiation which may contribute to the postrecruitment
mortality of this species and exclude L. ochroleuca from high-
er parts of the shore, especially at sun-exposed locations.
Therefore. the present study focuses on the impact of UVR
on the photosynthetic parameters. growth and morphological
integrity of young L. ochroleuca sporophytes.

stent under long periods ol open

MATERIAL AND METHODS

Algal material

Cultures of L. ochroleuca gametophytes, originally estab-
lished from fertile sporophytes collected from Puerto de San
Pedro, La Coruila, NW Spain (43°22'N: 8°26'W). were used
to obtain young sporophytes. They were grown aerated in
glass beakers filled with Provasoli enriched seawater (Prova-
soli 1968) inside a temperature-controlled room at 15°C and
10 pwmol m=2 s~! white light at 12:12 h light—dark (LD} pho-
toperiod.

Laboratory incubation system, experimental design and
measuring procedures

In the first experiment. a large flow-through basin (600 X 400
> 120 mm) was installed inside a 15°C temperature-controlled
room. Inside the basin, polyvinyl chloride-U (PVC-U) pipes
(dark grey, 120 mm diameter X 70 mm height, both ends
open) were placed upright and served as enclosures for the

algae in each treatment. The PVC-U pipes had a 5 mm di-
ameter hole at the bottom for water inflow through silicon
tubes and water flows out into the basin through four equi-
distant 10 mm diameter holes around the PVC-U pipes cov-
ered with mesh. From a reservoir. 80 litres of filtered and
sterile seawater was pumped into the basin through the PVC-
U pipes using submersible water pump (Typ 1060, 38 litre
min~!'; Eheim, Deizisau. Germany), which also provided water
movement inside the PVC pipes. Water level in the basin was
maintained at 60 mm, to simulate low tide water, by circulat-
ing water back to the reservoir. During the experiment, water
temperature was maintained at 15 = 1°C as the optimum tem-
perature for growth (Wiencke et al. 1994). Water in the res-
ervoir was changed weekly with fresh sterilized seawater to

prevent depletion of nutrients.

To determine the effects of different light treatments of
PAR (P). PAR 4+ ultraviolet-A radiation (UVA) (PA) and PAR
+ UVA + UVB (PAB) on whole young L. ochroleuca thalli
(average size 250-300 mm?, n = 5). lamps were fixed 40 cm
above the flow-through basin. Three white fluorescent lamps
(L65 Watt/25S8: Osram, Munich. Germany), emitting back-
ground PAR resulted in a fluence rate of about 10 W m=2 (50
pmol m~2 s7h. Three UV lamps (UVA-340, 40 W, Q-Panel,
Cleveland. OH, USA), emitting a spectrum similar to solar
radiation in the range 295-340 nm, provided 6.0 W m=2 UVA
and 0.5 W m~2 of UVB. Three kinds of glass filters — Quartz,
WG320 and GG400 (Schott Glass Technologies, Duryea, PA.
USA) were used to cut off different UV wavelength ranges
from the spectrum. Irradiation conditions (280-700 nm) were
measured using a cosine sensor connected to a UV-VIS Spec-
trometer (M. Kruse, Bremerhaven, Germany) below the glass
filters. Acclimated whole thalli (3 days at 10 W m~2 white
light and 15°C) were grown for 4 weeks under 16:8 h LD
cycles (0500-2100 hours) with 6 h UV exposure in the middle
of the light phase (0900—-1500 hours). Photosynthetic activity
was determined by measuring the variable chlorophyll (Chl)
fluorescence of PS IT with a Diving PAM device (Walz, Ef-
feltrich, Germany). Measurement of the effective quantum
yield (AF/Fm’) was done daily, 1 h before UV exposure (0800
hours)., at 2 and 5 h after the start of UV exposure (1000,
1400 hours) and at 1 and 4 h after the end of UV exposure
(1600, 1900 hours).

Higher total light energy was measured among PAR + UV
treatments (PA and PAB) in the above experiment than under
PAR alone (GG 400; see Table 1). In this regard. a second
experiment was conducted in the same flow-through basin cul-
ture system to determine the effects of varying photon flux
density (PFD) of PAR. This was done to ensure that the neg-
ative physiological effect on the young thalli was due to light
nce of UVR) and not due to a different total

quality (pre
light energy in the first experiment. Three white fluorescent
lamps (L65 Watt/255; Osram) were used and four PAR levels
(30. 40, 50 and 60 pmol m~2 s7!) were achieved by varying
the distance between the basins and the light source and by
using neutral grey mesh covers. Light was measured using a
cosine quantum sensor (Type 1925B: LI-COR Biosciences,
Bad Homburg. Germany) attached to a LI-COR data logger
(LI-1000). Basal parts (= 6 mm of the phylloid. including the
meristem) were cut from the whole plants (average size 30
mm?) and acclimated for 3 days at 10 W m~2 white light and
15°C before being used in this experiment. They were grown
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Table 1. Irradiances applied to the growth experiments in the respective laboratory incubation system.

Irradiance (W m-2)

PAR (400-700 nm)

UVA (320400 nm) UWVB (280-320 nm) Total irradiance

Flow-through basin incubation system

Quartz filter (PAR + UVA + UVB) 11.50

WG 320 filter (PAR + UVA) 11.47

GG 400 filter (PAR alone) 8.00
ISITEC growth chamber

Quartz filter (PAR + UVA + UVB) 4.04

GG 400 filter (PAR alone) 3.59

6.24 0.50 18.24
6.08 0.16 17.71
0.01 0.00 8.01
491 0.42 9.37
0.01 0.00 3.60

for 3 weeks under the same LD cycles. Effective quantum
yield (AF/Fm') was measured every 4 h [rom 0800-2000
hours using the Diving PAM. In both experiments. growth, in
terms of surface area increase (mm?), was measured every 3
days using a scanner connected to a personal computer (PC)
and WinFolia 5.0 image analysis software (Regent Instrument,
Quebec City. Canada).

Online video growth measurement technique

Three growth chambers with online video measuring tech-
nique were constructed by ISITEC (Bremerhaven, Germany).
The growth chamber (attached to a water-circulating system)
was equipped with a Charged Coupled Device camera coupled
to a PC. A sliding metal platform with top and bottom plate
of UV-transparent Plexiglas chambers at the centre was po-
sitioned 20 cm above the camera. The top Plexiglas chamber
(12 X 16.5 X 3.5 cm. constructed with side frames) was de-
signed to be laid hanging over the bottom chamber (17.5 X
17.5 X 4 cm). where the algae are fixed on tiny nails attached
to the bottom chamber. The space between the top and bottom
Plexiglas chambers allows the circulating seawater to pass
through. The water-circulating system comprised a cooling
unit {Aqua Medic. Bissendorf, Germany) and 30 litre reser-
voir tank filled with filtered and pasteurized seawater. Sea-
water was cooled to 15°C and pumped into the growth cham-
ber by a centrifugal water pump (Eheim Typ 1060. 38 litre
min~'). Light sources were mounted 15 cm above the platform
consisting of two white fluorescent lamps (TL 8W/965: Phil-
ips. Eindhoven, Netherlands) and two UV lamps (Q-Panel
UVA-340. 40 W). Infrared diodes were mounted at the sides
of the chamber to produce infrared images of the object for
the video camera, also during the dark periods. The captured
image was analysed by a MedealL AB Count and Classify soft-
ware (Multimedia and Software GmbH., Erlangen, Germany ),
which measures growth of the algae in terms of increased
number of pixels. In each growth chamber, two basal picces
of the thallus (average size = 30 mm?, + 6 mm of the phylloid
including the meristem), positioned 20 mm from each other,
were fixed between the top and bottom of the UV-transparent
Plexiglas chamber and acclimated for 3 days without UV. Two
types of glass filters, one cutting off all UV radiation
(GG400). the other UV transparent (Quartz) were laid over
the top Plexiglas chamber covering the algae for the corre-
sponding treatment. Irradiance was measured as mentioned
above. All irradiances applied in each treatment are summa-
rized in Table 1. Growth was continuously measured every 10
min for 2 weeks. Seawater was changed weekly to ensure
enough nutrient supply within the medium.
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Pigment extraction and characterization

At the end of each growth experiment, algal thalli were trans-
ferred to 2 ml Eppendorf tubes and frozen at —80°C for high
performance liquid chromatography pigment analysis. Frozen
samples were treated with 100 pl of 100% N-N-dimethylfor-
mamide and stored in darkness for approximately 16 h. Sub-
sequent analyses were performed as described by Bischof et
al. (2002¢). The whole thallus of the first experiment was
divided into three parts (base. mid and tip} to determine the
longitudinal profile of Chl a. However, due to tissue sample
limitation, no replicate was analysed. Samples from the online
growth chamber were analysed for Chl a, Chl ¢,. fucoxanthin
and B-carotene in triplicate.

Data analysis

All data were tested for homogeneity of variances (Levene
Statistics) and normality (Kolmogorov—Smirnov Test). Cor-
responding transformations were done to heteroskedastic (un-
equal variances) and nonnormal data. Time series measure-
ments on the photosynthetic yield (AF/Fm") were subjected to
repeated measures analysis of variance (RMANOVA) to de-
termine the effects of light treatiments across the sampling
days.

Growth rate was computed by plotting all data points (entire
experiment period) of each replicate per treatment. They were
individually fitted to an exponential equation N, = Nye®, where
N, is growth at time t. Ny is initial size and r is the intrinsic
rate of increase. Slopes (r) were computed daily for the growth
chamber data. Growth rate at time t, rt, is comparable to the
growth equation applied by Liining (1979): relative growth
rate (% per day) = (In SA; — In SA ) — t X 100, where
SA, and SA, are the surface areas at t; and t, in days. respec-
tively. Subsequently, the statistical significance of differences
in growth rates as affected by light treatments were tested
using analysis of variance (ANOVA, P = 0.05). This was
followed by Duncan’s multiple range test (DMRT. P = 0.05).
For the growth chamber and pigment data. where we only

tested two variables, compal
done by 7-test (P << 0.05). Statistical analyses were done using
the SPSS program (SPSS. Chicago. IL, USA).

son between the two groups was

RESULTS

Chlorophyll fluorescence: effective quantum yield

During the first day of exposure of young L. ochroleuca spo-
rophytes to 5 h UVR, a reduction of 53% and 61% in the
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Fig. 1. Circadian pattern of the mean effective quantum yield of young Laminaria ochroleuca sporophytes (n = 35) exposed to different radiation
(PAR = P: PAR + UVA = PA: PAR + UVA + UVB = PAB) during the light phase of the 16:8 h light—dark photoperiod. PFD is 40-50
pmol m=2 s-!, Vertical bars are standard deviations (s). Corresponding statistical analysis is shown in Table 2.

mean cffective quantum yield (AF/Fm') was observed in the
PA and PAB treatments relative to P, respectively. The mean
AF/Fm’ of PA and PAB treatments were observed to recover
I h after UV lamps were switched off, to 82% and 71% of
the P treatment, respectively (Fig. 1). The reduction in the
mean AF/Fm’ of UV-exposed plants became smaller through
time (15th and 28th day). After 2 and 5 h of UV exposure
(PA and PAB)., AF/Fm' at the end of the experiment (28th
day) was significantly higher than during the first day (Fig.
1), indicating acclimation of the photosynthetic apparatus to
UVR.

RMANOVA (P < 0.05) showed a significant effect of ir-
radiance on the effective quantum yield, AF/Fm' (Table 2).
Sporophytes exposed to PA and PAB had significantly lower
AF/Fm' during (1100 and 1400 hours) and after (1600 and
1900 hours) UV exposures. Although photosynthetic recovery
was evident when UV lamps were switched off (Fig. 1). AF/
Fm' of P was still significantly higher compared to PA and
PAB. In the morning (0800 hours). AF/Fm’' was found to be
not significantly different between treatments, indicating fur-
ther recovery. Final photosynthetic recovery on the 28th day
(1900 hours) was 90% of the initial value at the start of the
experiment.

Plants exposed to different PFD of PAR (30, 40, 50 and 60
pmol m=2 s71) showed significant variation (RMANOVA_ P
< .05} in the time series AF/Fm'. The DMRT (P < 0.05)

Table 2. Repeated measures analysis of variance and significance values
yields (AF/Fm') of young Laminaria ochroleuca sporophytes at every tin

showed significantly higher daily AF/Fm’ in plants exposed
to lower PAR (Fig. 2).

Growth

Higher growth rates were observed in plants exposed to P
alone (7.2 * 0.6% day=") compared to plants exposed to PA
(4.6 = 3.1% day™") and PAB (3.7 £ 1.1% day~'). Analysis
of variance showed significant effect of treatment (P << 0.05).
However. DMRT showed that P is not significantly different
with PA. and PA is not significantly different with PAB (Fig.
3). Moreover. tissue damage was evident among plants ex-
posed to PA and PAB showing tissue deformation, necrosis,
blistering, lesions. and curling and thickening of the meriste-
matic region (Fig. 4). Different PFDs of PAR have no signif-
icant effect on growth (ANOVA, P = 0.354: Fig. 5). At the
same PAR level, growth rate at 40 pmol m=2s7! (7.9 * 0.6%
day™!) is comparable to the first experiment.

In the ISITEC growth chambers experiment. growth over
the entire experimental period (fitness ol the exponential
curve, R? = 0.95 and 0.94 for P and PAB, respectively) were
lower for both P (4.4 + 0.5% day~') and PAB (1.9 = 0.6%
day™!) compared to the growth experiment using the large
basin flow-through incubation system. The calculated slope (r
= intrinsic rate of increase) was observed to be exponential
during the first day in both P (R? = 0.99) and PAB (R? =

for the effect of light treatments (P, PA, PAB) on the photosynthetic
e interval between sampling days (days 1, 15 and 28).

Variables
Dependent Independent df F P value!
Yield (AF/Fm") Irradiance Sampling time (h)

08:00 (UV off) 2 3.155 0.079 NS
11:00 (UV on) 2 57.170 <0.001*
14:00 (UV on) 2 90.106 <0.001*
16:00 (UV off) 2 19.934 <0.001*
19:00 (UV off) 2 5.589 0.019#

! P values represent significance level within time factor, * significant; NS, not significant.
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Fig. 2. Daily mean of the effective quantum yields of young Laminaria ochroleuca sporophytes (n = 5), exposed to different PFDs of PAR,
measured every 4 h from 0800 to 2000 hours. Vertical bars are standard deviations (5). RMANOVA showed significant difference between
treatments (# << 0.001). Letters on graph show result of DMRT (P <2 0.05): different letters refer to significant differences between mean values.
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Fig. 3. Growth rates of young Laminaria ochroleuca sporophytes exposed to different radiation (PAR = P; PAR + UVA = PA: PAR + UVA
+ UVB = PAB). PFD was 40-50 pumol m~? 8-, Inset shows increase in surface area over time measured using a scanner and image analysis
software (WinFolia). Values are ¥ = 5 (n = 5). ANOVA showed significant difference between treatments (P = 0.038). Letters on graph show
result of DMRT (P << 0.05); different letters refer to significant differences between mean values.
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Fig. 4. Morphological responses of Laminaria ochroleuca after 28
days UVR exposure includes: a, tissue deformation; b, lesion: c, blis-
tering; d. bleaching; e, curling and thickening of the meristematic
lamina.

0.98) treatments. On the sixth and the 12th day, plants grown
under P treatment were still growing exponentially at a lower
rate (R? = 0.99 and 0.94, respectively) but not under PAB
(Fig. 6). Growth (r) in PAB during the first day was already
36% lower relative to P treatment. It decreased further to 84%
on the sixth day and was zero on the 12th day. Therefore. the
velocity of increase per unit time in the young sporophytes
was unable to acclimate to UVR which significantly lowered
the growth rate of sporophytes exposed to PAB (P << 0.05,
inset of Fig. 6).

Photosynthetic pigments

Although no replicates were measured. a trend was observed
in the longitudinal profile of the Chl @ content in the young
sporophytes (Table 3). It was observed that regardless of the
light treatment, the meristematic and young parts of the thallus

contain less pigment than the rest of the thallus. Highest Chl
a content was measured in the middle part of the thallus and
close to the tip. On the other hand, total Chl @ contents in
plants exposed to PA and PAB were relatively lower com-
pared to plants exposed to P alone. No pigment analysis was
performed in the experiment using different PFD of PAR.
Pigment concentration of sporophytes incubated inside the
growth chambers showed similar results. Significantly higher
Chl @, Chl ¢,. fucoxanthin and B-carotene (P < (1.005) levels
were measured in the phylloids exposed to P alone (Fig. 7).
Relative to P, different pigments showed different sensitivities
to PAB. The order of sensitivity of pigment, expressed as the
reduction in concentration is as follows: Chl ¢, B-carotene,
fucoxanthin. and Chl a with 80%. 77%. 72% and 65%. re-
spectively. The carotenoids to Chls ratio (car: chly showed that
the P treatment (car:chl = 0.349 * 0.01) is not significantly
different to PAB (car:chl = 0.305 * (0.05) (ftest, P = 0.20).

DISCUSSION

The major result of this study is that photosynthesis is able to
acclimate to UVR whereas growth cannot. Acclimation of
photosynthesis to UVR in brown macroalgae has been pre-
viously reported in the Arctic Laminariales (Bischof er al.
1998a, 1999). This indicates that photosynthesis is a dynamic
process, which can acclimate to variations in light intensity
and spectral quality (reviewed by Senger & Bauer 1987; Fal-
kowski & LaRoche 1991). Mechanisms that might have been
involved in UVR acclimation include the establishment of a
physical barrier that shields the photosynthetic apparatus
against damaging radiation (Karentz 1994), or the induction
and synthesis of phloratannins. which have been invoked as
UV-screening compounds in brown algae (reviewed by
Schoenwaelder 2002). Phlorotannins of L. ochroleuca have
been previously characterized (Koch et al. 1980). However
the physiological and ecological significance of these chemi-
cally complex and heterogeneous polyphenolic components
isolated from L. ochroleuca are unknown.

In contrast to photosynthesis, growth rate of L. echroleuca
has been significantly affected under longer PAB treatment.
This indicates that the photosynthetic capability of the algae
to partially acclimate to chronic UVR exposure cannot always
be equated to the ecological optimum of the plant. Although
growth (size of phylloid area) is still increasing in the P treat-
ment. the declining slope could be attributed to the increase
in doubling time for the cell mass (Sorokin 1973: Brinkhuis
1985). Field experiments on the relative growth rates of three
Laminaria J.V. Lamouroux species in Helgoland were also
observed to decrease through time (Liining 1979). Conse-
quently, regardless at which point of the growth curve we look
at, the rate of increase per unit time in the young sporophytes
exposed to PAB was unable to acclimate to UVR.

Although the effect of UVA was statistically insignificant
in the growth experiment. it is evident that long-term exposure
to UVA and UVB resulted in tissue deformation and damage
in L. ochroleuca. This characteristic tissue damage and mor-
phological deformation are still undocumented and unreported
in seaweeds exposed to UVR. This is probably because pre-
vious growth studies on young Laminaria sporophytes were
too short to induce tissue injury (e.g. 2—3 weeks: Dring et al.
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Fig. 5. Growth rates of young Laminaria echroleuca sporophytes exposed to different PFDs of PAR. Inset shows increase in surface area over
time measured using a scanner and image analysis software (WinFolia). Values are £ * s (n = 5). ANOVA showed insignificant difference
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Table 3. Longitudinal profile of thallus Chl @ concentration in Lam-
inaria ochroleuca sporophytes exposed to different irradiances. Con-
trol is sample derived directly from bubbling culture: light is = 10
pmol m-2s-1, Values per segment represent one replicate only.

Chl a
(mg g~' FW)!
Treatment Base Mid Tip Total
Control 0.1498 0.2968 0.2544 0.7010
P 0.1965 0.4589 0.4077 1.0631
PA 0.2485 0.3461 0.3202 0.9148
PAB 0.2486 0.3243 0.3130 0.8860

'FW, fresh weight.

1996b: Aguilera et al. 1999). However, pronounced tissue ne-
crosis and loss of parts of the thalli was reported in the Arctic
L. solidungula J. Agardh after 1 week of daily exposure to 18
h UVR (Michler et al. 2002). On the other hand, UVR-in-
duced injuries on plant’s tissue have been reported in terres-
trial flora. This includes reduced leal area. blistering and epi-
dermal deformation. lesions, increased leaf thickness and pho-
tomorphogenesis (radiation-induced change in growth form)
(Cline & Salisbury 1966: Robberecht & Caldwell 1978: Tev-
ini et al. 1981: Teramura 1983; Barnes et al. 1990). In this
regard. long-term growth measurement and observation on
morphological integrity of the tissue presents a more holistic
indication of the negative impact of this stress factor

Different growth rates were obtained from the two experi-
mental methods. Higher growth rates in both P and PAB wreat-
ments were measured in the basin incubation system com-
pared to the growth chamber with automated online video
measuring technique. There could be several reasons for this:
(1) plants in the basin are subjected to water motion which
could facilitate gas exchange and nutrient uptake: (2) the high-
er volume of circulating water in the basin incubation system
(80 litres) compared to the growth chamber (30 litres) could
result in a better nutrient supply; or (3) the growth rate was
light-limited in the growth chamber (P = 3.6 W m™2: PAB =
9.4 W m~%) compared to the basin incubation system (P = 8
W m ™% PAB = 18 W m™?).

In the experiment with different photon fluence rates. we
were not able to test the effect of the highest total amount of
light energy equivalent to the PA and PAB treatments (= 18
W m~2?). Further experiment should be conducted to address
this question explicitly. However, we believe that the physi-
ological and morphological effects observed in our study are
due to light quality (presence of UVR) rather than the higher
amount of light energy in the UV treatments, especially be-
cause UVR cannot be used for photochemical energy conver-

sion.

Photosynthetic and accessory pigments in L. ochroleuca
were observed to react similarly with growth. These were sig-
niticantly reduced under UVB. Pigment damage can result ei-
ther (1) when protein-based pigments absorb UV energy di-
rectly and undergo photochemical degradation: (2) by photo-
sensitizer action; or (3) by oxygen radical production in ad-
dition to singlet oxygen (Vincent & Neale 2000). Aguilera ef
al. (2002) reported that under natural solar radiation. photo-
synthetic pigments of six Arctic macroalgae decreased signif-
icantly upon exposure to increased PAR and UVR after sea-
ice break-up. Reduced Chl concentrations were also observed
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Fig. 7. Photosynthetic and accessory pigments in Laminaria ochro-
leuwca sporophytes exposed to different irradiances (PAR = P; PAR +
UVA + UVB = PAB). Vertical bars are standard deviations (s, n =
3). Letters on graph show result of f-test (F << 0.005); different letters
refer to significant differences between mean values.

Fucox

in field experiments with Ulva Linnacus species in Spain and
Helgoland (Bischof et al. 2002b, ¢) and in the laboratory ex-
periments of Australian seagrasses (Dawson & Dennison
1996). On the other hand. a study on U. rigida C. Agardh
reported significantly higher pigment content (Chl a, Chl b
and carotenoids) in the presence of UVB (Altamirano et al.
2000b). There was also an inverse relationship between
growth and pigment content. which caused the authors to
speculate some kind of photoprotective mechanism in the al-
gae that deflects energetic resources to pigment biosynthesis
at the expense of growth. In L. ochroleuca, we observed lower
growth rates and pigment concentration in UVB-exposed
plants. This implies that UVB reduced the synthesis of or
degraded the pigments. effectively limiting the light-harvest-
ing ability. Consequently, reduction in the photosynthetic end
products also imposes constraints on the repair of cellular
damage and growth. With the meagre information on the long-
term effects of UVR on pigment content and its relationship
to photosynthetic efficiency and growth. more studies should
focus on this mechanism. which could be species-specific.
The longitudinal profile of Chl @ concentration in young
sporophytes was comparable to those of mature L. ochroleuca
(Drew et al. 1982), L. digitata (Hudson) J.V. Lamouroux. L.
saccharina (Linnacus) 1.V, Lamouroux and L. hyperborea
(Gunnerus) Foslie (Kiippers & Kremer 1978). The lowest Chl
a contents were measured in the young and meristematic re-
gions of the plant. Tissue Chl @ concentration increases with
age, but the tip contains relatively lower amounts than the
middle parts. Furthermore, different pigments were observed
to exhibit different sensitivities to UVR. For example, within
the Chls. Chl ¢, has been found to be more sensitive than Chl
a. The carotenoids fucoxanthin and B-carotene were more af-
fected than the Chls (Chl @ + Chl ¢;) under UVB. These
observations conflict with previous studies, where it was re-
ported that Chl @ was more sensitive than Chl & (Teramura
1983: Strid et al. 1990) and that carotenoids are generally less
affected than Chls (Teramura 1983). Therefore, an increase in
car:chl due to faster degradation of Chls can imply some
photoprotection role of carotenoids (Roy 2000). However. the
accumulation of carotenoids specifically in response to UVR
was only observed in cyanobacteria and chlorophytes (Buck-
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ley & Houghton 1976; Goes ef al. 1994). In our study, car:
chl was more or less the same in plants exposed to P alone
and plants exposed to PAB.

In the field. the wide range of distribution of L. ochroleuca
across a vertical gradient (0—100 m) suggests that competent
spores and germlings can successfully recruit across the ex-
panse of the vertical tidal zone. However. young sporophytes
are probably prevented from growing successfully into adult
sporophytes in the upper tide level by consistent exposure to
environmental stress such as high UVR, temperature changes.
desiccation and grazing. This could explain the low relative
plant density reported at 0—2 m zone in the field. Although
there were no previous field data on UVR in these areas, much
lower plant densities were observed in the Spanish and French
coasts (John 1971: Sheppard et al. 1978) compared to the
estuarine arca in Spain (John 1971). Because of the higher
solar angle, lower latitude areas receive more solar radiation,
and higher harmful UVB levels have been reported in Spain
than in polar regions or higher latitudes (Altamirano et al.
2000a, b). Also. macrophytes are more affected by UVR in
clear waters than in turbid waters because excessive UV can
be absorbed and scattered in the water column by suspended
matter, dissolved organic carbon and phytoplankton.

In conclusion. we recommend that future studies on the
long-term effect of increasing UVR on aquatic macrophytes
should measure growth rather than photosynthesis only, or
preferably measure both physiclogical processes and other
biochemical parameters. to understand better the mechanisms
of UV damage in macroalgae. It has been demonstrated that
photosynthesis is an important physiological target of UVR
(Franklin & Forster 1997, Hanelt et al. 1997c; Bischol ef al.
1998a). However, fluorescence data showed that photosynthe-
sis was negatively affected only during the initial exposure to
UVR and eventually acclimated to it. Conversely. long-term
chronic exposure to UVR showed a significant effect on
growth rate. the tissue’s morphological integrity and pigment
composition. Other cellular processes affected by UVR are
cell division, and damage to macromolecules such as DNA,
proteins and lipids (Altamirano et ai. 2000a. b: van de Poll et
al. 2001). UV exposure reduces the accumulation of photo-
synthetic products, which are diverted to the repair of cellular
damage and consequently limit growth and reproduction. In
this regard. growth as an integrative cellular process is better
suited than photosynthesis to the study of the long-term effect
of UV exposure to macroalgae.
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Abstract Young sporophytes of Saccorhiza dermatodea
and Alaria esculenta cultured from Spitsbergen isolates
were exposed in the laboratory to either only photo-
synthetically active radiation (PAR) or to a spectrum
including UV-radiation (PAR+ UVA + UVB) by use of
cutoft glass filters. The plants were grown at 8 &= 2°C and
16:8 h light-dark cycles with 6 h additional UV expo-
sure in the middle of the light period. Growth was
measured every 10 min using growth chambers with
online video measuring technique for 18-21 days. Tissue
morphology and absorption spectra were measured in
untreated young sporophytes while tissue chlorophyll-a
content and DNA damage were measured from treated
thalli at the end of the experiment. Under UVR, growth
rates of S. dermatodea were significantly reduced while
A. esculenta have a potential to acclimate. Tissue chlo-
rophyll-a contents in both species were not significantly
different between treatments suggesting that these algae
may acclimate to moderate UVR fluence. Higher DNA
damage in S. dermatodea eftectively diverted photosyn-
thetic products for repair constraining growth. Tissue
optics (opacity and translucence) was correlated to the
tissue absorbance in the UVR region characteristics of
phlorotannin, an important UV-absorbing compound in
brown macroalgae. Growth rates of sporophytes of both
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species exposed to PAR without UV was similar during
day and night. The results showed that both species can
recruit and inhabit a similar coastal zone when appro-
priate strategies are expressed to minimize damage in
response to the stress factor.

Introduction

Saccorhiza dermatodea (Bachelot de la Pylaie) J. Agardh
has a circumboreal distribution. It is found throughout
the Arctic Ocean and extends down the northeastern
seaboard of North America. Alaria esculenta (Linnaeus)
Greville, on the other hand, is found in the North
Atlantic as far south as the 16°C summer isotherm on
the Brittany coast and extends north towards the Arctic
(Liining 1985). In Spitsbergen, S. dermatodea grows in
the upper sublittoral while A. esculenta grows in the
upper-mid sublittoral (Wiencke et al. 2004). However,
they can also be found co-inhabiting a depth from 3 m
to 10 m (Bischof et al. 1998).

Stratospheric ozone depletion is not only reported
over Antarctica (Solomon 1999; Staechelin et al. 2001)
but also over the Arctic (Jokela et al. 1993; Miiller et al.
1997; Rex et al. 1997, 2002), which leads to enhanced
levels of Ultraviolet-B radiation (UVBR) at the earth’s
surface. In aquatic ecosystems, reflection and attenua-
tion within the water body reduces irradiance levels and
alters spectral composition. However, biologically sig-
nificant UVBR levels are still recorded down to 8-m
water depth in Kongsfjorden (Hanelt et al. 2001).

Exposure to UV radiation (UVR) can significantly
affect macrophyte productivity and ecophysiology
(Franklin and Forster 1997). In particular, it can induce
damage directly by photochemical degradation of
biomolecules and cause DNA lesions forming cyclobu-
tane-pyrimidine dimers (CPDs) or indirectly via the
production of reactive oxygen species such as hydrogen
peroxide and superoxide radicals, responsible for the
more widespread oxidative damage within the cell
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(Vincent and Neale 2000). The resulting stress is mani-
fested in increased energy demands for protection and
repair, a decrease in growth rate resulting from the
photochemical damage and disruption of cell metabo-
lism and cell division, and under severe exposures, in
mortality of the specimen.

UVR sensitivity of macrothalli of Laminariales is well
documented (e.g. Clendennen et al. 1996; Aguilera et al.
1999; Karsten et al. 2001; Bischof et al. 2002a; Apprill
and Lesser 2003). Most of these studies measured pho-
tosynthetic responses to UVR. In several studies (e.g.
Hanelt et al. 1997a, b), sensitivity and recovery were
found to be related to the depth distribution of the
species while capability of acclimation is reported in
upper sublittoral species (e.g. Bischof et al. 1998, 1999).
However, acclimation of photosynthesis to UVR expo-
sure cannot be equated to the ecological optimum of the
plant because photosynthetic products are used for
protection and repair, consequently constraining
growth. For example, photosynthesis of Laminaria
ochroleuca de la Pylaie is able to partially acclimate to
chronic UVR exposure, but growth does not (Roleda
et al. 2004a).

Different life stages of Laminariales are reported to
be differentially susceptible to light stress (e.g. Dring
et al. 1996; Hanelt et al. 1997¢c), whereby early devel-
opmental life stages are reported to be the most sus-
ceptible to UVR compared to the adult stages (reviewed
by Coelho et al. 2000). For example. zoospore motility,
germination capacity and DNA are affected under UVR
(e.g. Huovinen et al. 2000; Wiencke et al. 2000, 2004,
Makarov and Voskoboinikov 2001). A protective
mechanism against UVR includes synthesis of the UV-
absorbing compound phlorotannin (Schoenwaelder
2002; Wiencke et al. 2004).

Across a vertical gradient, growth of young sporo-
phytes of the upper sublittoral §. dermatodea (Aguilera
et al. 1999) and upper-mid sublittoral 4. esculenta
(Michler et al. 2002) is reported to be inhibited by UVR.
Macroalgae growing in shallower depth are often more
tolerant to UV and recover well after periods of high UV
radiation. Morphologically, species with tougher and
thicker thalli may also be less sensitive to UVR as a result
of more protective tissue (Johansson and Snoeijs 2002).

In the present study, we compare growth kinetics of
cultured young sporophytes under controlled laboratory
condition and the potential for growth acclimation un-
der UVR between S. dermatodea and A. esculenta using
growth chambers with an automatic video growth
measuring technique. Growth in terms of increase in
pixel size will be measured at short time scales (e.g. every
10 min) over a 3-week period. Data obtained from these
measurements will allow us to quantify growth during
and after UV exposures or during light and dark phases
of the daily photoperiod. DNA damage accumulation
and pigment content will also be measured after re-
peated exposure to UVR. The effect of UVR on growth
will be discussed in relation to thallus morphology. tis-
sue absorption spectra characteristics of UV-absorbing

compounds and depth distribution of the sporophytes in
the field.

Materials and methods
Algal material

Cultures of S. dermatodea and A. esculenta gameto-
phytes (hereinafter called “Alaria’ and ‘Saccorhiza’
respectively), originally established from spores of fertile
sporophytes collected by SCUBA diving in Kongsfjor-
den, Spitsbergen (78°55'N, 11°56’E), were used to obtain
young sporophytes. They were grown aerated in 51
culture bottles filled with Provasoli enriched seawater
(Starr and Zeikus 1993) inside a temperature-controlled
room at 8 £2°C and 10 pmol photon m—> s~ white
light at 12:12 h light:dark photoperiod. To compare
morphological differences between cultured and wild
specimen, young sporophytes were collected by SCUBA
diving in May 2004 in Kongsfjorden.

Online video growth measurement technique

Three growth chambers (ISITEC GmbH, Bremerhaven,
Germany) with online video measuring technique de-
scribed by Roleda et al. (2004a) were operated simulta-
neously in the experiment (Fig. la). Each growth
chamber contained two basal pieces of thalli (average
size=30 mm?%, +6 mm of the phylloid including the
meristem), positioned 20-mm apart from each other.
They were fixed using tiny nails between the top and
bottom of the UV-transparent Plexiglas chamber
(Fig. 1b,c). The space between the top and bottom
chambers allows circulating filtered, pasteurized and
cooled seawater (8 - 2°C) to pass through. Light sources
are mounted 15 cm above the platform (Fig. 1d) con-
sisting of two white fluorescent lamps (Philips, TL 8 W/
965, Holland) and two UV lamps (Q-Panel UVA-340,
40 Watt, Cleveland, USA; modified from the figure).
Infrared diodes (wavelength=930 nm) are mounted at
the sides of the chamber to produce infrared images of
the object for the video camera, also during the dark
periods. The captured image by the CCD camera
(Fig. le) is analysed by a MedeaLAB Count and Clas-
sify software (Fig. 1f; Multimedia and Software GmbH,
Erlangen, Germany) which measures growth, in terms of
increased number of pixel, of the algae.

The algal samples were acclimated for 3 days inside
the growth chambers to 16:8 light-dark photoperiod
without UVR. After acclimation, UVR was supple-
mented in the middle of the light phase (09001500 H).
Two types of glass filters, Schott-GG 400 (Schott,
Germany) and Quartz glass, were put on the top of
the Plexiglas chamber, each covering one of the two
algal samples, respectively. This corresponds to two
treatments per chamber with photosynthetically active
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Fig. 1 a—f ISITEC growth
chamber (a) showing UV-
transparent Plexiglas chambers
where the algae is fixed between
the top (b) and bottom (¢) of the
chambers. Seawater inflow and
outflow outlets are shown in the
bottom part of the Plexiglas
chamber. Lamps and infrared
diodes (d) are mounted above
the platform and on the sides of
the growth chamber,
respectively. Image captured by
the CCD camera (e) 1s analysed
by MedeaLAB Count and
Classify soltware, a
measurement for one thallus
piece is shown in (f)

radiation (PAR=P) and PAR+UVA+UVB (PAB)
treatment. The three growth chambers operated simul-
taneously per species, were used as replicates for the P
and PAB treatments.

Irradiance was measured using a scanning UV-VIS
spectrometer (M. Kruse, Bremerhaven, Germany) below
the glass filters. Weighted irradiance was calculated
using action spectra for well-known biological re-
sponses: DNA damage for Escherichia coli (280-320 nm,
Setlow 1974) and the generalized plant damage (280
312 nm) described by Caldwell (1971). Both unweighted
and weighted irradiances for each treatment are com-
piled in Table 1. Growth was continuously measured
every 10 min for 18 21 days. Seawater was changed
weekly to ensure enough nutrient supply within the
medium. At the end of each growth experiment, algal
thalli were transferred to 2-ml Eppendorf tubes and
frozen at —80°C for further chemical analyses.

Growth rate was computed by plotting all data points
(entire experimental period) of each replicate per treat-
ment. They were individually fitted to an exponential
equation N,= Nye”', where N, is growth at time #, Ny is
initial size and r is the intrinsic rate of increase. Growth

g : i III'HHIIIIIHIIIlIIIIIIIHNIIIlmH (i o
e T e

rate at time 7 (r7) is comparable to the growth equation
applied by Liining (1979): relative growth rate (%
day H)=(In SA,—In SA,)/ 6—1,x100, where SA, and
SAsare the surface areas at 7; and - in days, respectively.
To determine day and night growth rates, daily growth

rates (% h~") during the light (16 h) and dark phase
(8 h) of plants exposed to photosynthetically active
radiation (P) alone were computed using the same
exponential equation. Mean day and night growth rates
were computed every three days. Among sporophytes
exposed to PAB (PAR+UVA+UVB), circadian
growth rates and three days average (% h_') were
computed during the start of the light phase without UV
(05000900 h), in the middle of the light phase with UV
supplement (09001500 h), at the end of the light phase
without UV (1500-2100 h), and during the dark phase
(2100-0500 h).

Thallus morphology

The wet weight: surface area (mg:mm?) ratio was used
to determine thallus thickness (Roleda et al. 2004b).

Table 1 Unweighted and weighted irradiance applied in the growth chambers

Irradiance (W m %)

Unweighted Weighted
GG 400 Quartz DNA Generalized
(PAR alone) (PAR +UVA+UVB) damage (Setlow 1974) plant damage (Caldwell 1971)
PAR (400-700 nm) 3.60 4.00 0 0
UVA (320-400 nm) 0.02 4.92 0 0
UVB (280-320 nm) 0.00 0.41 9.76x107° 3.16x1072
Total irradiance 3.62 9.33 9.76x107° 3.16x1077
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Surface area of sporophytes taken directly from the
unialgal cultures was measured using a scanner and
WinFolia 5.0 image analysis software (Regent Instru-
ment, Quebec City, Canada) and the corresponding wet
weight of the blotted tissue was weighed using Sartorius
(CP225D, Germany) weighing scale (n=10).

Absorbance spectrum

To determine the presence of UV-absorbing compounds
in the tissue, young sporophytes obtained from culture
were inserted into seawater-filled quartz cuvettes and
scanned with seawater as reference in the 250-700 nm
waveband using a Shimadzu photometer (UV 2401PC,
Japan) equipped with an integrating sphere. For com-
parison, young sporophytes collected in the field in
Spitsbergen were also scanned.

Pigment extraction and characterisation

Frozen samples were treated with 100 pl of 100% N-N-
dimethylformamide and stored in darkness for approx-
imately 16 h. Subsequent analyses were performed using
HPLC as described by Bischof et al. (2002b).

DNA extraction and quantification

Thalli were homogenized in liquid nitrogen and DNA
was isolated following the CTAB extraction procedure
described by Poll et al. (2001) and modified by Roleda
et al. (2004b). After DNA extraction, the pellet was
dissolved in 02 ml TE buffer (10 mM Tris, 1 mM
EDTA, pH 8.0), treated with RNAase (5 pul 10 mg ml™",
30 min, 37°C: Sigma, MQ) and stored at —20°C. The
DNA concentration was quantified fluorometrically
using PicoGreen assay (Molecular Probes, Eugene, OR)
and a Cary Eclipse Fluorescence Spectrophotometer
(Variance Scientific Instrument, CA). A dilution series
with a known amount of DNA (Serva, Heidelberg,
Germany) was included for calibration purposes.

Assay for CPDs detection

The immunoassay for CPDs was modified after Vink
et al. (1994) and Poll et al. (2001). Heat-denatured
samples containing 50 ng DNA were transferred to a
nitrocellulose membrane (Protran BA 79, pore size
0.1 um, Schleicher Schuell). After a two-step antibody
assay, the membrane was treated with ECL Western
blotting detection reagent (Amersham Buckingham-
shire, UK) and sealed in a transparent vinyl plastic
folder (Leitz, Stuttgart, Germany). This was subse-
quently exposed to photosensitive ECL films (Amer-
sham) at different exposure time. The films were
developed using X-ray film developer. Developed films

were scanned using a Biorad imaging densitometer
(Model GS-700, Bio-Rad Laboratories, USA) and gray
scale values were quantified using Multi-Analyst (Ma-
cintosh Software for Bio-Rad’s Image Analysis Sys-
tems). A calibration series of UV-irradiated calf thymus
DNA (Serva) supplemented with unexposed DNA was
included giving | pg mi~' DNA for cach calibration
point. The UV-irradiated DNA was previously cali-
brated against UV-irradiated Hela DNA with known
amounts of CPDs (kindly provided by A. Vink). CPDs
were quantified by comparing the gray scales within the
linear range of the film.

Data analysis

The statistical significant differences between treatments
(P versus PAB) and between species (Saccorhiza versus
Alaria) were tested using t-test (P<0.05) using SPSS
software (SPSS, Chicago, IL, USA).

Results

The intrinsic rate of increase (r) in the surface area of
both species exposed to P was higher compared to
sporophytes exposed to PAB (Fig. 2). However, a sig-
nificant effect of the treatment was only observed in the
growth rate of Saccorhiza (P=10.006) while growth rate
of Alaria was not significantly different between treat-
ments (P=0.275; inset Fig. 2). Among sporophytes ex-
posed to P only, average growth rates during the light
and dark phase of the photoperiod was not different in
Alaria throughout the whole experimental period while
slightly higher growth rates during the light phase were
observed in Saccorhiza from the 15th to the 18th day of
measurement (Fig. 3). Among sporophytes exposed to
the full light spectrum (PAB). a circadian growth pattern
was observed (Fig. 4). Growth rates were mostly lowest
in the morning (0500-0900 h) and at the middle of the
light phase with UVR supplement (0900-1500 h).
Growth rates increased in both species after UVR was
switched off in the afternoon and during the dark phase
in Alaria while variable growth pattern was observed
during the dark phase in Saccorhiza. Comparison be-
tween species showed no significant difference in growth
rates at the start of the light phase (0500-0900 h). In the
middle of the light phase with UVR supplement, sig-
nificant difference between species was only observed on
the 18th day where growth rate of Saccorhiza was sig-
nificantly depressed (P < 0.05). The same trend was ob-
served at the end of the light phase (1500-2100 h) and at
night, when Alaria showed significantly higher growth
rates (P<0.05). Time series observation on the growth
rates of sporophytes during UVR exposure (0900-
1500 h) showed acclimation in the growth rate of Alaria
and continuous decrease in the growth rate of Saccorh-
iza (Fig. 5).
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Fig. 2 Growth, in terms of surface area increase, in young
sporophytes exposed to different irradiances of photosynthetically
active radiation (PAR =P) and PAR + UVA + UVB(=PAB). PFD
was £20 pmol m™? s~ Data points (irregular dark gray points)
are fitted using the exponential growth equation N,=Nge™ (dark
solid curves), where N, is growth at time 7 and N, is initial size.
Values are means + SD (light gray one sided area, n=13). Inset is the
corresponding growth rates for the entire experimental period. *
refers to significant differences between mean values (i-test
P<0.05)
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Fig. 3 a, b Growth rates of young sporophytes exposed to
photosynthetically active radiation (PAR =P) during the light
(16 h) and dark phase (8 h) of the photoperiod in (a) Saccorhiza
dermatodea and (b) Alaria esculenta

Cultured sporophytes grown in low white light
without UVR showed that Saccorhiza had thicker thalli
compared to Alaria (P<0.0001; Fig. 6a). Different
growth forms were observed between wild and cultured
sporophytes (insets Fig. 7a,b). The collected wild Sac-
corhiza specimen already exposed to naturally high solar
radiation was more robust and pigmented compared to
the cultured specimen. Alaria cultured at daylength of 12
or 16 h was darkly pigmented and opaque compared to
the translucent wild specimen. When transferred from
12 h to 24 h daylength, the thalli become lightly pig-
mented and translucent after 2 weeks (Fig. 7b). How-
ever, cultured Alaria manifest broader thalli compared
to the more tapered wild specimen with a very distinct
midrib. Significantly higher chlorophyll-a concentration
was measured in Alaria compared to Saccorhiza
(P<0.05). Comparison between treatments, however,
showed only slightly and insignificantly higher chl a
concentration in sporophytes exposed to PAB compared
to P (Fig. 6b). DNA damage measured as the number of
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Fig. 5 Average growth rates monitored over a period of 21 days in
young sporophytes of Saccorhiza dermatodea and Alaria esculenta
during UVR exposure (0900-1500 h). * refers to significant
differences between mean values (r-test, P<0.05)

cyclobutane pyrimidine dimers (CPDs) showed signifi-
cantly higher DNA damage induction and CPDs accu-
mulation in Saccorhiza compared to Alaria (P<0.0001;
Fig. 6¢c). Spectral analysis of tissue showed different
absorbance between the wild and cultured young ga-
metophytes. The absorbance maxima observed in the
UVR region are characteristic for the phlorotannin
absorption spectrum. Strong absorption below 280 nm
was measured in the wild Saccorhiza compared to the
cultured sporophytes (Fig. 7a). Cultured Alaria grown
at 12 h and experimentally exposed to 16 h daylength
were opaque. These samples showed a very strong
absorption below 360 nm while collected wild and cul-
tured sporophytes grown at 24 h daylight showed simi-
lar but much lower absorbance spectra with maximal
absorbance below 280 nm (Fig. 7b).

Discussion

Potential for growth acclimation in young sporophytes
to UVR was found to be specific for one of the inves-
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Fig. 6 a—c Morphological and biochemical characteristics in young
sporophytes of Saccorhiza dermatodea and Alaria esculenta where
(a) Surface area: wet weight ratio to determine thallus thickness of
cultured sporophytes (n=10); (b) Chlorophyll-a content in sporo-
phytes exposed to photosynthetically active radiation (PAR)=P
and PAR+UVA+UVB=PAB (n=23); (¢) UVB-induced DNA
damage measured as cyclobutane pyrimidine dimers (CPDs)
concentrations per million nucleotides (n=3). Vertical bars are
standard deviations (SD). * refers to significant differences between
mean values (-test, P<0.05)

tigated species and correlated to tissue DNA damage
induction and CPDs accumulation while tissue chloro-
phyll-a contents in both species were able to acclimate to
moderate UVR fluence. Higher DNA damage diverts
photosynthetic products for repair, thus constraining
growth. Moreover, we found that thallus optical prop-
erty was correlated to the tissue absorbance in the UVR
region, characteristic of phlorotannin, an important
UV-absorbing compound in brown macroalgae. This
study showed that appropriate stress protective response
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such as synthesis of phlorotannin, and efficient DNA
damage repair mechanism can enhance survival of
young recruits and may be a factor for the determination
of the upper distribution range of a species.

Previous studies on the same species have shown that
photosynthesis of Alaria acclimate to UVR (Bischof
et al. 1999) while photosynthesis of Saccorhiza is
photoinhibited under full solar spectrum (Karsten et al.
2001). In our study, we found that growth responds
similarly to photosynthesis. Outdoor incubation of
Saccorhiza to the natural solar radiation also showed the
same growth inhibition under UVR (Aguilera et al.
1999). On the other hand, previous study on the growth
of Alaria under laboratory condition showed contrasting
result where significantly lower growth rate was ob-
served in sporophytes exposed to UVR (Michler et al.
2002). This is attributed to the different parts of the
sporophytes used in the experiment. In the present
study, we used acclimated meristematic basal parts of
the young sporophytes while Michler and co-workers
used cut off pieces from the meristem of the blade,
making the wounded tissue more susceptible to UVR.

UVB-R induced DNA damage can be repaired
through photoreactivation or excision repair (Karentz
1994; Pakker et al. 2000a, b; Poll et al. 2002). However,
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when DNA damage rate is higher, photosynthetic
products will be diverted to cellular repair at the expense
of growth and reproduction. Difference in thallus mor-
phology, such as thickness, maybe regarded as protec-
tive mechanism against both high PAR and UVR in
macroalgae (Dring et al. 1996; Hanelt et al. 1997c;
Johansson and Snoeijs 2002). However, CPDs concen-
tration was higher in the thicker Saccorhiza thallus
suggesting that DNA damage rate exceeds repair rate in
this species. Thallus thickness in itself is therefore not
sufficient to minimize deleterious UVR effects. The
optical property of the thallus is also important, which
can influence reflection, attenuation, scattering,
absorption or transmittance of UV radiation in plant
tissues (Caldwell et al. 1983). To prevent UVR induced
damage, many macroalgae produce UV screening com-
pounds such as phlorotannins in brown macroalgae
(Pavia et al. 1997; Pavia and Brock 2000; Schoenwaelder
2002; Henry and Van Alstyne 2004). In comparison to
isolated phlorotannins from Fucus gardneri (Henry and
Van Alystyne 2004), the absorbance spectrum of Alaria
and Saccorhiza tissues showed a similar strong absorp-
tion in the UV-C and UV-B region. In terrestrial plants,
wavelength selectivity of absorption in leaf epidermis is
very pronounced and is often attributed to flavonoids
and other related UV-absorbing compounds (Robber-
echt and Caldwell 1978). Phenolic compounds generally
have substantial UV absorbance and very little absorp-
tion in the visible waveband (Caldwell et al. 1983).
Trade-offs between phlorotannin production and
growth were observed in Ascophyllum nodosum (Pavia
et al. 1999). Although phlorotannin concentration was
not quantitatively analyzed in our study, the absorbance
maxima in the UVR region of the tissues are charac-
teristic of the phlorotannin absorption spectrum,
showing higher concentration in cultured Alaria com-
pared to Saccorhiza. The physiological cost of producing
this UV-absorbing compound may be seen in the lower
growth rate of Alaria compared to Saccorhiza. Alaria
grown at 24 h daylength simulating polar day increased
their growth rate to 11+3% day~' (data not shown)
compared to only 34 1% day™' growth rate (Fig. 1) at
16:8 h light-dark photoperiod. An increase in growth
rates to longer photoperiod was previously reported in
A. esculenta from the British Isles (Han and Kain 1996).
The wild young Saccorhiza sporophytes, which were
collected during the polar day in May in the upper
sublittoral (4 m), were already exposed to higher natural
solar UV radiation compared to wild young Alaria
sporophytes, which were collected in the mid sublittoral
(5-6 m) under the canopy of adult plants. At this point,
wild young Saccorhiza sporophytes have already re-
sponded to the environmental cue by means of physio-
logical mechanism to reduce stress such as synthesizing
UV-absorbing compounds as shown in the darkly pig-
mented thallus of the wild isolate and the corresponding
strong tissue absorption in the UVR region. On the
other hand, recruitment of Alaria under the canopy of
adult plants is thought to be an adaptive behavior which

effectively protects these early life stages from stress
factors, therefore minimizing ecological cost for defense,
enabling the juvenile plants to allocate more photosyn-
thate for growth (Herms and Mattson 1992). The
expression of dark pigmented Alaria phenology in cul-
ture (12 or 16 h daylength of low white light, 10—
20 pumol photon m™> s~} is speculated to be some kind
of physiological mechanism (Roy 2000) related to the
seasonal variation of daylength. It is typical for the so
called season anticipators (Kain 1989). In these species,
seasonal development is finely tuned to the seasonal
variation of daylength and this strategy is evident from
the organism to the cellular and metabolic level (Wie-
ncke 1990a, b; Lider et al. 2001, 2002; Dummermuth
and Wiencke 2003). When unprotected juvenile recruits
(such as in our unialgal culture) start growing during the
short daylength (e.g. at the end of the polar night, before
the start of polar day in the field), we hypothesize that
the young sporophytes are investing UV-absorbing
compounds in anticipation of the polar days when they
could be potentially exposed to enhanced solar radia-
tion. When we increased the daylength to 24 h depleted
of UVR, the plants responded by growing faster and
stopped synthesizing UV-absorbing compounds as
shown in the decreased tissue absorbance in the UVR
region supporting our hypothesis.

In zoospores, phlorotannin containing physodes was
observed in both species. Enlargement of these phenolic
vesicles was observed after 20 h exposure to PAR+
UVA + UVB, which provide protective function against
UVR (Wiencke et al. 2004). More prominent physodes
were observed in Saccorhiza compared to Alaria spores,
which consequently enhanced germination rate in Sac-
corhiza (Wiencke et al. 2004). Allocation of phenolic
compounds seems to be dependent on life stage and life
history of the plant. However, among l-pm- to <10-
pm-size class cells, production of UV-absorbing com-
pounds can afford considerable benefits but only at the
expense of relatively heavy energetic investment (Garcia-
Pichel 1994). Phlorotannin synthesis in juvenile recruits
lowers growth rate but could enhance survival of the
young sporophytes. In adult sporophytes, higher con-
centrations of phenolic compounds are found in the
reproductive fronds (sporophylls) than in the vegetative
blades of the intertidal A. marginata Postels & Ruprecht
(Steinberg 1984) where sporogenic tissue could provide
protection to zoospore containing sporangium against
environmental stress factors. A conceptual model of the
evolution of plant defense suggest that plant physiolo-
gical trade-offs (e.g. allocation of photosynthate for re-
pair, growth and reproduction, synthesis of UV-
absorbing compounds and secondary metabolites) in-
teract with the abiotic environment, competition and
herbivory (Herms and Mattson 1992).

Seasonal variation in pigment concentration of Arctic
Saccorhiza collected before, during and after sea ice
break-up showed decreasing chlorophyll-¢ concentra-
tion coinciding with the increasing underwater radiation
(Aguilera et al. 2002). In the laboratory, we observed no
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significant variation in Chl-¢ concentration between
sporophytes exposed to the whole spectrum and to PAR
alone. This could be attributed to the higher natural
solar radiation at 3—4 m depth where Aguilera and co-
worker collected their algal material. In Ulva rigida C.
Agardh, however, significantly higher pigment content
(Chl @, Chl » and carotenoids) was measured in the
presence of UVB, which is speculated to be some kind of
photoprotective mechanism (Altamirano et al. 2000). In
Palmaria decipiens (Reinsch) Ricker, chlorophyll-a
concentration increases after 4 h of exposure to UVR.
Further exposure to 12-16 h of UVR showed no sig-
nificant variation between treatments (Poppe et al.
2002). This indicates the capability of algae to acclimate
to moderate fluences of UV radiation.

Circadian (daily) rhythm in gene expression, cell
division timing, photosynthesis and growth has been
reported in algae (e.g. Liining 1994a, 2001; Granbom
et al. 2001; Suzuki and Johnson 2001; Jacobsen et al.
2003). Seasonal growth pattern in Laminariales is shown
to be environmentally as well as internally controlled
(Liining 1993, 1994b). On a shorter time scale, day and
night kinetics (diurnal pattern= within 24 h) is also ob-
served (Liining 1992). Among Laminariales, study on
growth kinetics has been performed in Laminaria spp.
and Pterygophora californica Ruprecht, but not on A.
esculenta and S. dermatodea. Maximal growth rate of
0.7% h™" is reported in young Laminaria saccharina
(Linnaeus) J.V. Lamouroux sporophytes (Liining 1992),
higher than the 0.4240.1% h™" growth rate that we
observed in Saccorhiza. Lining (1994a) further reported
an immediate decrease in growth rate after the onset of
darkness. This contradicts our study, which showed no
significant difference in the growth rate between day and
night in Alaria while lower growth rate at night was only
observed later (day 15-18) in Saccorhiza. Apical growth
of Ascophyllum nodosum and Chondrus crispus during
the night makes up 33% and 63% of their average day
growth rates, respectively (Strémgren and Nielsen 1986).
In UVR-exposed Alaria sporophytes, higher growth
rates even occurred during the dark phase, compared to
the early morning and late afternoon light phase without
UVR. It has been hypothesized that the driving force for
the early evolution of circadian clocks could be an
inherent advantage in phasing cellular events that are
inhibited by sunlight to occur in the night (Suzuki and
Johnson 2001). If this regulation by a circadian clock is
adaptive, growth during the day in the absence of UV
stress may be enhanced equal to but not greater than the
growth at night.

Growth kinetics is thought to be species-specific,
otherwise the contradicting result could be attributed to
technical limitations of the image analysis software
previously used by Liining or to the interpretation of
data wherein the author interpreted thallus area as
‘single projected area’ (Liining 1992) and not as the total
surface area. Qur advanced image analysis software is
able to measure the whole surface area continuously in
the course of several days without interruption. Mea-
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surements are manually stopped for a maximum of 2 h
to change the seawater in the circulating system every
weelk.

For future studies, an in situ growth kinetics mea-
surement is recommended. Prototypes of field growth
chamber with similar growth measuring technique are
currently developed for future use. Synergistic effects
of abiotic factors will bring new insights on how
growth mechanics operate in the field. The single fac-
tor laboratory experiment performed in this study has
shown that growth is inhibited by UVR. Recovery of
growth was observed after the offset of the stress
factor and growth acclimation under UVR was ob-
served in Alaria. UVR sensitivity in the growth rate of
Saccorhiza is attributed to the accumulation of tissue
DNA damage and the lower UV-absorbing compound
concentration in cultured sporophytes. The potential of
some species to acclimate to increased solar radiation
is indicated by the changes in the optical properties of
the leaf (Caldwell et al. 1983) or in the thallus of
macroalgae as exhibited by Alaria. In the field, both
species are capable of recruiting the upper sublittoral
when appropriate physiological strategies are expressed
to minimize UV-induced damage, as adult sporophytes
could be found to inhabit the same coastal zone in
Spitsbergen.
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Abstract Growth of young sporophytes of the brown
algae Laminaria digitata, L. saccharina and L. solidun-
gula from Spitsbergen were measured in the laboratory
after being exposed for 21 days to either photosyntheti-
cally active radiation (PAR =P) or to full light spectrum
(PAR + UV-A + UV-B=PAB) using of cutoff glass
filters. The plants were grown at 8 £2°C and 16 h light :
8 h dark cycles with 6 h additional ultraviolet radiation
(UVR) exposure in the middle of the light period.
Growth was measured every 10 min using growth
chambers with online video measuring technique. Tissue
morphology and absorption spectra were measured in
untreated young sporophytes while chlorophyll (Chl) a
content and DNA damage were measured in treated
thalli at the end of the experiment. In all species, growth
rates were significantly higher in sporophytes exposed to
P alone compared to sporophytes exposed to PAB. Tis-
sue DNA damage is dependent on thallus thickness and
absorption spectra characteristics of pigments and UV-
absorbing compounds. In sporophytes exposed to UVR,
energy demands for repair of DNA damage and syn-
thesis of UV-absorbing compounds for protection
effectively diverts photosynthate at the expense of
growth. Photosynthetic pigment was not significantly
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different between treatments suggesting a capacity for
acclimation to moderate UVR fluence. The general
growth pattern in sporophytes exposed to P alone
showed an increasing growth rate from the onset of light
(05000900 hours) to a peak at the middle of the light
phase (0900-1500 hours), a decline towards the end of
the light phase (1500-2100 hours) and a minimum ““low™
growth in the dark (21000500 hours) relative to growth
during the entire light phase. Under PAB. different
growth patterns were observed such as growth compen-
sation at night in L. digitata, delayed growth recovery in
L. saccharina and minimal but continuous growth in L.
solidungula. Growth as an integrative parameter of all
physiological processes showed that the effect of UVR is
correlated to the depth distribution of these species.

Keywords Cyclobutane pyrimidine dimers (CPDs) -
Growth - Laminaria digitata -+ Laminaria saccharina -
Laminaria solidungula - Pigments

Abbreviations PAR: Photosynthetically active
radiation - UV-A: Ultraviolet-A - UV-B:
Ultraviolet-B - UVR: UV radiation + P: PAR -
PAB: PAR + UV-A + UV-B - PFD: Photon flux
density - Chl: Chlorophyll

Introduction

The kelp forest of Kongsfjorden, Spitsbergen (Svalbard)
is structured by the perennial canopy species Alaria
esculenta (Linnaeus) Greville, Laminaria digitata (Hud-
son) Lamouroux and L. saccharina (Linnaeus) Lamou-
roux, and the annual Saccorhiza dermatodea (Bachelot
de la Pylaie) J. Agardh. The endemic Arctic species
L. solidungula J. Agardh occurs predominantly in the
inner zones of the fjord (Hop etal. 2002). The
three Laminaria species grow in the upper sublittoral
(L. digitata, 0.55m), in the mid to lower
sublittoral (L. saccharina, 2-15 m) and in the lower
sublittoral (L. solidungula, 8-15 m).
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Comprehensive comparative ecological studies be-
tween different Laminaria species from the North Sea
have been performed in different life history stages (e.g.
Liining 1979; Dring et al. 1996; Roleda et al. 2005a).
Studies on the three Laminaria species in Spitsbergen are
fragmentary except for the studies on UVR effects on
sporophytes photosynthesis and growth (Aguilera et al.
1999; Bischof et al. 2002a) and on zoospore germination
(Wiencke et al. 2004). These studies showed that sus-
ceptibility to light stress depends on the life history
stages and on the growth depth of the sporophytes.

With respect to stratospheric ozone depletion and the
resulting enhanced ultraviolet-B (UV-B) radiation, sev-
eral effects are reported on the physiology and produc-
tivity of marine macrophytes. The negative impact of
exposure to ultraviolet radiation (UVR) includes (1)
photoinhibition and eventual photodamage to the pho-
tosynthetic apparatus (Hanelt et al. 1997); (2) photo-
chemical degradation of biomolecules inhibiting
important metabolic processes (Franklin and Forster
1997); (3) formation of cyclobutane pyrimidine dimers
(CPDs) in the DNA., inhibiting genome replication and
expression (Wiencke et al. 2000; van de Poll et al. 2001,
2002); and (4) production of reactive oxygen species
responsible for oxidative damage within the cell (Rij-
stenbil et al. 2000). However, UV-B induced DNA
damage is repaired under photo-reactivating light (van
de Poll et al. 2002; Roleda et al. 2004a, 2005a) while
enlargement of phlorotannin-containing physodes is
observed in zoospores exposed to UVR enhancing ger-
mination capacity (Wiencke et al. 2004). The physio-
logical balance to counteract the negative effects can,
however, increase energy demands for protection and
repair at the expense of growth.

A previous in situ growth study on the three Lami-
naria species in Spitsbergen at 1 m and 3 m depth
showed no significant effect of UVR in all species
(Aguilera et al. 1999). This was attributed to the strong
attenuation of underwater UVR during the actual field
experimental campaign (June—July) when melting ice
flowing into the fjord increased water turbidity and re-
duced underwater radiation. However, during early
summer (April-May) when sea ice begins to break,
biologically significant UV-B radiation levels are re-
corded down to 8 m water depth in Kongsfjorden
(Hanelt et al. 2001).

In the present study, we compare growth kinetics of
cultured young sporophytes of the three Laminaria
species from Spitsbergen under controlled laboratory
conditions. Growth rates and their potential for growth
acclimation under UVR have been investigated using
growth chambers with an automatic video growth
measuring technique. Growth increment was measured
at short time scales (e.g. every 10 min) which allowed us
to quantify growth rates during and after UVR expo-
sures or during light and dark phases of the daily pho-
toperiod over 1821 days period. DNA damage and
pigment content was also measured at the end of the
experiment after repeated UVR exposure. The effect of

UVR on growth is discussed in relation to thallus
morphology, tissue optics and absorption spectra char-
acteristics of UV-absorbing compounds and depth dis-
tribution of the sporophytes in the field. Our study gives
an insight into the differential negative mechanistic ef-
fects of UVR on growth and DNA damage, which could
influence the survival and establishment of young re-
cruits at different depths in the sublittoral zone.

Materials and methods
Algal material

Gametophyte cultures of Laminaria digitata (Hudson)
Lamouroux, L. saccharina (Linnaeus) Lamouroux and
L. solidungula J. Agardh, originally established from
spores of fertile sporophytes collected by SCUBA diving
in Kongsfjorden, Svalbard, were used to obtain young
sporophytes. Filaments of male and female gameto-
phytes were fragmented together using mortar and pestle
and transferred to culture dishes filled with Provasoli
enriched seawater (Starr and Zeikus 1993). After this
treatment gametangia are formed and in 6 weeks young
sporophytes (approximately 3 mm length) were taken
from the bottom of the culture dishes and transferred to
acrated 5 L culture bottles until sporophyte size was
ready for experiment. Cultures were maintained inside a
temperature-controlled room at 8§ £2°C and 10 umol pho-
tons m~> s~' white light for 12 h light : 12 h dark
photoperiod. To compare morphological differences
between cultured and wild specimen, young sporophytes
of L. digitata, L. saccharina and L. solidungula were
collected by SCUBA diving in May 2004 in Kongsfjor-
den at 1-2, 4 and 18 m depth respectively.

Online video growth measurement technique

Three growth chambers (ISITEC GmbH, Bremerhaven,
Germany) with circulating water system and online vi-
deo measuring technique were operated simultaneously
in the experiment as described by Roleda et al. (2004b,
2005b). Each growth chamber contained 2 basal pieces
of thalli (average size =30 mm?, +6 mm of the phylloid
including the meristem), positioned 20 mm apart from
each other. The video-captured image is analysed by
MedeaLAB Count and Classify software (Multimedia
and Software GmbH, Erlangen, Germany) which mea-
sures growth in terms of increased number of pixel size
of the algae. After 3 days acclimation to 16 h light : 8 h
dark cycle of white light, UVR was supplemented in the
middle of the light phase (0900-1500 hours). Two types
of glass filters: Schott-GG 400 (Schott, Germany) and
Quartz glass were put on the top of the Plexiglas
chamber, each covering one of the two algal samples,
respectively. This corresponds to two treatments per
chamber with photosynthetically active radiation
(PAR = P) and PAR + UV-A + UV-B (PAB)
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treatment. The three growth chambers were operated
simultaneously so that three replicates for the P and
PAB treatments of each species were obtained.

Light sources in each chamber consisting of two
white fluorescent lamps (Philips, TL 8W/965, Holland)
and two UV lamps (Q-Panel UVA-340, 40 Watt,
Cleveland, OH, USA) were measured using a scanning
UV-VIS spectrometer (M. Kruse, Bremerhaven, Ger-
many) below the glass filters. Weighted irradiance was
calculated using action spectra for well-known biologi-
cal responses: DNA damage for Escherichia coli (280—
320 nm, Setlow 1974) and the generalized plant damage
(280312 nm) described by Caldwell (1971). Both un-
weighted and weighted irradiances for each treatment
are compiled in Table 1. Growth was continuously
measured every 10 min for 18-21 days. Seawater was
changed weekly to ensure enough nutrient supply within
the medium. At the end of each growth experiment, algal
thalli were transferred to 2 ml Eppendorf tubes and
frozen at —80°C for further chemical analyses.

Growth rates were computed by plotting all data
points over the entire experimental period of each rep-
licate per treatment. They were individually fitted to an
exponential equation Ny= Npe", where N, is growth at
time f, N, is initial size and r is the intrinsic rate of
increase (Roleda et al. 2004b, 2005b). To determine
circadian growth rates of the sporophytes exposed to P
and PAB treatments, three days average (% h™!) were
computed during the start of the light phase without
UVR (0500-0900 hours), in the middle of the light phase
with UVR supplement (0900-1500 hours), at the end of
the light phase without UVR (1500-2100 hours), and
during the dark phase (2100-0500 hours).

Thallus morphology and optics

To determine thallus thickness, wet weight: surface area
(mg: mm?) ratio was measured as described by Roleda
et al. (2004a, 2005b). Surface area of sporophytes taken
directly from the unialgal cultures was measured using a
scanner and WinFolia 5.0 image analysis software (Re-
gent Instrument, Quebec City, Canada) and the corre-
sponding wet weight of the blotted tissue was weighed
using Sartorius (CP225D, Germany) weighing scale

(n=10). To determine optical properties of cultured and
wild specimen, young sporophytes were inserted into
seawater-filled quartz cuvettes and scanned with sea-
water as reference in the 250-740 nm waveband using
Shimadzu photometer (UV 2401PC, Japan) equipped
with an integrating sphere.

Pigment extraction and measurement

Frozen samples were treated with 100 ul of 100% N-NV-
dimethylformamide and stored in darkness for approx-
imately 16 h. Subsequent chlorophyll (Chl) a analysis
was performed using HPLC as described by Bischof
et al. (2002b).

DNA extraction and quantification

Thalli were homogenized in liquid nitrogen and DNA
was isolated following the CTAB extraction procedure
described by van de Poll et al. (2001) and modified by
Roleda et al. (2004a). After DNA extraction, the pellet
was dissolved in 0.2 ml TE buffer (10 mM Tris, | mM
EDTA, pH 8.0), treated with RNAase (5 uL 10 mg
ml™', 30 min, 37°C; Sigma, MO,USA) and stored at
—20°C. The DNA concentration was quantified fluoro-
metrically using PicoGreen assay (Molecular Probes,
Eugene, OR, USA) and a Cary Eclipse Fluorescence
Spectrophotometer (Variance Scientific Instrument, CA.,
USA). A dilution series with a known amount of DNA
(Serva, Heidelberg, Germany) was included for calibra-
tion purposes.

Assay for CPDs detection

The immunoassay for CPDs was modified following
Vink et al. (1994) and van de Poll et al. (2001). Heat
denatured samples containing 50 ng DNA were trans-
ferred to a nitrocellulose membrane (Protran BA 79,
pore size (.1 pm, Schleicher & Schuell, Keene, NH,
USA) with a Minifold I SRC96 dot blot apparatus
(Schleicher & Schuell). After a two step antibody assay,
the membrane was treated with ECL Western blotting

I'able 1 Unweighted and weighted irradiance applied in the growth chambers

Irradiance (W m 2}

Unweighted

Weighted

GG 400 Quartz(PAR DNA damage Generalized plant
(PAR alone) UV-A + UV-B) (280-320 nm, Setlow 1974) damage (280-312 nm,
Caldwell 1971)
PAR (400-700 nm) 3.60 4.00 0 0
UV-A(315400 nm)” 0.02 501 499x1074 0
UV-B(280-315 nm)* 0.0( 031 9.26x107° 3.16x1072
Total irradiance 3.62 9.32 9.76x1077 3.16x1072

* As defined by International Commission on [llumination (C.LLE.)
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detection reagent (Amersham Buckinghamshire, UK)
and sealed in a transparent vinyl plastic folder (Leitz,
Stuttgart, Germany). This was subsequently exposed to
photosensitive  ECL films (Amersham) for different
exposure times. The films were developed using X-ray
film developer. Developed films were scanned using a
Biorad imaging densitometer (Model GS-700, Bio-Rad
Laboratories. USA) and gray scale values were quanti-
fied using Multi-Analyst (Macintosh Software for Bio-
Rad’s Image Analysis Systems). A calibration series of
UVR-irradiated calf thymus DNA (Serva) supple-
mented with unexposed DNA was included giving
I pg ml~' DNA for each calibration point. The UVR-
irradiated DNA (45 min exposure to 2 TL 20 W/12
lamps, Philips, Eindhoven, Netherlands) was previously
calibrated against UVR-irradiated Hela DNA with
known amounts of CPDs (kindly provided by A. Vink).
CPDs were quantified by comparing the gray scales
within the linear range of the film.

Fig. 1 Growth, in terms of
surface area increase, in young
sporophytes exposed to
a photosynthetically active
radiation (PAR =P) and b PAR
+ UV-A + UV-B (= PAB).
Photon flux density (PFD) was
+ 18 pumol photons m~2 s~
Data points (irregular coloured
points) are fitted using the
exponential growth equation
Ny=Nge" (solid curves), where
N, is growth at time t and N is
initial size. Values are means =
SD (light grey one-sided vertical
lines, n=3). Inset is the
corresponding relative growth
rates (RGR, % day ') for the
entire experimental period.
ANOVA showed significant
difference between species
(P =0.05). Letters on graph 0
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Data Analysis

Statistically significant differences in growth rate (%
day~! and % P), CPD accumulation, thallus thickness
(wet weight: surface area ratio; mg: mmz) and Chl a
contents between species were tested using ANOVA
(P<0.05) while differences between treatments (P vs.
PAB) were tested using 7-test (P <0.05) using SPSS
software (SPSS, Chicago, IL, USA). The general trends
in the circadian growth pattern (% h™') were described.

Results

Significantly higher growth rates (% day™', P<0.001)
were observed in the lower sublittoral L. saccharina and
L. solidungula compared to the upper sublittoral L. dig-
itata at an irradiance of 18 ymol photons m™2 s
(Fig. la and inset). A higher intrinsic rate of surface area
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increase was observed in sporophytes of all three species
exposed to P alone compared to sporophytes exposed to
PAB (Fig. la, b). Supplement of daily UVR in the
middle of the light phase (PAB treatment) also showed
higher intrinsic rate of increase in L. saccharina relative
to the other two species (Fig. 1b and inset). Relative
growth rates of sporophvtes exposed to PAB, expressed
as percent of P, showed significant effect of UVR with
higher growth rates in L. digitata, intermediate in
L. saccharina and lowest in L. solidungula (P <0.05,
Fig. 2).

The general growth pattern in sporophytes exposed
to P alone showed an increasing growth rate from the
onset of light (0500-0900 hours) to a peak at the middle
of the light phase (0900-1500 hours), often a decline
towards the end of the light phase (1500-2100 hours)
and a minimum “low” growth in the dark (2100-
03500 hours) relative to growth during the entire light
phase (Fig. 3a—c). Growth of sporophytes exposed to
the full light spectrum (PAB) seemed to be species spe-
cific. In L. digitata (Fig. 3a), growth rate in the middle of
the light phase with UVR supplement was lower in the
first 3 days of exposure. In the course of repeated
exposure, growth during this light phase was able to
acclimate to UVR through time. A decrease in growth
rate was observed at the end of the light phase (without
UVR) but was compensated with a higher growth rate in
the dark. In L. saccharina (Fig. 3b), growth in the
middle of the light phase with UVR supplement was
generally lower compared to the early morning growth
without UVR. After UVR exposure, growth continu-
ously declined to the end of the light phase and no
growth compensation was observed at night. In L. soli-
dungula (Fig. 3¢), minimal growth was observed
throughout the daily light and dark cycle but growth
increased immediately after UVR exposure towards the
end of the light phase and a moderate growth was also
observed at night generally comparable to growth at

Fig. 2 Ultraviolet radiation

different light phase without UVR. Growth rates (%
h™") of all species under P and PAB treatments were
observed to decrease through the course of the 21 days
experiment (Fig. 3a—).

Thallus morphology of sporophytes cultured in low
white light without UVR showed that the thallus of
young sporophytes is thickest in L. solidungula and
thinnest in L. digitata (Fig. 4). After 21-days repeated
exposure to 6 h daily UVR, DNA damage measured as
number of cyclobutane pyrimidine dimer per million
bases (CPD Mb™") was negatively correlated to thallus
thickness (Fig. 4). Significantly higher remaining CPDs
(P<0.01) was measured in the tissue of the thinner
L. digitata compared to the thicker L. saccharina and the
thickest L. solidungula.

Different growth forms and thallus morphology
were observed between wild and cultured sporophytes
(insets Fig. 5a. b). Wild L. saccharina sporophytes
collected at 4 m depth were found to be very thin and
translucent. Thicker and darkly pigmented thalli were
observed in L. digitata and L. solidungula collected at
1-2 and 18 m depths, respectively. Corresponding
spectral analysis of the cultured tissues showed higher
UVR absorbance maxima, characteristic for the
phlorotannin absorption spectrum, in L. solidungula
compared to L. digitata and L. saccharina (Fig. 5a). In
wild sporophytes, strong absorbance below 280 nm was
measured in wild L. digirata and L. solidungula
(Fig. 5b). Lowest and comparable absorbance in the
UV-B and UV-C region was observed between cultured
and wild L. saccharina. The Chl a contents of experi-
mental tissues showed no significant difference between
treatments (P vs. PAB) in all species (Fig. 6). Com-
parison between species showed significantly higher Chl
a content in P- and PAB-treated L. digitata (P<0.01).
No significant difference was observed in Chl a
contents between the two lower sublittoral kelp species
but was lowest in L. saccharina.
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Fig. 3 Average circadian
growth pattern of young

a Laminaria digitata. b L.
saccharina, ¢ L. solidungula
sporophyles exposed to
photosynthetically active
radiation (P) and to the full
light spectrum (PAB) at the
start of the light phase to PAR
without UVR (03500—

0900 hours); in the middle of
the light phase with UVR
supplement (0900-1500 hours:
red-colour filled symbols); at the
end of the light phase again
without UVR (1300-

2100 hours); and during the
dark phase (2100-0500 hours:
grey-colour filled symbols). Each
point represents the mean of
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significant difference between
mean (T-test. P <0.05)
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bution of the species. Tissue DNA damage is, however,
dependent on thallus thickness and absorption spectra
characteristics of the pigments and of UV-absorbing
compounds. Energy demands for repair and protection
may divert photosynthates at the expense of growth.
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Fig. 4 Relationship between
average thallus thickness and 35 0-25
remaining tissue DNA damage c 304
after 18-21 days of repeated -f—_’ do2o f
daily 6 h UVR exposure and = @ ’ -
18 h recovery (6:8:4 h E 25T g
light:dark:light cycle) in the 3 < @ Lo1s T a
three Arctic Laminaria species. § g 20+ OcCPDs @ Z
Vertical bars are standard
deviations (n=3). ANOVA & 15+ OWWSA 1 010 3
showed significant difference E 9, h RN
between species (P <0.05). @ 10+ a2
o
Letters on graph show result of < Loos o
DMRT (P=0.03); different - 54 : o
letrers refer to significant (=] b ,_Ll
i es ; ans a
differences between means 0 ' ' C 0.00
L. digitata L. saccharina L. solidungula

The higher growth rate of L. saccharina relative to the
other two Laminaria species under P treatment is com-
parable to the in situ growth experiment of Aguilera
et al. (1999). The lower growth rate of L. digitata
(59840.5% day™") compared to L. saccharina
(10.11+0.3% day™") under 18 pmol photons m™? s~!
of PAR suggests that this species requires more light to
be able to produce sufficient photosynthate for growth
(Liining 1979). At the same photon flux density (PFD)
of PAR. we observed a higher growth rate in the lower
sublittoral L. solidungula at 6.92+0.2% day™' com-

pared to the previous study of Michler et al. (2002)

Fig. 5 Tissue absorbance

o
o
o

which reported growth rate of 4.25+0.5% day™' at
higher PAR of 23 pmol photons m2s7. Apparently,
L. solidungula requires minimum photon irradiance to
sustain growth. In the high Arctic, in situ seasonal
growth measurements showed that L. solidungula com-
pletes most of its growth in darkness (Chapman and
Lindley 1980, Henley and Dunton 1995) while L. sac-
charina, does so when light first starts to penetrate the
water column as a result of breakup of the ice canopy
(Dunton 1985). Correspondingly high photosynthetic
efficiency («) and low saturation irradiance (f;) were also
reported in L. solidungula (Dunton and Jodwalis 1988).

spectrum of the three Laminaria
species in a cultured and b wild
young sporophytes. The insets
show difference in morphology
of cultured and wild specimen
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Fig. 6 Chlorophyll a o5
concentration in young
sporophytes exposed to
different irradiances (PAR=P:
PAR + UV-A + UV- 2.01
B=PAB). Vertical bars are E
standard deviations (n=3). o
ANOVA showed significant - 1.5
difference between species >
(P <0.05) and insignificant =2
difference between treatments §,
s 1.09
=
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0.5
0.0
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Bischof et al. (2002a) showed that photosynthetic effi-
ciencies of the three Arctic Laminaria species were de-
pressed after exposure to high UVR dose but were able
to recover after 18 h. Sensitivity and recovery of pho-
tosynthetic efficiency in L. saccharina was also found to
be related to the collection depth (Bischof et al. 1998). In
L. solidungula, photosynthetic efficiency of sporophytes
collected at 15 m and transplanted to 1 and 3 m depths
were significantly affected, but no longer at 4 m depth,
under full solar radiation (Karsten et al. 2001).

Growth rates of Laminaria species are higher com-
pared to other Laminariales such as Saccorhiza derma-
todea  (042+0.12% h™"  and  Alaria  esculenta
(0.31+0.02% h™', measured during the dark phase)
(Roleda et al. 2005b). The pioneering work of Liining
(1992) on online growth measurements within three days
showed an increasing growth rate throughout the light
phase and a subsequent continuous decrease in growth
at the onset of darkness. In contrast, the present online
growth measurement which lasted for 18 days recorded
a general growth trend showing an initial minimum level
during early morning, a mid morning or late afternoon
peak and a decline during the dark phase. The decrease
in growth rate through time observed in this study was
also evident in the subsequent study of Liining (1994)
which recorded decreasing growth in the course of a 6-
day measurement. Field experiments on the relative
growth rates of three Laminaria species in Helgoland
were also observed to decrease through time (Liining
1979). The decrease in the intrinsic rate of increase in
growth is attributed to the increase in doubling time for
the cell mass (Brinkhuis 1985).

Circadian growth pattern of sporophytes exposed to
UVR was first reported by Roleda et al. (2005b) where
dark pigmented young A. esculenta sporophytes were
able to acclimate to UVR while translucent young
S. dermatodea did not. In L. digitata, the drop in
growth rate during UVR exposure was observed only
during the first 3 days. Growth was eventually able to
acclimate to UVR where growth rates at this time
(0900-1500 hours) were higher compared to the early

L. digitata L. saccharina L. solidungula

morning and late afternoon growth but a correspond-
ing growth compensation was observed at night. The
presence of UV stress seems to drive this species in
phasing cellular events (i.e. cell division for growth)
sensitive to light to occur at night. In L. saccharina,
growth after UVR stress took longer time to recover.
Growth declined continuously after UV lamps were
turned off in the afternoon (1500-2100 hours) and
during the night phase (21000500 hours). Growth was
only able to recover early in the morning (0500—
0900 hours) after 14 h from previous UVR exposure.
In L. solidungula, moderate growth rates were observed
throughout the daily light cycle of PAB exposed
sporophytes. However, they are able to cope with the
daily UVR dose until the 15th day when growth during
UVR exposure (0900-1500 hours) did not drop relative
to the early morning growth (0500-0900 h) without
UVR. Growth increased further after UVR exposure
and at night. The first drop in growth rate during UVR
exposure was only observed towards the end of the
experiment (18th day).

The insignificant variation in Chl a concentration in
sporophytes exposed to PAB and to P treatments indi-
cates that algae are able to synthesize new pigments in
replacement of degraded chlorophylls after 6 h daily
UVR exposure and acclimate to moderate fluence of
UVR. Acclimation of Chl @ concentration was observed
in Palmaria decipiens (Reinsch) Ricker exposed to 12—
16 h UVR (Poppe et al. 2002). The higher (but insig-
nificant) Chl @ concentration in L. digitata sporophytes
exposed to PAB is comparable to the previously re-
ported higher pigment content in Ulva rigida C. Agardh
exposed to UVR, which is speculated to be some kind of
photoprotective mechanism (Altamirano et al. 2000). In
situ seasonal variation in pigment concentration of
Arctic L. saccharina collected before, during and after
ice break-up showed decreasing Chl @ concentration
coinciding with increasing underwater radiation. How-
ever, Chl ¢ concentration did not increase when melting
snow contributed to water turbidity and reduction in
underwater radiation (Aguilera et al. 2002).
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Although L. digitata (24+8 CPD Mb~") was the
species with the highest accumulation of CPDs after
21 days of repeated 6 h daily exposure to UV-B radia-
tion, an effective DNA damage repair mechanism is still
indicated in this species. Previously, CPD induction in
adult Arctic L. saccharina after 45 min exposure to
2.3 W m~2 UV-B radiation resulted in a high accumu-
lation of 88 CPD Mb ' and was effectively repaired
after 5 h exposure to photo-reactivating light at the rate
of 0.49 CPD Mb~' h™' (van de Poll et al. 2002). The
other two lower sublittoral species (L. saccharina and
L. solidungula) exhibited a considerably lower DNA
damage. This is attributed to their thicker thalli which
provided extra protective tissue against UVR (Johans-
son and Snoeijs 2002). However, Roleda et al. (2005b)
found that thallus thickness in itself is not sufficient to
minimize deleterious UVR effects. The thick but trans-
lucent thallus of Saccorhiza dermatodea had a higher
CPDs content of 65+9 CPD Mb™' compared to the
thin but opaque Alaria esculenta (83 CPD Mb™)
after exposure to the same experimental treatment
(Roleda et al. 2005b). The optical property of the thallus
is also important, which can influence reflection, atten-
uation, scattering, absorption or transmittance of UVR
(Caldwell et al. 1983).

The pronounced wavelength selectivity of absorption
in leaf epidermis of terrestrial plants is often attributed
to flavonoids and other related UV-absorbing com-
pounds (Robberecht and Caldwell 1978). Flavonoids
absorb UVR with maximum effectiveness around
295 nm (Stapleton and Walbot 1994; Landry et al.
1995). Among Laminariales phlorotannins are accumu-
lated within the outer cortical layer of the thalli (Liider
and Clayton 2004; Shibata et al. 2004) supporting their
role as effective UV screens (Arnold 2003). The
absorption spectra presented here show an increasing
absorbance from 300 nm to the shorter UV-C waveband
comparable to that of isolated phlorotannins from Fucus
gardneri Silva exhibiting a peak at 265 nm (Henry and
van Alstyne 2004). It is yet uncertain which UV-
screening compound is involved in the current study.
Profiles of the absorption spectra indicate that the pre-
sumptive UV-screening substance provides no complete
protection against UV-B radiation. The absorption
shoulder =265 nm can, however, decrease UV-B sensi-
tivity of a plant. Furthermore, it is thought that
absorption of tissue-bound phlorotannin might shift to
different peaks compared to extracted compounds.
Further studies are needed to address this question.

The observed remaining tissue DNA damage shows
that the sensitivity of the young sporophytes is not re-
lated to the depth distribution of the adult sporophytes
but to the thallus thickness of the species. Laminaria
solidungula, which occurs deepest in the field, is less
sensitive to UV-B radiation induced DNA damage but
showed the highest reduction in growth rates. Thus, the
remaining tissue DNA damage alone cannot explain the
survival success in this genus. It shows that increasing
thallus thickness minimizes UVR effect as a function of

76

optical effect where outer cell layers shade inner cells,
and because of longer pathlength for UVR absorption
(Franklin and Forster 1997). The low amount of
remaining CPDs in L. solidungula as well as the high
amount of UV-absorbing compound present in the tis-
sue suggests that this species has either an effective repair
or protective mechanism to counteract deleterious UVR
effect but at the expense of growth. The occurrence of
L. solidungula in Kongsfjorden at great depth is attrib-
uted to its sensitivity to high PAR. At 18 m depth, a
maximum of 7% PAR and no biologically significant
UV-B irradiances can reach this species (Hanelt et al.
2001). Aside from its sensitivity to light, the seclusion of
L. solidungula to the deeper and inner part of the fjord
could also be attributed to its discoidal holdfast which
needs secure substrate to attach making it less fit to grow
on an easily disturbed environment compared to other
kelp species with rhizoidal holdfast (Busdosh et al.
1985). Laminaria solidungula can be found at depths
from 5 to =30 m on undisturbed substrate in a
high-arctic fjord in NE Greenland (Borum et al. 2002)
and at 5-6 m depth in Alaskan Arctic (Dunton 1990).

A simple growth model follows a growth-differenti-
ation balance (Carr et al. 1997) where growth increment
over time (G) is a function of the rate of biomass
production through gross photosynthesis (£) and loss
due to respiration (R) and tissue loss or decay (L):

G=P—-R-L

Photoinhibition of photosynthesis already decreases
potential carbon acquisition () into plant dry matter
(G) (Long et al. 1994). Dark respiration (R) represents
the energy used to synthesize new biomass (growth res-
piration) and that used to maintain metabolic activity
(maintenance respiration). Cellular, enzymatic and
molecular damage caused by exposure to high light and
UVR could further increase loss due to respiration (R)
by diverting more photosynthate for repair and defense
(i.e. production of secondary metabolites). Thus growth
as an integrative cellular process is a better parameter to
understand the long term effect of UVR exposure to
macroalgae.

This long term single factor laboratory experiment
showed that UVR effect on growth is species specific.
Different growth patterns were exhibited by the plants to
mitigate UVR effects such as growth compensation at
night in L. digitata, delayed (time-lagged) growth
recovery in L. saccharina and minimal but continuous
growth throughout the light cycle in L. solidungula
coupled with effective repair or defense mechanism.
Growth as an integrative parameter of all physiological
processes showed that the effect of UVR may be related
to the depth distribution of the species.

Acknowledgements MY Roleda is supported by a scholarship from
the German Academic Exchange Service (DAAD). We thank the
diving team ol Spitsbergen 2004 campaign lor collecting field
materials and C Daniel for pigment analysis. This is publication
awi-n 15194 of the Alfred Wegener Institute [or Polar and Marine
Research.



Publication 4

References

Aguilera J, Karsten U, Lippert H, Vdgele B, Philipp E, Hanelt D,
Wiencke C (1999) Effects ol solar radiation on growth, pho-
tosynthesis and respiration of marine macroalgae from the
Arctic. Mar Ecol Progr Ser 191:109-119

Aguilera J, Bischol K, Karsten U, Hanelt D, Wiencke C (2002)
Seasonal variation in ecophysiological patterns in macroalgae
from an Arctic fjord. II. Pigment accumulation and biochemical
defence systems against high light stress. Mar Biol 140:1087-
1095

Altamirano M, Flores-Moya A, Figueroa F-L (2000) Long-term
effects of natural sunlight under various ultraviolet radiation
conditions on growth and photosynthesis of intertidal Ulva
rigida (Chlorophyceae) cultivated in situ. Bot Mar 43:19-26

Arnold TM (2003) To grow and defend: lack of tradeofls [or brown
algal phlorotannins. Oikos 100:406-408

Bischof K, Hanelt D. Tiig H. Karsten U, Brouwer PEM, Wiencke
C (1998) Acclimation of brown algal photosynthesis to ultra-
violet radiation in Arctic coastal walters (Spitsbergen, Norway).
Polar Biol 20:388-395

Bischof K. Hanelt D, Aguilera J. Karsten U, Vogele B, Sawall T,
Wiencke C (2002a) Seasonal variation in ecophysiological pat-
terns in macroalgae from an Arctic fjord. 1. Sensitivity of
photosynthesis to ultraviolet radiation. Mar Biol 140:1097-
1106

Bischof K, Kribs G, Wiencke C, Hanelt D (2002b) Solar ultravi-
olet radiation affects the activity of ribulose-1,5-biphosphate
carboxylase-oxygenase and the composition of photosynthetic
and xanthophyll cycle pigments in the intertidal green alga Ulva
lactuca L. Planta 215:502-509

Borum J. Pedersen MF, Krause-Jensen D, Christensen PB, Nielsen
K (2002) Biomass, photosynthesis and growth of Laminaria
saccharina in a high-arctic {jord, NE Greenland. Mar Biol
141:11-19

Brinkhuis BH (1985) Growth pattern and rates. In: Littler MM,
Littler DS (eds) Handbook of phycological methods: ecological
field methods: macroalgae. Cambridge University Press, Cam-
bridge. pp 461477

Busdosh M, Beehler CL, Robilliard GA, Tarbox KR (1985) Dis-
tribution and abundance of kelp in the Alaskan Beaufort Sea
near Prudhoe Bay. Arctic 38:18-22

Caldwell MM (1971) Solar ultraviolet radiation and the growth
and development of higher plants. In: Giese AC (ed). Photo-
physiology. Academic Press. New York, pp 131-177

Caldwell MM. Robberecht R, Flint SD (1983) Internal filters:
prospects for UV-acclimation in higher plants. Physiol Plant
58:445-450

Carr GM. Duthie HC, Taylor WD (1997) Models of aquatic plant
productivity: a review of the factors that influence growth.
Aquat Bot 59:195-215

Chapman ARO, Lindley JE (1980) Seasonal growth of Laminaria
solidungula in the Canadian high Arctic in relation to irradiance
and dissolved nutrient concentrations. Mar Biol 57:1-3

Dring MJ, Makarov V, Schoschina E, Lorenz M, Liining K (1996)
Influence of ultraviolet-radiation on chlorophyll fluorescence
and growth in different life-history stages of three species of
Laminaria (Phaeophyta). Mar Biol 126:183-191

Dunton KH (1985) Growth ol dark-exposed Laminaria saccharina
(L.) Lamour, and Laminaria solidungula J. Ag. (Laminariales:
Phaeophyta) in the Alaskan Beaufort Sea. J Exp Mar Biol Ecol
94:181-189

Dunton KH (1990) Growth and production in Laminaria solidun-
gula: relation to continuous underwater light levels in the
Alaskan High Arctic. Mar Biol 106:297-304

Dunton KH, Jodwalis CM (1988) Photosynthetic performance of
Laminaria solidungula measured in situ in the Alaskan High
Arctic. Mar Biol 98:277-285

Franklin LA, Forster RM (1997) The changing irradiance envi-
ronment: consequences for marine macrophyte physiology,
productivity and ecology. Eur J Phycol 32: 207-232

Hanelt D, Wiencke C, Nultsch W (1997) Influence of UV radiation
on photosynthesis of Arctic macroalgae in the field. J Photo-
chem Photobiol B Biol 38:40-47

Hanelt D, Tiig GH, Bischol K. GroB C, Lippert H, Sawall T,
Wiencke C (2001) Light regime in an Arctic fjord: a study re-
lated to stratospheric ozone depletion as a basis for determi-
nation of UV eflects on algal growth. Mar Biol 138:649-658

Henley W1, Dunton KH (1995) A seasonal comparison of carbon,
nitrogen, and pigment content in Laminaria solidungula and
L. saccharina (Phaeophyta) in the Alaskan Arctic. J Phycol
31:325-331

Henry BE, van Alstyne KL (2004) Effects of UV radiation on
growth and phlorotannins in Fucus gardneri (Phaeophyceae)
juveniles and embryos. J Phycol 40:527-333

Hop H., Pearson T, Hegseth EN, Kovacs KM, Wiencke C,
Kwasniewski S, Eiane K. Mehlum F. Gulliksen B, Wlodarska-
Kowalczuk M, Lydersen C, Weslawski JM, Cochrane S,
Gabrielsen GW, Leakey RIJG, Lenne OJ, Zajaczkowski M,
Falk-Petersen S, Kendall M, Wingberg S-A, Bischol K,
Voronkov AY. Kovaltchouk NA, Wiktor J. Poltermann M,
di Prisco G, Papucci C, Gerland S (2002) The marine ecosystem
of Kongsfjorden, Svalbard. Polar Res 21:167-208

Johansson G, Snoeijs P (2002) Macroalgal photosynthetic re-
sponses to light in relation to thallus morphology and depth
zonation. Mar Ecol Prog Ser 244:63-72

Karsten U, Bischof K, Wiencke C (2001) Photosynthetic perfor-
mance ol Arctic macroalgae alter transplantation from deep to
shallow waters followed by exposure to natural solar radiation.
Oecologia 127:11-20

Landry LG, Chapple CCS. Last RL (1995) Arabidopsis mutants
lacking phenolic sunscreens exhibit enhanced ultraviolet-B in-
jury and oxidative damage. Plant Physiol 109:1159-1166

Long SP. Humphries S, Falkowski PG (1994) Photoinhibition of
photosynthesis in nature. Ann Rev Plant Physiol Plant Mol
Biol 45:633-662

Lider UH. Clayton MN (2004) Induction of phlorotannins in the
brown algae Ecklonia radiata (Laminariales, Phaeophyta) in
response to simulated herbivory- the first microscopic study.
Planta 218:928-937

Lining K (1979) Growth strategies of three Laminaria species
(Phaecophyceae)inhabiting different depth zonesin the sublittoral
region ol Helgoland (North Sea). Mar Ecol Prog Ser 1:195-207

Liining K (1992) Day and night kinetics of growth rate in green,
brown, and red seaweeds. J Phycol 28:794-803

Liining K (1994) Circadian growth rhythm in juvenile sporophytes
of Laminariales (Phaeophyta) J Phycol 30:193-199

Michler T, Aguilera J, Hanelt D, Bischof K, Wiencke C (2002)
Long-term effects of ultraviolet radiation on growth and pho-
tosynthetic performance of polar and cold-temperate macroal-
gae. Mar Biol 140:1117-1127

van de Poll WH, Eggert A, Buma AGJ. Breeman AM (2001) Ef-
fects of UV-B induced DNA damage and photoinhibition on
growth of temperate marine red macrophytes: habitat-related
differences in UV-B tolerance. J Phycol 37:30-37

van de Poll WH, Hanelt D, Hoyer K., Buma AGJ, Breeman AM
(2002) Ultraviolet-B induced cyclobutane-pyrimidine dimer
formation and repair in Arctic marine macrophytes. Photochem
Photobiol 76:493-501

Poppe F, Hanelt D, Wiencke C (2002) Changes in ultrastructure,
photosynthetic activity and pigments in the Antarctic red alga
Palmaria decipiens during acclimation to UV radiatdon. Bot
Mar 45:253-261

Rijstenbil JW, Coelho SM, Eijsackers M (2000) A method for the
assessment of light-induced oxidative stress in embryos of fu-
coid algae via confocal laserscan microscopy. Mar Biol
137:763-774

Robberecht R, Caldwell MM (1978) Leal epidermal transmittance
of ultraviolet radiation and its implications for plant sensitivity
to ultraviolet-radiation induced injury. Qecologia (Berl.)
32:277-287

Roleda MY, van de Poll WH, Hanelt D, Wiencke C (2004a) PAR
and UVBR effects on photosynthesis, viability, growth and

77



Publication 4

DNA in different life stages ol two coexisting Gigartinales:
implications for recruitment and zonation pattern. Mar Ecol
Prog Ser 281:37-50

Roleda MY, Hanelt D, Kriibs G, Wiencke C (2004b) Morphology,
growth, photosynthesis and pigments in Laminaria ochroleuca
(Laminariales, Phacophyta) under ultraviolet radiation. Phyc-
ologia 43:603-613

Roleda MY, Wiencke C, Hanelt D, van de Poll WH, Gruber A
(2005a) Sensitivity of Laminariales zoospores from Helgoland
(North Sea) to ultraviolet and photosynthetically active radia-
tion: implications for depth distribution and seasonal repro-
duction. Plant Cell Environ 28:466-479

Roleda MY, Hanelt D, Wiencke C (2005b) Growth kinetics related
to physiological parameters in young Saccorhiza dermatodea
and Alaria esculenta sporophytes exposed to UV radiation.
Polar Biol 28:539-549

Setlow RB (1974) The wavelengths in sunlight effective in pro-
ducing skin cancer: a theoretical analysis. Proc Nat Acad Sci
USA T71:3363-3366

78

Shibata T, Kawaguchi S, Hama Y. Inagaki M, Yamaguchi K,
Nakamura T (2004) Local and chemical distribution of
phlorotannins in brown algae. J Appl Phycol 16:291-296

Stapleton AE, Walbot V (1994) Flavonoids protect maize DNA
from the induction of ultraviolet radiation damage. Plant
Physiol 105:881-889

Starr RC, Zeikus JA (1993) UTEX—the culture collection of algae
at the University of Texas at Austin. J Phycol 29 (Suppl):1-106

Vink AA, Bergen-Henegouwen JB, Nikaido O, Baan RP, Roza L
(1994) Removal of UV-induced DNA lesions in mouse epi-
dermis soon after irradiation. Photochem Photobiol 24:25-31

Wiencke C, Gomez I, Pakker H, Flores-Moya A, Altamirano M,
Hanelt D, Bischof, K, Figueroa F-L (2000) Impact of UV
radiation on viability, photosynthetic characteristics and DNA
of brown algal zoospores: implications for depth zonation. Mar
Ecol Prog Ser 197:217-229

Wiencke C, Clayton MN, Schoenwaelder M (2004) Sensitivity and
acclimation to UV radiation of zoospores [rom five species of
Laminariales from the Arctic. Mar Biol 145:31-39



Publication 5

Publication 5

Roleda MY, Hanelt D, Wiencke C

Growth and DNA damage in young Laminaria sporophytes exposed to ultraviolet radiation:

implication for depth zonation of kelps on Helgoland (North Sea)

Marine Biology (2006) 148: 1201-1211
DOI 10.1007/s00227-005-0169-0

Copyright © 2006 Springer-Verlag
From Marine Biology, by Roleda, Hanelt & Wiencke
Reprinted by permission of Springer Science and Business Media

79



Publication 5

Marine Biology (2005)
DOI 10.1007/500227-005-0169-0

RESEARCH ARTICLE

Michael Y. Roleda » Dieter Hanelt - Christian Wiencke

Growth and DNA damage in young Laminaria sporophytes exposed
to ultraviolet radiation: implication for depth zonation of kelps

on Helgoland (North Sea)

Received: 11 May 2005/ Accepted: 22 September 2005
© Springer-Verlag 2005

Abstract Growth as an integrative parameter of all
physiological processes was measured in young sporo-
phytes of temperate Laminaria digitata, Laminaria sac-
charina and Laminaria hyperborea exposed in the
laboratory to irradiance consisting of either only pho-
tosynthetically active radiation (PAR) or to a spectrum
including ultraviolet radiation (UVR) (PAR+-
UVA +UVB) by use of cut-off glass filters. Size incre-
ment was measured every 10 min over a period of 18—
21 days using growth chambers with on-line video
measuring technique. In the chamber, plants were grown
at 10£2°C and 16:8 h light—dark cycles with 6 h addi-
tional UVR exposure in the middle of the light period.
Tissue morphology and absorption spectra were mea-
sured in untreated young sporophytes while chlorophyll
a content and DNA damage were measured in treated
thalli at the end of the experiment. Sensitivity of growth
under UVR was found to be related to the observed
upper depth distribution limit of the upper sublittoral .
digitata, upper to mid sublittoral L. saccharina and
lower sublittoral L. hyperborea. Tissue DNA damage is,
however, dependent on thallus thickness which mini-
mizes UVR effect where outer cell layers shade inner

cells and provide longer pathlength for UVR. Exposure
to UVR causes cellular, enzymatic and molecular dam-
age. Presence of UV-absorbing compounds further re-
duces effective UVR from reaching physiological targets.
The cost of producing higher amount of UV-absorbing
compounds and effective DNA repair mechanism can,
however, divert photosynthate at the expense of growth.
Tissue chlorophyll a content was not significantly dif-
ferent between treatments suggesting a capacity for
acclimation to moderate UVR fluence. Growth accli-
mation to repeated UVR exposure was observed within
a period of 12 days while growth inhibition was ob-
served after a longer UVR exposure period of 21 days.
The results give further insight into the effects of UVR
on the cellular level and show how ecological parameters
such as the upper depth distribution limit are dependent
on cellular processes.
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Introduction

The three kelp species from Helgoland grow in charac-
teristic belts with Laminaria digitata (Hudson) Lamou-
roux in the upper sublittoral, Laminaria saccharina
(Linnacus) Lamouroux in the mid-sublittoral and
Laminaria hyperborea (Gunnerus) Foslie in the lower
sublittoral (Liining 1979). A mixed stand of L. digitata
and L. saccharina is, however, found on the upper sub-
littoral (0—1.5-m depth) of the western intertidal flat of
the island (Liining 1985). Moreover, timing of repro-
duction is different in the three species. L. digitata is
fertile during late spring to summer (May-August), L.
saccharina during autumn to mid winter (September—
February) and L. hyperborea during late autumn to
winter (November—February). Zoospore sensitivity in
terms of recovery of photosynthetic efficiency, DNA
damage repair and germination rate of Helgolandic kelp
species was found to be related to the depth distribution
of the adult sporophytes and to the seasonal reproduc-
tive strategy of the species (Roleda et al. 2005a). Spores
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and germlings of kelps are found to remain viable in
plankton for extended periods of time (Reed et al. 1992).
Exposure to environmental stress factors, e.g. high light,
ultraviolet radiation (UVR) and temperature, contribute
to pre-settlement mortality whereas surviving spores are
capable of dispersal, settlement, attachment and initia-
tion of new recruits across the expanse of the vertical
tidal zones. The sensitivity of the young recruits to the
same stress factors could contribute to post-settlement
mortality, which effectively determines the upper distri-
bution limit of each species. A relation between the effect
of UVR on the growth of young sporophytes and the
depth distribution of kelps in Helgoland was previously
sought but not found (Dring et al. 1996).

With respect to stratospheric ozone depletion and the
resulting enhanced UVB radiation (UVBR), several
negative effects are reported on the physiology and
productivity of marine macrophytes. This includes
photoinhibition and eventual photodamage to the pho-
tosynthetic apparatus (Hanelt et al. 1997a, b), photo-
chemical degradation of biomolecules inhibiting
important metabolic processes (Franklin and Forster
1997), formation of cyclobutane-pyrimidine dimers
(CPDs) in the DNA inhibiting genome replication and
expression (Wiencke et al. 2000; van de Poll et al. 2001,
2002) and production of reactive oxygen species
responsible for oxidative damage within the cell
(Aguilera et al. 2002a). Under photoreactivating light,
DNA damage in macroalgal spores and young sporo-
phytes is repaired (van de Poll et al. 2002; Roleda et al.
2004a, 2005a), whereas protection by enlargement and
increase in number of phlorotannin-containing physodes
is observed in zoospores exposed to UVR, enhancing
germination capacity (Wiencke et al. 2004). The physi-
ological balance to counteract the negative effects can,
however, increase energy demands for protection and
repair at the expense of growth.

Species morphology is an important trait in algal
ecology. Littler and Littler (1980) defined functional-
form groups in marine macroalgae and grouped the
genus Laminaria in the thick leathery functional form.
However, different thallus thicknesses are observed in
different species of the genus, whereby L. hyperborea is
considered the thickest leathery species (Johansson and
Snoeijs 2002). With respect to photosynthetic efficiency,
UVR tolerance is higher in species with increasing
thallus thickness (Franklin and Forster 1997). The
optical effect of the outer cell layers can influence
reflection, attenuation, scattering, absorption or trans-
mittance of UV radiation to the inner cells (Caldwell
et al. 1983). Translucence and opacity of the thallus re-
lated to pigments and presence of UV-absorbing com-
pounds was also found to affect growth and DNA
sensitivity of other young Laminariales sporophytes
(Roleda et al. 2005h).

In a previous study on the effect of UVR on young
Laminaria sporophytes, unrealistically high doses of
different exposure lengths ranging from 0.25 (15 min)
to 144 h (6 days) of UVR were applied. Bleaching and

zero growth rates were observed in all species exposed
to 72 h or more of UVR (Dring et al. 1996). After
development of the on-line growth measurement sys-
tem by Lining (1992, 1994) for Laminaria and similar
species, short-term (3-6 days) day and night kinetics of
growth under L:D photoperiod, continuous light and
different light spectra are possible. An improved
growth chamber with advance software allowed Role-
da et al. (2004b, 2005b) to measure growth in intervals
of 10 min over a longer period of time, which will be
used in the present study.

Dispersal and potential recruitment of kelp germlings
in the eulittoral zone is possible. However, they can be
exposed to air and the whole spectrum of solar radiation
during low tides, which may contribute to the post-
recruitment mortality of the species. We will test the
hypothesis that susceptibility of young sporophytes to
UVR influences the upper depth distribution limit of the
mature sporophytes. The present study will re-examine
the effect of UVR on the growth of young Laminaria
sporophytes exposed to moderate dose of UVR sup-
plemented in the middle of the light phase. Growth as an
integrative parameter of all physiological and biochem-
ical processes will be measured every 10 min for
18-21 days. This study extends to investigate accumu-
lation of CPDs in the tissue as a measure of DNA
damage and repair capacity after repeated exposure
to UVR. Thallus thickness and the presence of
UV-absorbing compounds in young cultured and wild
sporophytes were examined and discussed in relation to
the species sensitivity to UVR.

Materials and methods
Algal material

Stock gametophyte cultures of L. digitata, L. saccharina
and L. hyperborea gametophytes, originally established
from spores of fertile sporophytes collected around
Helgoland, North Sea, were used to obtain young
sporophytes. Filaments of male and female gameto-
phytes were fragmented together using mortar and pestle
and transferred to culture dishes filled with Provasoli-
enriched seawater (Starr and Zeikus 1993). Cultures
were maintained inside a temperature-controlled room
at 12+2°C and 10 pmol m™2 s™! white light at 12:12 h
light:dark photoperiod. Gametangia were formed and at
about 6 weeks, young sporophytes (approximately
3 mm length) were taken from the bottom of the culture
dishes and transferred to aerated 5 1 culture bottles until
sporophyte size was ready for the experiment. To com-
pare morphological differences between cultured and
wild specimens, young sporophytes of . digitaia were
collected by hand in the upper sublittoral (0.5-1 m)
during low tide, while L. saccharina and L. hyperborea
were collected by SCUBA diving in the mid (2-4 m) and
lower (5-7 m) sublittoral, respectively, around the island
of Helgoland.
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On-line video growth measurement technique

Three growth chambers (ISITEC GmbH., Bremerhaven,
Germany) with circulating water system and on-line vi-
deo measuring technique were operated simultaneously
in the experiment as described by Roleda et al. (2004b,
2005b). Each growth chamber contained two basal pie-
ces of thalli (average size =30 mm?, + 6 mm of the blade
including the meristem), positioned 20 mm apart from
each other. The video-captured image is analysed by
MedeaLAB Count and Classify software (Multimedia
and Software GmbH, Erlangen, Germany), which
measures growth in terms of increased number of pixel
size of the algae. After 3 days of acclimation to 16:8
light—dark photoperiods of white light, UVR was sup-
plemented in the middle of the light phase (0900-
1500 h). Two types of glass filters, Schott-GG 400
(Schott, Germany) and Quartz glass slides, were put on
the top of the Plexiglas chamber, each covering one of
the two algal samples, respectively. This corresponds to
two treatments per chamber with photosynthetically
active radiation (PAR=P) and PAR+UVA+UVB
(PAB) treatment. The three growth chambers operated
simultaneously per species were used as replicates for the
P and PAB treatments.

Light sources in each chamber consisted of two
white fluorescent lamps (Philips, TL 8W/965, Holland)
and two UV lamps (Q-Panel UVA-340, 40 W, Cleve-
land, USA). The PAR was measured using a cosine
quantum sensor (Type 1925B: LI-COR Biosciences,
Bad Homburg, Germany) attached to a LI-COR data
logger (LI-1000) and UVR was measured using a
scanning UV-VIS spectrometer (M. Kruse, Bremerha-
ven, Germany) below the glass filters. Weighted irra-
diance was calculated using action spectra for well-
known biological responses: DNA damage for Esc-
herichia coli (280320 nm, Setlow 1974) and the gen-
eralized plant damage (280-312 nm) described by
Caldwell (1971). Both unweighted and weighted irra-
diances for each treatment are compiled in Table 1.
Growth was continuously measured every 10 min for
18-21 days. Seawater was changed weckly to ensure
enough nutrient supply within the medium. At the end
of each growth experiment, algal thalli were trans-
ferred to 2 ml Eppendorf tubes and frozen at —80°C
for further chemical analyses.

Growth rate was computed by plotting all data points
(of the entire experimental period) of each replicate per
treatment. They were individually fitted to an exponen-
tial equation N,= Nye”, where N, is growth at time 1, N,
is initial size and » is the intrinsic rate of increase (Roleda
et al. 2004b, 2005b). To determine the circadian growth
rates of the sporophytes exposed to P and PAB treat-
ments, 3-day averages (percent per hour) were computed
during the start of the light phase without UV (0500—
0900 h), in the middle of the light phase with UV sup-
plement (0900-1500 h), at the end of the light phase
without UV (1500-2100 h) and during the dark phase
(21000500 h).

Thallus morphology and optics

To determine thallus thickness, wet weight:surface area
(mg:mm?) ratio was measured as described by Roleda
et al. (2004a, 2005b). Surface area of sporophytes taken
directly from the unialgal cultures was measured using a
scanner and WinFolia 5.0 image analysis software (Re-
gent Instrument, Quebec City, Canada). The corre-
sponding wet weight of the blotted tissue was weighed
using Sartorius (CP225D, Germany) weighing scale
(n=10). To determine the optical property of cultured
and wild specimens, voung sporophytes were inserted
into seawater-filled quartz cuvettes and scanned with
seawater as reference in the 250-700 nm waveband using
Shimadzu photometer (UV 2401PC, Japan) equipped
with an integrating sphere.

Pigment extraction and characterization

Frozen samples were treated with 100 pl of 100% N-N-
dimethylformamide and stored in darkness for approx-
imately 16 h. Subsequent analyses were performed using
HPLC as described by Bischof et al. (2002).

DNA extraction and quantification
Thalli were homogenized in liquid nitrogen and DNA

was isolated following the CTAB extraction procedure
described by van de Poll et al. (2001) and modified by

Table 1 Unweighted and weighted irradiance applied in the growth chambers

Irradiance (W m™2)

Unweighted

Weighted

GG 400
(PAR alone)

Quartz

(PAR + UVA + UVB)

DNA damage
(Setlow 1974)

Generalized plant damage
(Caldwell 1971)

PAR (400-700 nm) 3.60 4.00
UWVA (320400 nm) 0.02 4.92
UVB (280-320 nm) 0.00 0.41
Total irradiance 3.62 9.33

0
0
9.76x10* 3
9.76x103 3.16x10

=)
x
(SIS}
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Roleda et al. (2004a). After DNA extraction, the pellet
was dissolved in 0.2 ml TE buffer (10 mM Tris, 1| mM
EDTA., pH 8.0), treated with RNAase (5 ul 10 mg ml™",
30 min, 37°C; Sigma., MO, USA) and stored at —20°C.
The DNA concentration was quantified fluorometrically
using PicoGreen assay (Molecular Probes. Eugene, OR.
USA) and a Cary Eclipse Fluorescence Spectropho-
tometer (Variance Scientific Instrument, CA, USA). A
dilution series with a known amount of DNA (Serva.
Heidelberg, Germany) was included for calibration
purposes.

Assay for CPDs detection

The immunoassay for CPDs was modified after Vink
et al. (1994) and van de Poll et al. (2001). Heat-dena-
tured samples containing 50 ng DNA were transferred
to a nitrocellulose membrane (Protran BA 79, pore size
0.1 um, Schleicher and Schuell, Keene, NH, USA) with
a Minifold I SRC96 dot blot apparatus (Schleicher and
Schuell). After a two-step antibody assay, the membrane
was treated with ECL Western blotting detection
reagent (Amersham Buckinghamshire, UK) and sealed
in a transparent vinyl plastic folder (Leitz. Stuttgart.
Germany). This was subsequently exposed to photo-
sensitive ECL films (Amersham), with different exposure
times. The films were developed using an X-ray film
developer. Developed films were scanned using a Biorad
imaging densitometer (Model GS-700, Bio-Rad Labo-
ratories, Hercules, CA, USA) and gray scale values were
quantified using Multi-Analyst (Macintosh Software for
Bio-Rad’s Image Analysis Systems). A calibration series
of UV-irradiated calf thymus DNA (Serva) supple-
mented with unexposed DNA was included, giving
I pgml™" DNA for each calibration point. The
UV-irradiated DNA (45 min exposure to two TL 20 W/
12 lamps, Philips, Eindhoven, Netherlands) was previ-
ously calibrated against UV-irradiated Hela DNA with
known amounts of CPDs (kindly provided by A. Vink).
The CPDs were quantified by comparing the gray scales
within the linear range of the film.

Data analysis

The statistically significant differences in growth rate
(percent per day), CPDs accumulation and thallus
thickness (wet weight:surface area ratio; mg:mm?) be-
tween species were tested using ANOVA (P <0.05), and
the difference between treatments (P versus PAB) was
tested by i-test (P <0.05) using SPSS software (SPSS,
Chicago, IL. USA). The general trends in the circadian
growth pattern (percent per hour) were described.

Results

Higher intrinsic rates of increase in surface area were
observed in sporophytes of all three species exposed to P

alone compared to sporophytes exposed to PAB
(Fig. 1). Significant difference in growth rates was ob-
served between species (percent per day; insets Fig. la, b)
exposed to P and PAB (ANOVA., P<0.01). The
corresponding Duncan multiple range test (DMRT,
P=0.05) showed significantly lower growth rates in L.
hyperborea sporophytes exposed to P and PAB com-
pared to the other two kelp species. However, the dif-
ference in growth rates between L. digitata and L.

saccharina is not significant in both treatments. Relative

growth rates of sporophytes exposed to PAB, expressed
as percent of P, showed significant effect of UVR
(ANOVA, P<0.05). The DMRT (P =0.05), however,
showed that L. digitata is not significantly different from
L. saccharina and L. saccharina is not significantly dif-
ferent from L. hyperborea (Fig. 2).

The circadian growth pattern in sporophytes exposed
to P alone generally showed an increasing growth from
the onset of light (05000900 h) to a peak at the middle
(0900-1500 h) or at the end of the light phase (1500—
2100 h) and a minimum “‘low’” growth in the dark phase
(21000500 h) (Fig. 3a—c). Among sporophytes exposed
to the full light spectrum (PAB), circadian growth pat-
tern was observed to be species specific. After UV
exposure, a relative decrease in the growth rate of L.
digitata was observed at the end of the light phase
(1500-2100), but this was compensated with a higher
growth rate in the dark phase (2100-0500) (Fig. 3a). A
similar pattern was observed in L. hyperborea (Fig. 3c)
but lower growth rate was observed during the dark
phase compared to L. digitata. In L. saccharina, growth
rates generally increased at the end of the light phase
(1500-2100) after UV exposure, while growth rates
during the dark phase varied over the observation per-
iod (Fig. 3b).

Growth rates of young sporophytes were initially able
to acclimate to UVR in the course of several days
(4-12 dayvs) of repeated exposure (Fig. 4). However, at
longer exposure periods (13-21 days), growth rates were
eventually observed to decline through time. Average
growth rates during UVR exposure (09001500 h) over
a period of 18-21 days showed significant differences
between species (ANOVA, P <0.05). Duncan’s multiple
range test showed no significant variation between L.
digitata and L. saccharina except growth during the 3rd
and 18th day (DMRT, P=0.05), while significantly
lower growth rates were observed in L. hyperborea
during the 9th, 12th and 18th day (DMRT, P=0.05).

Higher wet weight:surface area ratio corresponds to
thicker thallus as observed visually and tactually among
different species of cultured sporophytes. Analysis of
variance (ANOVA, P<0.001) and Duncan Multiple
Range Test (DMRT, P=0.05) showed significant dif-
ferences between species with L. saccharina having the
thinnest and L. hyperborea the thickest thalli (Fig. 5).
DNA damage measured as number of CPDs after 18—
21 days of daily 6 h exposure to UVR showed inverse
relationship with thallus thickness (Fig. 5). Significantly
higher remaining CPDs (P <0.01) was measured in the
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80 tissue of the thinner L. saccharina compared to the two
& 70 T other species. No significant differences in the remaining
5 60 - 1 T CPDs were observed between the thicker thalli of L.
2 &0 4 L digitata and L. hyperborea. No significant difference was
o T observed in the pigment concentration between L. digi-
< 40 1 L tata and L. hyperborea sporophytes exposed to P and
= 301 PAB (Fig. 6). Due to sample limitation, no replicates
% 20 + were measured in L. saccharina.
5 101 Different thallus morphology and growth forms were
0 a : a,b : b observed between young cultured and wild sporophytes
L. digitata L. saccharina L. hyperborea (insets Fig. 7a, b). Wild sporophytes were thicker than

Fig. 2 Ultraviolet radiation effect on the growth rates of young
Laminaria sporophytes. Growth rates of sporophytes exposed to
PAR + UVA + UVB (PAB) were expressed as percent of the growth
rates of sporophytes exposed to PAR alone (percent P). ANOVA
showed significant difference between species (P < 0.05). Letters on
graph show result of DMRT (P=0.05); different letters refer to
significant differences between means
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cultured sporophytes, while both isolates are leathery in
texture. L. saccharina was, however, optically lighter
than L. digitata and L. hyperborea. Corresponding
spectral analysis of wild young sporophytes showed
higher absorbance peak at 678 nm representing chloro-
phyll a peak and peaks between 425450 nm represent-
ing additionally higher carotenoid content in wild L.
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digitata and L. hyperborea. Strong absorbance below
280 nm was measured in the thalli of wild sporo-
phytes, characteristic of the UV-absorbing compound
phlorotannin.

Discussion

The UVR sensitivity of growth as an integrative
parameter of all physiological processes is related to the

upper distribution limit of the three kelp species in
Helgoland. Tissue DNA damage is, however, dependent
on thallus thickness, optics and absorption spectra
characteristics of the pigments and UV-absorbing com-
pounds. Energy demands for repair and protection may
divert photosynthate at the expense of growth.

Growth as an integrative parameter of all cellular
processes is better than photosynthetic performance to
study long-term effects of UV exposure in macroalgae
(Roleda et al. 2004b). A simple growth model: G = P-R-L,
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Fig. 4 Average growth rates over a period of 21 days in young
sporophytes of the three Laminaria species (n=3) during UVR
exposure (0900-1500 h). ANOVA showed significant difference
between species (P < 0.05). Letters on graph show result of DMRT
(P=0.05). different letters refer to significant differences between
means. * suggests that one species is significantly different from the
other two species while the other two species are not significantly
different from each other

follows a growth-differentiation balance, where growth
increment over time (() is a function of the rate of
biomass production through gross photosynthesis (P)
and loss due to respiration (R) and tissue lost or decay
(L) (Carr et al. 1997). Under high-light intensity and
UVR, photoinhibition of photosynthesis already de-
creases potential carbon acquisition (P) into plant dry
matter (G) (Long et al. 1994). Dark respiration (R)
represents the energy used to synthesize new biomass
(growth respiration) and that used to maintain meta-
bolic activity (maintenance respiration). Exposure to
UVR causes cellular, enzymatic and molecular damage,
which could further increase loss due to respiration (R)
by diverting more photosynthate for repair and defense
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Fig. 5 Relationship between average thallus thickness and remain-
ing tissue DNA damage after 18-21 days of repeated daily 6 h
UVR exposure and 18 h recovery (6:8:4 h light:.dark:light cyele) in
the three Laminaria species. Vertical bars are standard deviations
(m=3). ANOVA showed significant difference belween species
(P<0.05). Letters on graph show result of DMRT (P=0.05):
different letters reler to significant differences between means
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Fig. 6 Chlorophyll a content in young sporophytes exposed Lo
different irradiances (PAR =P; PAR + UVA+ UVB=PAB). Ver-
tical bars are standard deviations (n=3). Value of L. saccharina
represents one replicate only

(i.e. production of secondary metabolites) thereby
inhibiting growth.

Saturation of growth in young sporophytes of I.
digitata, L. saccharina and L. hyperborea was previously
reported at 20-30 pmol photon m™2 s~! of continuous
photon irradiance, whereas 1-2 umol photon m s
was able to sustain growth in culture (Han and Kain
1996). At 18 pmol photon m~2 s~! in this study, maxi-
mum growth rate in L. digitata (1500-2100 h,
0.57+0.17% h™") is comparable to the previous online
growth measurements of Liining (1994) on the same
species from Helgoland reported at 0.5% h~'. Growth
rate in L. saccharina (1500-2100 h, 0.59 £0.03% h™") is,
however, lower compared to the previous study reported
at 0.7% h™' (Liining 1992). Comparison with other
Laminariales showed higher growth rates among Lami-
naria species than in Saccorhiza dermatodea (0.42+
0.12% h™") and Alaria esculenta (0.31+ 0.02% h™";
measured during the dark phase) (Roleda et al. 2005b).
The pioneering work of Liining (1992) on on-line growth
measurements within 3 days showed an increasing
growth rate throughout the light phase and a subsequent
continuous decrease in growth at the onset of darkness.
However, the present on-line growth measurement
which lasted for 18 days recorded a general growth
trend showing an initial low growth during early
morning, a mid morning or late afternoon peak and
minimum growth during the dark phase. The circadian
rhythm in growth has been reported to be associated
with the circadian rhythm in gene expression, cell divi-
sion and photosynthesis (Liining 2001; Suzuki and
Johnson 2001; Jacobsen et al. 2003). The decrease in
growth rate through time observed in this study was also
evident in the subsequent study of Liining (1994), which
recorded decreasing growth in the course of measure-
ment over 6 days. In situ growth measurements on the
three Laminaria species in Helgoland were also observed
to decrease through time (Liining 1979). The decrease in
the intrinsic rate of increase in growth through time is
attributed to the increase in doubling time for the cell
mass (Brinkhuis 1985).
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Fig. 7 Tissue absorbance
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A circadian growth pattern of sporophytes exposed
to UV-radiation was first reported by Roleda et al.
(2005b) where dark pigmented young A. esculenta
sporophytes were able to acclimate to UVR while
translucent young S. dermatodea did not. The general
growth pattern of 4. esculenta and S. dermatodea
exhibits a drop in growth rate during UVR exposure
(0900-1500) relative to growth during early morning
(0500-0900) and late afternoon (1500-2100) without
UVR and at night (2100-0500). The circadian growth
strategies of the three Laminaria species are different
compared to that of A. esculenta and S. dermatodea. In
L. digitata, the drop in growth during UVR exposure
was observed only during the first 3 days. Growth was
eventually able to acclimate to UVR, where growth rates
at this time (0900-1500) were higher compared to the
early morning growth. The decline in growth in the
afternoon when UV lamps were turned off was com-
pensated with a corresponding higher growth rate at

T T T T T T T T T

600 650 700
Wavelength (nm)

night. This follows the general diurnal pattern observed
among sporophytes exposed to PAR alone. However, at
night, higher growth rates were observed relative to
growth during the day in sporophytes exposed to UVR.
In L. saccharina, although growth was also able to
acclimate up to 12 days repeated UV exposure, the cir-
cadian growth patterns between P- and PAB-exposed
sporophytes were relatively similar and follow the typi-
cal low early morning growth, midday peak, afternoon
decline and low evening growth rhythm. In L. fiyperbo-
rea, moderate growth rates were observed throughout
the daily light cycle of PAB-exposed sporophytes. They
were able to cope up with the daily UV dose throughout
the experiment when growth during UVR exposure
(0900-1500) did not drop relative to the early morning
growth (0500-0900) without UVR. However, growth
decreased after UVR exposure, similar to the pattern
observed in L. digitata, but distinct growth compensa-
tion at night was observed only until the sixth day.
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Based on the remaining tissue DNA damage, it is
inferred that sensitivity of young sporophytes is not re-
lated to the depth distribution of the adult sporophytes
but on the thallus thickness of the species. L. saccharina,
which can occur in the upper sublittoral intermixed with
L. digitata stand and in the mid sublittoral (Liining
1979, 1985), is more sensitive to UVBR-induced DNA
damage. This is attributed to its thinner and relatively
translucent thalli. Although L. saccharina had the
highest remaining tissue CPDs (11.7+2.6 CPD mb™")
after 18 days of repeated daily UVB dose of
8.6x10° I m™2, an effective DNA damage repair mech-
anism is indicated in this species. After daily 6 h UVR
exposure, the sporophytes were able to recover for 18 h
under the daily light:dark cycle. Previously, induction of
CPDs in Arctic L. saccharina exposed to lower UVB
dose of 6.2x10° J m™ resulted in a high accumulation of
88 CPD mb~', which was effectively repaired after 5 h
exposure to photo-reactivating light at the rate of 0.49
CPD mb~' h™' (van de Poll et al. 2002). Efficient DNA
damage repair was also observed in 8 hours UVR-
exposed zoospores after 48 h recovery in low-white light
whereby remaining DNA damage was undetectable in 7..
digitata, 3.8+ 1 and 7.0+4 CPD mb~' in L. saccharina
and L. hyperborea, respectively (Roleda et al. 2005a).

Laminaria digitata, which occurs in the upper sub-
littoral and L. hyperborea, which occurs deepest in the
field reduce effective UV fluence from reaching the
physiological target by means of thick thalli. It shows
that thicker thalli can provide extra protective tissue
against UVR (Johansson and Snoeijs 2002), where outer
cell layers shade inner cells and provide longer path-
length for UVR absorption (Franklin and Forster 1997)
making it less sensitive to UVB radiation-induced DNA
damage. The epidermis itself already serves as a filter of
UVB radiation and the optical property of the thallus
can further influence reflection. attenuation, scattering.
absorption or transmittance of UV radiation (Caldwell
et al. 1983). The significance of thallus optics was pre-
viously reported by Roleda et al. (2005b). The thick but
translucent thallus of S. dermatodea accumulated higher
CPD content of 65+9 CPD mb~! compared to the thin
but opaque A. esculenta (8 +3 CPD mb™') after expo-
sure to the same experimental treatment (Roleda et al.
2005b). Thus, remaining tissue DNA damage in young
sporophytes alone cannot explain the survival success
between these species.

Zoospores of the same species are relatively more
sensitive to DNA damage and their sensitivity is related
to the vertical distribution pattern of the large sporo-
phytes (Roleda et al. 2005a). In young sporophytes,
DNA damage measured in L. digitata (2.5£1 CPD
mb™Y). L. saccharina (11.7+3 CPD mb™') and L. hy-
perborea (3.4+£2 CPD mb™") after 18-21 days of re-
peated 6 h daily UVR exposure is less than the number
of CPDs observed in zoospores exposed to 8§ h UVR,
accumulating 18.6+4, 30.8+8 and 49.8+6 CPD mb™',
respectively. Ontogenic differences in DNA damage
accumulation was previously reported in Mastocarpus
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stellatus  Stackhouse (Guiry) and Chondrus

CrISpus
Stackhouse, where carpospores of the two species were
observed to be more sensitive compared to the foliose
gametophytic life stages (Roleda et al. 2004a). Lower
DNA damage and effective DNA damage repair mech-
anism in carpospores of M. stellatus enhanced its
recruitment success to the upper culittoral zone. In
comparison across the latitudinal gradient, Arctic
Laminaria populations were observed to be more sensi-
tive to DNA damage compared to their temperate
counterparts of the same species. Under the same light
treatment, significantly higher DNA damage was ob-
served in Arctic L. digitata (23.9+£7.9 CPD mb™"),
higher but insignificantly different between L. saccharina
(Spitsbergen: 12.5+£0.9; Helgoland: 11.7+2.6 CPD
mb~") populations. Comparison between the deep and
thick kelp species L. hvperborea (3.4=2.1 CPD mb™')
and L. solidungula (3.0+2.7 CPD mb™') showed no
significant difference in DNA damage accumulation
(Roleda et al. 2006).

Under moderate fluence of UVR, the insignificant
variation in chlorophyll a concentration in sporophytes
exposed to PAB and to P treatments indicates that algae
are able to synthesize new pigments in replacement of
degraded chlorophylls after 6 h daily UVR exposure and
acclimate to repeated moderate daily fluence of UVR.
Acclimation of chlorophyll a concentration was also
observed in the red macroalgac Palmaria decipiens
(Reinsch) Ricker exposed to 12-16 h UVR (Poppe et al.
2002). In situ seasonal variation in pigment concentra-
tion of Arctic L. saccharina collected before, during and
after ice break-up showed decreasing chlorophyll a
concentration coinciding with increasing underwater
radiation. Chlorophyll a concentration did not increase
when melting snow contributed to water turbidity and
reduction in underwater radiation (Aguilera et al.
2002b), suggesting irreparable degradation of pigments
after exposure to high-light intensity.

Absorption profile and peaks in the Soret region
(400-540 nm) are characteristic of carotenoids in the
antenna complexes of higher plants (Pascal et al. 1999;
Croce et al. 2000). Carotenoids are involved in several
aspects of photosynthesis such as light absorption and
energy transfer to the reaction centre complex and
protection of the photosynthetic apparatus from damage
by strong illumination. The higher absorption in this
region among wild sporophytes of Laminariales could
imply some photoprotection role of carotenoids.

Strong absorption of sporophyte thallus in the UV
region of the spectrum is characteristic of phlorotannin.
Isolated phlorotannins from Fucus gardneri Silva absorb
strongly in the UV region with peak at 265 nm (Henry
and van Alstyne 2004). In terrestrial plants, the pro-
nounced wavelength selectivity of absorption in leaf
epidermis is often attributed to flavonoids and other
related UV-absorbing compounds (Robberecht and
Caldwell 1978). Phenolic compounds generally have
substantial UV absorbance and very little absorption in
the visible waveband (Caldwell et al. 1983). Distribution
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of phlorotannins is observed in the epidermis and cell
walls of brown algae (Schoenwaelder and Clayton 1999;
Liider and Clayton 2004). UVR can therefore be
attenuated by cellular UV-absorbing compounds and
cell walls of the epidermal tissue, effectively reducing UV
fluence from reaching physiological targets.

Several functions of phlorotannins have been re-
ported in brown algae such as herbivore deterrents.
digestion inhibitors, antibacterial agents and UV screens
(Schoenwaelder 2002). Production of this compound
involves a substantial cost in terms of individual growth
(Pavia et al. 1999). However, synthesis of moderate
levels of phlorotannins and growth could be maintained
simultaneously (Steinberg 1995). Substantial UV
absorbance characteristics of phlorotannin in young
sporophytes grown in culture as well as in wild speci-
mens supports the hvpothesis of Arnold (2003) that
synthesis and production of this compound is not strictly
inducible as a secondary metabolite but also serves some
primary and secondary roles in reproduction, fertiliza-
tion, spore attachment and cell wall construction. Its
synthesis could also be in response to specific environ-
mental cues or stress factors and is allocated for different
functions in different kelp species. The physiological cost
of producing a higher amount of UV-absorbing com-
pounds is, however, reflected in the lower growth rates
of L. hyperborea relative to L. digitata and L. saccharina,
which exhibit relatively lower absorption in the UV
waveband.

Effective DNA repair mechanism in the zoospores of
L. digitata (Roleda et al. 2005a) and in young sporo-
phytes (this study) effectively enhanced recruitment
success of this species to the upper sublittoral. The upper
distribution limit of L. saccharina to the upper sub-
littoral could be attributed to the timing of its repro-
ductive season in autumn. Zoospore release, fertilization
and establishment of new recruits and growth under the
canopy of L. digitata during low UVR environment of
the season contributed to this success. Relative growth
tolerance of young L. saccharina sporophytes to UVR
extended its upper distribution limit to the upper sub-
littoral inter-mixed with L. digitata stands in some areas
of the island. Sensitivity of L. hyperborea zoospores to
UVR have been reported such that timing of its repro-
duction during winter is thought to be an adaptive
strategy to prevent reproductive failure (Roleda et al.
2005a). In this study, a trade-off between the physio-
logical cost of repair/defense and growth was observed
in L. hyperborea, whilst growth inhibition of young
sporophytes under UVR further established the relative
sensitivity of this species where successful recruitment is
confined within the lower sublittoral of the island.
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ABSTRACT

Depth distribution of kelp species in Helgoland (North
Sea) is characterized by occurrence of Laminaria digitata
in the upper sublittoral, whereas L. saccharina and L.
hyperborea dominate the mid and lower sublittoral region.
Laminaria digitata is fertile in summer whereas both other
species are fertile in autumn/winter. To determine the light
sensitivity of the propagules, zoospores of .. digitaia, I.
saccharina and L. hyperborea were exposed in the labora-
tory to different exposure times of photosynthetically
active radiation (PAR; 400-7({) nm), PAR + UVA radia-
tion (UVAR;: 320400 nm) and PAR + UVAR + UVB
radiation (UVBR; 280-320 nm). Optimum quantum yield
of PSII and DNA damage were measured after exposure.
Subsequently, recovery of photosynthetic efficiency and
DNA damage repair, as well as germination rate were mea-
sured after 2 and 3 d cultivation in dim white light. Photo-
synthetic efficiency of all species was photoinhibited
already at 20 gmol photons m™ s PAR, whereas UV radi-
ation (UVR) had a significant additional effect on photo-
inhibition. Recovery of the PSII function was observed in
all species but not in spores exposed to irradiation longer
than 4 h of PAR + UVA + UVE and 8 h of PAR + UVA.
The amount of UVB-induced DNA damage measured as
cyclobutane—pyrimidine dimers (CPDs) increased with
exposure time and highest damage was detected in the
spores of lower subtidal L. hiyperborea relative to the other
two species. Significant removal of CPDs indicating repair
of DNA damage was observed in all species after 2 d in low
white light especially in the spores of upper subtidal L.
digitata. Therefore, efficient DNA damage repair and
recovery of PSII damage contributed to the germination
success but not in spores exposed to 16 h of UVBR. UV
absorption of zoospore suspension in L. digitata is based
both on the absorption by the zoospores itself as well as by
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exudates in the medium. In contrast, the absorption of the
Zoospore suspension in L. saccharina and L. hyperborea is
based predominantly on the absorption by the exudates in
the medium. This study indicates that UVR sensitivity
of zoospores is related to the seasonal zoospore production
as well as the vertical distribution pattern of the large
sporophytes.

Key-words: Laminaria digitata; Laminaria saccharina;
Laminaria hyperborea; cyclobutane-pyrimidine dimers;
DNA damage and repair; F/F;; germination rate;
photosynthesis.

INTRODUCTION

Zoospore production and its subsequent release and
recruitment on suitable substrate are important processes
in maintaining kelp population in coastal marine environ-
ments (Reed, Schroeter & Raimondi 2004). Upon the
release of zoospores, these propagules are confined in a
viscous physical environment due of their small size
(approximately 3.0-5.0 yum) and relatively slow swimming
speeds (Amsler, Reed & Neushul 1992). Swimming compe-
tency of kelp zoospores has been recorded up to 72 h
(Reed, Amsler & Ebeling 1992) and kelp zoospores have
been identified from in situ plankton samples (Graham
1999). Spore swimming increases the likelihood of settle-
ment. However, even after cessation of swimming, spores
were found to germinate in the water column and retained
their capacity to produce viable sporophyte recruits (Reed
et al. 1992). This transitory planktonic phase, which is capa-
ble of photosynthesis, can, however, be exposed to variable
environmental stress conditions with respect to light, ultra-
violet radiation (UVR) and temperature. Spore dispersal
as source of recruits has been extensively studied in Lami-
nariales (e.g. Reed et al. 1992, 2004; Fredriksen ef al. 1995),
where resulting colonization has been documented over
distances of at least 4000 m (Reed, Laur & Ebeling 1988).
Moreover, local hydrodynamic condition can enhance dis-

© 2005 Blackwell Publishing Ltd
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persal; probability of gamete encounters and ensures high
fertilization rates (Yund 2000) developing distinct natural
population within the locality.

Surface UV wavelength to PAR ratio in Helgoland varies
depending on cloud cover and season. The ratios of 320, 340
and 380 nm to PAR were 15-20% higher on the dull days
than on bright days, whereas the 305 nm : PAR ratio did not
vary between different cloud cover. On the other hand,
seasonal variation is characterized as follows: no seasonal
increase in  305nm:PAR ratio; 50% increase in
320 nm : PAR ratio from winter to summer; constant
340 nm : PAR ratio throughout the year; and slight
decrease in 380 nm :PAR ratio during summer months
(Dring et al. 2001a). Underwater measurements estimated
1% depth for 305-nm radiation at 1 m measurable only
during summer and autumn. The 1% depths recorded for
the other UV wavelengths were 2.0, 2.6 and 4.6 m for 320,
340 and 380 nm, respectively, compared to 12 m for PAR
(Dring et al. 2001a). Relative to tidal fluctuation, higher
PAR transmittance is also observed during neap tides (low
tide at midday) than on spring tides (high tide on midday).
This association is suggested to be dependent on stronger
tide flows that occur during spring tides contributing to the
re-suspension of sediments effectively reducing light pene-
tration (Dring & Liining 1994).

Tolerance and recovery of photosynthesis of young and
adult thalli to inhibiting photosynthetically active radiation
(PAR) is reported to influence depth distribution of sea-
weeds (e.g. Han & Kain 1996; Hanelt, Wiencke & Nultsch
1997a; Hanelt er al. 1997b). Recent temporary lowering of
stratospheric ozone concentrations enhances the UVB
fluxes at the earth’s surface (Smith efal. 1992; von der
Gathen eral. 1995; Stidhelin eral. 2001). Consequently,
UVR has also been reported to influence the vertical dis-
tribution pattern of seaweeds (e.g. Dring ef al. 1996a;
Bischof, Hanelt & Wiencke 1998a, 2001; Hanelt 1998;
Dring, Wagner & Liining 2001b).

The effect of ultraviolet radiation (UVR) on algal meta-
bolism and physiology is manifold. Early developmental
stages of seaweeds have been reported to be more suscep-
tible to UVR when compared to adult stages (reviewed by
Coelho, Rijstenbil & Brown 2000). Exposure to increased
UVR induces spore mortality and photoinhibition of pho-
tosynthesis (Wiencke etal. 2000; Wiencke, Clayton &
Schoenwaelder 2004; Roleda et al. 2004a). The primary tar-
gets for the UV-suppression of photosynthetic activity are
still under debate (Baker, Nogues & Allen 1997). UVBR
appears to degrade the D1 protein and part of the D1/D2
heterodimer; the major structural complex within PSII
(Aro etal. 1990; Melis, Nemson & Harrison 1992; Jansen
et al. 1993). Other studies have demonstrated decreases in
the pool size of carbon fixation enzymes such as carbonic
anhydrase (Dionisio, Tsuzuki & Miyachi 1989) and ribu-
lose-1,5-bisphosphate carboxylase/oxygenase (Rubisco)
(Bischot, Hanelt & Wiencke 2000). Moreover, UVBR
exposure causes DNA damage in spores of Laminariales
and Gigartinales (Wiencke et al. 2000; Roleda et al. 2004a).
Most UVB-induced lesions involve dimerization of adja-
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cent pyrimidine bases which results in cyclobutane-
pyrimidine dimers (CPDs). These lesions are cytotoxic
because they disrupt cell metabolism and division (van de
Poll et al. 2001).

To counteract the negative effects of UVBR, ultraviolet
sunscreens are used as photoprotective mechanisms in
planktonic organisms (Garcia-Pichel 1994). Among 1-
< 10 um size class cells, sunscreens accumulation can afford
considerable benefits but only at the expense of relatively
heavy energetic investment and with restricted efficiencies
(Garcia-Pichel 1994). However, the protective potential of
phlorotannin containing physodes in kelp zoospores (3—
5 um) has been described by Wiencke eral. (2004). More-
over, kelp phlorotannin exudates along coastal shores from
macroalgal sources have been reported to reduce the
impact of UVBR, forming UV-refugia for kelp zoospores
within the water column (Swanson & Druehl 2002).

Zonation pattern of kelp species in Helgoland (North
Sea) is characterized by typical occurrence of Laminaria
digitata (Hudson) Lamouroux in the uppermost part of the
sublittoral region, whereas Laminaria saccharina (Lin-
naeus) Lamouroux and Laminaria hyperborea ( Gunnerus)
Foslie dominate the middle and deeper parts of the kelp
zone, respectively (Liining 1979). Initiation of reproduction
in Helgolandic Laminariales is limited to a distinct repro-
ductive season. Reproductive tissues (sori) are observed in
L. digitata during late spring to summer (May-August), L.
saccharing during autumn to mid winter (September—Feb-
ruary) and L. hyperborea during late autumn to winter
(November—February). This reproductive strategy is spec-
ulated to be associated to the seasonal environmental pat-
tern ensuring higher probability of success in reproduction
(De Wreede & Klinger 1988). A recent study on the germi-
nation of five species of Laminariales from the Arctic
showed that UVR susceptibility of zoospores is also related
to the depth distribution of the adult sporophytes (Wiencke
et al.2004). In this regard, the present study will re-examine
the susceptibility of the early developmental stages of the
three Helgolandic Laminaria species to varying irradiance
in relation to their depth distribution. This relationship was
previously sought but not found by Dring er al. (1996b). We
focus on zoospores and germinating spores, because they
can be found to be planktonic for an extended period of
time exposed to environmental stress such as high photon
fluence rate and UVR. However, settling zoospores under
algal canopies experiences different low-light microenviron-
ment which is suitable for germination and growth. This
study extends to investigate the impact of increasing expo-
sure time to varying light spectrum on the photosynthetic
efficiency and DNA damage of zoospores. The presence of
UV-absorbing compounds in zoospore suspension is quan-
tified and this is the first study on the capacity of Laminar-
iales zoospores for DNA repair and its implication on
germination capacity. We hypothesize that susceptibility of
zoospores of the three Laminaria species to PAR and UVR
influence the vertical distribution pattern of the adult sporo-
phytes and the eventual reproductive strategies of adult
sporophytes.

© 2005 Blackwell Publishing Ltd, Plant, Cell and Environment, 28, 466479
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MATERIALS AND METHODS
Zoospore material

Fertile specimens of L. digitata were collected by hand in
the upper sublittoral (0.5-1 m) during low tide, and L. sac-
charina and L. hyperborea were collected by scuba diving
in the mid (2-4 m) and lower (5-7 m) sublittoral, respec-
tively, around the island of Helgoland. Thallus parts with
sori were blotted with tissue paper and kept for 2 d in a wet
chamber in dim light at 5 + 1 °C. Spores were released from
five individual sporophytes per species by flooding Prova-
soli enriched seawater (Starr & Zeikus 1993) to the thallus
in separate Petri-dishes. Spore density released from indi-
vidual sporophytes was adjusted to 2.0 x10%-
4.0x 10° spore mI™* using a Neubauer Chamber (Brand
GmbH, Wertheim, Germany). Due to the extent of the
experimental work, sori for photosynthesis, absorption
spectra, DNA damage and recovery, and germination
experiments were separately collected four times during
the peak fertile season of L. digitata (May—July), L. saccha-
rina (September—November) and L. hyperborea (Decem-
ber—February).

Irradiation treatments

Photosynthetically active radiation (PAR) was provided by
white fluorescent tubes (L65 Watt/25S, Osram, Munich,
Germany) and ultraviolet radiation (UVR) was generated
by UVA-340 fluorescent tubes (Q-Panel, Cleveland, OH,
USA), emitting a spectrum similar to solar radiation in the
range 295-340 nm. Three kinds of filter foils were used to
cut off different wavelength ranges from the spectrum emit-
ted by the fluorescent tubes. Experimental units were cov-
ered with the following filters: Ultraphan transparent
(Digefra GmbH, Munich, Germany); Folanorm (Folex
GmbH, Dreieich, Germany) or Ultraphan URUYV Farblos
corresponding to the PAR+UVA+UVB (PAB),
PAR + UVA (PA) and PAR (P) treatments, respectively.
Irradiation was measured using a cosine sensor connected
to a UV-VIS Spectrometer (Marcel Kruse, Bremerhaven,
Germany) below the cut-off filters. The biologically effec-
tive doses (BED) between 280 and 320 nm applied were
calculated using two action spectra for well-known biolog-
ical responses: the generalized plant damage (280-312 nm,

Caldwell 1971) and DNA damage for Escherichia coli (280—
320 nm, Setlow 1974). Minimal erythemal dose (MED)
below the cut-off filters was also measured using an ELUV-
14 UV-Data logger (El Naggar efal. 1995). Both
unweighted and weighted irradiances for each treatment
are compiled in Table 1. The 1.26 UV (total UVR) : PAR
ratio in this study is within the highly variable ratio of UV
(305, 320, 340, and 380) : PAR ratio measured in Helgoland
which ranges between 0.002 and 1.4 depending on cloud
cover and season (Dring ef al. 2001a).

Chlorophyll fluorescence measurements

Photosynthetic efficiency measured as variable fluores-
cence of photosystem II (PSII), was determined using a
xenon pulse amplitude modulation fluorometer (XE-
PAM) connected to a PC with WINCONTROL software
(Heinz Walz GmbH, Effeltrich, Germany). Immediately
after adjustment of spore density (approximately 1 h after
spore release), spore suspension was filled into 5mL
quartz cuvettes and the maximum quantum yield (F/F,)
was measured to determine initial photosynthetic effi-
ciency at time zero (7, n=3) as described by Hanelt
(1998). Photosynthesis (in terms of relative electron trans-
port rate, ETR = PFR x AF/F,,") versus irradiance curves
(P-I curve) were also measured in the Tj samples (n =3,
chosen at random from the five replicates) as described by
Bischof et al. (1998b). Saturating irradiance level (/) and
ETRu:: were estimated. Spore suspensions used for Ty
measurements were filled into corresponding Petri dishes.
To evaluate the effect of different radiation and exposure
time treatments, 5 mL of fresh spore suspension were filled
into each 35 mm x 10 mm cell culture dish and exposed to
the three radiation conditions in a series of time treat-
ments (1, 2, 4, 8 and 16 h; n =5 per treatment combina-
tion) at 10+ 1 °C. After treatments, F/F, was measured
and spore suspension was returned to the same culture
dish and cultivated under dim white light (10 umol
photons m~ s!) for recovery. Spore suspension measured
at T, was also maintained at the same condition. Measure-
ments of photosynthetic efficiency were repeated after 2 d
to determine recovery and handling effect on untreated 7;
samples (now designated as 7> measurement), which were
eventually used as control. Settled and germinating spores

Table 1. Experimental treatments applied with the corresponding weighted irradiances using the biologically effective weighing function
for general plant damage (Caldwell 1971), DNA damage of E. celi (Setlow 1974), and minimal erythemal dose (MED, El Naggar ef al. 1995)

Experimental irradiance (W m™)

Weighted irradiance (W m™)

General plant MED
PAR UVA UVB damage DNA damage  (El Naggar
Treatment (400-700 nm) (320400 nm)  (280-320nm)  (Caldwell 1971)  (Setlow 1974)  eral. 1995)
Ultraphan transparent 474 5.86 0.36 1.8 x 1072 47 % 107 8.7x 107
(PAR + UVA + UVB)
Folanorm 320 (PAR + UVA) 444 495 0.03 0 9.5 % 1077 42 %107
Ultraphan URUYV farblos (PAR) 459 0.04 0.00 0 0 1.2 x 1077
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were slowly re-suspended by sucking and jetting the
medium against the bottom of the culture dish using
Eppendort pipettes. F./Fy after exposure and after recov-
ery was expressed as percentages of T, and 7 control,
respectively.

Absorbance spectrum

To determine the presence of UV-absorbing compounds in
the zoospore suspension, untreated samples were filled into
quartz cuvettes and scanned in the 250-700 nm waveband
using Shimadzu photometer (UV 2401PC; Shimadzu,
Tokyo, Japan) equipped with an integrating sphere. Absor-
bance spectrum of the zoospore suspension, the medium
(filtrate) and zoospores were measured from: (1) zoospore
suspension with seawater as reference, (2) filtrate with sea-
water as reference, and (3) zoospore suspension and filtrate
as reference, respectively. The filtrate was obtained by fil-
tering the zoospores out of the suspension through 44-mm-
diameter, 1.0um pore size Nuclepore® polycarbonate
membrane (Whatman, Maidstone, Kent, UK) using a vac-
uum pump at 400—600 millibars to minimize damage to the
cells.

DNA damage and repair

DNA damage and its subsequent repair were determined
after exposure to the same treatments. From the spore sus-
pension, 40 mL was used for each experimental unit. For
each treatment, six experimental units were prepared. After
the irradiation treatment, three experimental units (as rep-
licates) were processed immediately while the other three
were allowed torecover for 2 din low white light before pro-
cessing. Settled and germinating spores were re-suspended
from the bottom of the Petri dishes by jetting pressurized
seawater from a wash bottle. The spore samples were filtered
through 44-mm-diameter, 1.0 um pore size Nuclepore®
polycarbonate membrane (Whatman). Filters were individ-
ually filled into 2 mL Eppendorf tubes and frozen at —80 °C
for further DNA extraction and analysis of CPDs.

Spore germination

Cover slips were put inside the 85 mm x 15 mm culture
dishes and filled with 40 mL Provasoli-enriched seawater.
To ensure that the density of spores per unit area is similar
throughout the experiments,2—4 drops of the working spore
suspension were put into each dish. The dishes were then
exposed to the same experimental treatments, in triplicates.
After treatment, spores were allowed to germinate in low
white light (10 gmol photons m™?s™) for 3 d. Triplicate of
untreated samples (control) were also allowed to grow at
the same low light condition. Spores settled on the cover
slip were scored as germinated or not germinated by count-
ing 300 cells per replicate using a light microscope (Olympus
CH-2; Olympus, Tokyo, Japan ) equipped with a 20:x seawa-
ter immersion objective. A spore was classified as germi-
nated when at least a germ-tube was formed. Dead and

DNA damage and repair in kelp zoospore 469

living cells were not differentiated. Since non-germinated
cells were also observed under control, germination rate
under P, PA and PAB treatments was expressed as percent-
age of control.

DNA extraction

Frozen spores on polycarbonate filters were treated with
extraction buffer (CTAB) and DNA was isolated as
described by van de Poll etal. (2001) and modified by
Roleda er al. (2004a). After DNA extraction, the pellet was
dissolved in 0.2 mL TE buffer (10 mM Tris, 1 mM ethylene-
diaminetetraacetic acid, pH 8.0), treated with RNAase
(5pL 10 mg mL~', 30 min, 37 °C; Sigma, St Louis, MO,
USA) and stored at —20 °C. The DNA concentration was
quantified fluorometrically using the PicoGreen assay
(Molecular Probes, Eugene, OR, USA) and a Cary Eclipse
Fluorescence Spectrophotometer (Variance Scientific
Instrument, Palo Alto, CA, USA). A dilution series with a
known amount of DNA (Serva, Heidelberg, Germany) was
included for calibration purposes.

Assay for CPDs detection

The immunoassay for CPDs was modified after Vink et al.
(1994) and van de Poll er al. (2001). Heat-denatured sam-
ples containing 50 ng DNA were transferred to a nitrocel-
lulose membrane (Protran BA 79, pore size 0.1 um;
Schleicher & Schuell, Keene, NH, USA) with a Minifold
[ SRCY6 dot blot apparatus (Schleicher & Schuell). After
a two-step antibody assay, the membrane was treated
with ECL Western blotting detection reagent (Amer-
sham, Little Chalfont, Bucks., UK) and sealed in a trans-
parent vinyl plastic folder (Leitz, Stuttgart, Germany).
This was subsequently exposed to photosensitive ECL
films (Amersham) at different exposure times. The films
were developed using X-ray film developer. Developed
films were scanned using Bio-Rad imaging densitometer
(Model GS-700; Bio-Rad Laboratories, Hercules, CA,
USA) and grey scale values were quantified using MULTI-
ANALYST (Macintosh Software for Bio-Rad Image Anal-
ysis Systems). A calibration series of UV-irradiated calf
thymus DNA (Serva, Heidelberg, Germany) supple-
mented with unexposed DNA was included giving 1 ug
mL™' DNA for each calibration point. The UV-irradiated
DNA was previously calibrated against UV-irradiated
Hela DNA with known amounts of CPDs (kindly pro-
vided by A. Vink). CPDs were quantified by comparing
the grey scales within the linear range of the film.

Statistical analysis

Data were tested for homogeneity of variances (Levene
Statistics) and normality (Kolmogorov-Smirnov test). Cor-
responding transformations were done to heteroskedastic
and non-normal data. The response of the dependent fac-
tors were tested using multiple analyses of variance
(MANOVA, P <0.05) with interaction effect between spe-
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cies, irradiance and exposure time. When two-way and
three-way interactions were observed, significantly differ-
ent subgroups were determined by plotting the means of
each dependent factor against the levels of each indepen-
dent (main) factor (Underwood 1981). Groupings were
based on post hoc multiple comparisons test. Statistical
analyses were done using SPSS program (SPSS, Chicago,
IL. USA).

RESULTS
Photosynthetic efficiency

Measurements of initial photosynthetic efficiency of the
controls showed highest maximum quantum yield (F/Fy)
in zoospores of L. hyperborea (0.533 £0.005), followed by
L. saccharina (0.476 £0.003) and lowest in L. digitata
(0.466 + 0.010). During the short irradiation period (3 min)
for the measurement of the P-I curve, ETR,,., of the con-
trols in L. digifata did not decrease until the highest actinic
light level of 750 umol photons m™ s~ was reached. A slight
decrease in ETR,,;, was observed in L. saccharina at

275 umol photons m™ s~ whereas the ETRumu of L. hyper-
borea decreases already above 200 umol photons m= s\,
Visual estimate of the P-I curve showed higher saturating
irradiance () in L. digitata (approximately 40 umol
photons m™ s7'; Fig. 1a) compared to L. saccharina and L.
hyperborea (approximately 30 and 20 pmol photons m™
57!, respectively; Fig. 1b & ¢). After 1 h of higher light pre-
treatment at +20 gmol photons m™s™ photosynthetically
active radiation (PAR =P), the optimum quantum yield
(F/Fn, expressed as a percentage of control) was already
reduced to 34% in L. digitata (Fig. 2a) and L. saccharina
(Fig. 2b) and to 20% in L. hyperborea (Fig. 2c). Increasing
exposure time further decreased the F./F,. indicating that
zoospores are quite low light adapted. Light supplemented
with UV-oradiation further decreased zoospore photosyn-
thetic efficiency. After 1 h exposure to PAR + UVA (PA)
and PAR + UVA + UVB (PAB), an additional reduction in
the F/F, of UVR exposed samples (approximately 7-20%)
was observed compared to the PAR only. Increasing expo-
sure time further exacerbate the effect of UVR.

After 2 d in dim white light, photosynthetic efficiency of
the untreated (control) germinating spores was reduced by

PRC)
= g = m] 5
] B d
oo T T T T T |/j""r T T T
0 50 100 150 200 250 300 450 650 750

Relative ETR

0 50 100 150 200 250 300

Ll
S

100 150 200 250 300
PFR (umol photons m2s™)

Figure 1. Photosynthetic performance (P-I
curve) of zoospores from (a) Laminaria
digitata (b) L. saccharina and (c) L.
hyperborea (n = 3) immediately after release
from the sori. PFR is the respective photon
fluence rate of actinic white light and ETR is
the electron transport rate. Saturating
irradiance (/;) is estimated as the point at
which the extrapolated initial slope crosses
maximum photosynthesis (ETR ).
Maximum effective quantum yields are
0.424+0.01,0.318 £ 0.09 and 0.453 £ 0.02 for
L. digitata, L. saccharina and L. hyperborea,
respectively.
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4-17% in comparison with the freshly released zoospores
of all controls. F,/F,, was measured in decreasing order in
L. hyperborea (0.513 £ 0.011); L. saccharina (0.431 £ 0.008);
and L. digitata (0.387 £ 0.005). Photosynthetic efficiency of
all species treated with P was able to recover in dim light
to 80-95% of the control (Fig. 2d—f). An efficient recovery
of photosynthetic efficiency (70-90% of control) was also
observed in spores of all species treated to a maximum of
8 h PA and 4 h PAB (Fig. 2d—f). All data (absolute values)
are compiled in Table 2.

Multiple analysis of variance (MANOVA, P =0.05)
showed a significant effect of the main factors, two-way and
three-way interactions (Table 3). Post hoc multiple compar-

Exposure time of treatment (h)

5). Absolute means at T» are 0.387 + 0.005,
0.431 £0.008 and 0.513 £ 0.011, respectively.

isons test showed several significantly different subgroups.
Ranking the subgroups from the lowest to higher photo-
synthesis level, photosynthetic efficiency was lowest in the
subgroup consisting of 16 h PAB in all species, 16 h PA in
the mid and lower sublittoral species L. saccharina and L.
hyperborea and 8 h PAB in L. hyperborea. The second from
lowest subgroup showed minimal photosynthetic efficiency
among 4 h PAB and 8 h PA in L. saccharina and L. hyper-
borea,8 h PAB in L. digitata and L. saccharina, 16 h PA in
L. digitata and 16 h P in L. hyperborea. After 2d in dim
white light, no recovery of photosynthetic efficiency was
observed in the subgroup consisting of 16 h PAB treatment
in all species and minimal recovery was observed in the
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Table 3. Multiple analysis of variance (MANOVA) and significance values for the main effects and interactions of species, irradiance and
exposure time on the photosynthesis, DNA damage and repair and germination of zoospores from three species of Laminariales in Helgoland

Experiment Variable Source of variation d.f F-value P-value
Photosynthesis F/F, (after treatment) Species (A) 2 51.286 < 0.001%
Iradiance (B) 2 533.834 < 0.001*%
Exposure time (C) 4 133264 <0.001*
AxDB 4 31.238 < 0.001*
AxC 8 3.376 0.001%#
BxC 8 14.561 < 0.001%
AxBxC 16 2.502 0.002#
F/F, (recovery) Species (A) 2 47.502 < 0.000%
Irradiance (B) 2 825.265 < 0.001%
Exposure time (C) 4 729.542 < 0.001*
AxB 4 11.663 < 0.001%
AxC 8 5.532 <0.001*
BxC 8 2009.925 < 0.001%
AxBxC 16 9.352 < 0.001*
DNA damage and repair CPDs induction Species (A) 2 49.608 < 0.001*
Exposure time (B) 4 40.684 < 0.001%
AxB 8 3.769 0.004%
Remaining CPDs Species (A) 2 12.053 < 0.001%
Exposure time (B) 4 5.243 0.003*
AxB 8 1.872 0.102™
Germination Species (A) 2 58.614 < 0.001%
Iradiance (B) 2 390.725 < 0.001*
Exposure time (C) 4 185.816 < 0.001%
AxB 4 16.497 < 0.001*
AxC 8 1.265 0.272m
BxC 8 25.338 < 0.001*
AxBxC 16 0.741 0.745™

*Significant; ™ not significant.

subgroup of 16 h PA and 8 h PAB treatments in the lower
sublittoral species L. hyperborea. This corresponds to the
zonation pattern of the respective species at the coast.

Absorbance spectrum

Spectral analysis of the zoospore suspension (Fig. 3a), fil-
trate (Fig. 3b) and zoospores (Fig. 3¢) showed strong absor-
bance below 360 nm. The absorbance maxima in the 260-
280 nm range are characteristic of phlorotannins. Higher
absorbance was measured in all L. digitata samples in com-
parison with the two other species. The filtrate containing
exudates strongly absorbed UVBR in the medium of L.
digitata more than the zoospores itself. UV absorbance of
the filtrate was always higher than that of the zoospores.
Relatively similar absorbance was measured in the
zoospores of L. saccharina and L. hyperborea (Fig. 3c).

DNA damage and repair

Differential cyclobutane-pyrimidine dimers (CPDs) induc-
tion was observed in the spores of the three species exam-
ined. CPD induction significantly increases with UV
exposure time and higher CPD induction was observed in
L. hyperborea (Fig.4a). However, significant two-way
interaction was observed in CPD induction (Table 2),

implying that DNA damage may either be significantly dif-
ferent among the three species, but not for all exposure
times or significantly different among all exposure times
but not for all species. After 2 d post-culture in dim white
light, all species were observed to repair DNA damage. No
detectable CPDs were observed in L. digitata spores
exposed to 1-8 h of PAB (Fig. 4b). Repair of DNA damage
was observed to be significantly different between species
(P <0.001) and exposure time (P =0.003). Post hoc test
showed that the difference between repair of L. saccharina
and L. hyperborea DNA damage was not significantly
different.

Germination

After 3 d in dim white light, spore germination of untreated
samples were 93 £2.5,90 £3.2 and 95+ 3.2% in L. digitata,
L. saccharina and L. hyperborea, respectively (all non-
standardized data are presented in Table 2). Among treated
samples, germination rate decreased with increasing expo-
sure treatment in all species (Fig. 5a—). Germination was
85-90% after 1 h PAR and 60-65% after 16 h PAR expo-
sure. Germination capacity was effectively reduced in
spores exposed to light supplemented with UVR. UVA had
no effect on the germination capacity of L. digitata (Fig. 5a)
and L. saccharina (Fig. 5b). In contrast, germination rate in
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L. hyperborea decreased to 50% after 16 h of exposure to
PA (Fig. 5c). Additional UVB reduced germination rate to
less than 30% in all species exposed to 16 h PAB and to L.
saccharina and L. hyperborea exposed to 8 h PAB (Fig. 5b
& c). MANOVA (P =0.05) showed significant effect of the
main factors and two-way interaction between species and
irradiance, as well as between irradiance and exposure time
(Table 3).

DISCUSSION

This study indicates that zoospore photosynthesis is
adapted to low light conditions and UVR causes significant
photoinhibition of photosynthesis. Moreover, it is the first
report of the capability of spores to repair UVB-induced
DNA damage which enhanced spore viability and germina-
tion capacity of UVR treated samples. Absorbance of UVR
in the zoospore suspensions was found to be based on the
absorbance capacity of the spores as well as of the exudates
in the medium. Tolerance of spores to PAR and UVR was
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found to be related to the depth distribution of the adult
sporophytes.

The initial differences in [ values of the three Laminaria
species investigated are related to the natural depth distri-
bution of the algae. The saturating irradiance showed a
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correlation with habitat whereby zoospores photosynthetic
performance of the upper sublittoral L. digitata saturated
at approximately 40 yumol photons m~ s~ whereas the per-
formance of the lower sublittoral L. hyperborea saturated
at approximately 20 umol photons m™*s~", The decrease in
ETR,,,; with increasing actinic light level during P-I curve
measurement further established the association between
light sensitivity and depth distribution of adult plants.
Zoospores from L. saccharina and L. hyperborea which
inhabit the deeper kelp zone are clearly more sensitive to
higher photon fluence rates. This differential light adapta-
tion is also reported in young sporophytes of L. hyperborea,
which are able to survive in low light, requiring only
1 pumol photon m™s™!, in contrast to L. digitata (Han &
Kain 1996). Another Laminaria species, Laminaria farlowii
Setchell showed an I, (41 gmol photons m™ s~!; Amsler &
Neushul 1991) comparable to L. digitata in our study. Thus,
light requirement and tolerance to high light is thought to
be genetically fixed. Adult L. digitata sporophytes can be
photosynthetically characterized as “sun plants’, which are
not able to produce sufficient photosynthate for growth in
the “shade’ regions of the deeper kelp zones (Liining 1979).

The sensitivity of zoospore photosynthesis is already
shown in the depression of the maximum quantum yield
(Fi/Fy,) of PSII at the low fluence rate of
20 umol photons m™ s™! of PAR. This is attributed to the
occurrence of photoinhibition even below the saturating
light intensity (Hanelt, Huppertz & Nultsch 1992; Osmond
1994). Ogren & Sjostrém (1990) also reported that the rate
of net photosynthesis can be depressed by photoinhibition
over the whole natural range of the photosynthetic photon
fluence rates. The primary site of photoinhibition has been
suggested to be located in the PSII reaction centre. Key
stages of photoinhibition are as follows: functional
PSII < inactivated PSII — non functional PSIT — damage
D1 protein removed — D1 protein resynthesized — recov-
ery of functional PSII (Long, Humphries & Falkowski
1994). If low light adaptation is a general feature of brown
algal zoospores, light may exert a significant effect on sur-
vival of all zoospores in the water column. Differences in
P, PA and PAB sensitivity of maximum quantum yield are
presumably caused by the degree of damage to PSII com-
ponents versus the xanthophyll cycle mediated down regu-
lation of PSII (Gevaert et al. 2003). Although a similar
reduction in maximum quantum yield was also observed in
PA and PAB treatments, recovery after prolonged exposure
to PAB treatments was only minimal compared with the
first, indicating that UVBR causes more damage to PSII
function than UVAR. When D1 protein of the PSII is
impaired, the effect is only reversible over a longer time
scale (hours) because synthesis of new D1 protein is
required (Mattoo efal. 1984; Long et al. 1994; Hanelt,
Wiencke & Bischof 2003). This usually occurs in species
growing in the lower subtidal zone exposed to high irradi-
ances (Hanelt 1998). Due to the activity of the xanthophyll
cycle, seaweeds are able to recover rapidly (within minutes)
after the offset of light stress (Long ef al. 1994; Osmond
1994; Franklin & Forster 1997). Gametophytes exposed to

unnaturally high UVR (236 x 10° I m™) showed no full
recovery in L. digitata, L. saccharina and L. hyperborea
(Dring etal. 1996a). Slow photosynthetic recovery can
therefore reduce the accumulation of photosynthetic prod-
ucts disabling cellular division and delaying initiation of
germination in zoospore. Modelling studies on photoinhi-
bition indicate a clear cost in terms of potential carbon
acquisition, whereby stress-induced photoinhibition
decreases the efficiency in the conversion of intercepted
light into dry matter (Long ef al. 1994).

Harmful effects of UVR on the cell is suggested to oper-
ate in a more direct way, through its absorption by aromatic
and sulfhydryl-containing biomolecules causing direct
molecular damage (Vass 1997) and, by proteins and DNA
forming CPDs (Setlow 1974). These photoproducts inhibit
transcription and replication of DNA and consequently dis-
rupt cell metabolism and division (Buma et al. 1995, 2000),
directly constraining cell viability and growth. Hence,
UVB-induced DNA damage further compromised germi-
nation capacity where adverse effect was elicited already
after 1 h of exposure, especially for zoospores of L. saccha-
rina and L. hyperborea. Damage to microtubules causing
inhibition of nuclear division in the zoospore nucleus of
Macrocystis pyrifera (Huovinen er al. 2000) and cell division
in Fucus spp. (Schoenwaelder et al. 2003) were also respon-
sible for mortality and failure of germination in spores
exposed to UVR. In young sporophytes, chronic exposures
to UVR causes lower growth rate, tissue damage and mor-
phological deformations in Laminaria ochroleuca Bachelot
de la Pylaie (Roleda et al. 2004b).

The impact of UVR on the germination capacity of
brown algal zoospores inhabiting different water depth has
been demonstrated for Laminariales from Spitsbergen and
from southern Spain (Wiencke eral. 2000, 2004). Con-
versely, in a previous study on UVR sensitivity of zoospore
germination and gametophyte photosynthesis showed no
differences among the three species of Laminariales around
Helgoland (Dring et al. 1996b). This may be attributed to
the two- to four-fold higher levels of UVA and UVB that
was supplemented to about 35-50 umol photons m= s™! of
PAR (UV :PAR ratio = 1.525). A higher order of magni-
tude in UVR : PAR ratio has been reported to intensify the
UV effect on plants (Caldwell efal. 1995: Rozema et al.
1997), which may magnify UVR effect on one species and
at the same time obscure its effects between species. Com-
parison between experimental treatments showed that the
6 h UVR applied by Dring et al. (1996b) is equivalent to
3.54 x 10° T m~. a dose that is higher in comparison with our
16h PAR + UVA + UVB treatment (3.32x10° Jm™).
Consequently, the study of Dring and coworkers observed
lower germination rates in L. digitata (approximately 20% )
and L. hyperborea (>10%) compared with our study
(UVR : PAR ratio =1.257) on the same species with germi-
nation rate of 27.6 and 20.1%, respectively. Higher UVR
dose (546 x 10° Tm™, UVR : PAR ratio =1.523) was also
used by Wiencke ef al. (2004), which resulted in >1% ger-
mination in Arctic L. digitata and L. saccharina. However,
it may be possible that the Arctic population of these two
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Laminariales is more susceptible to UVR in comparison
with their cold temperate counterparts.

In this experiment, we supplemented lower UVA and
UVB levels to the predetermined saturating light intensity
({x) of the deep kelp species. We used a more realistic
UV :PAR ratio compared to the study by Dring et al.
(1996b). We observed that the physiological responses of
L. hyperborea were more impaired under longer exposure
time of PA and PAB treatments than those of L. digitata
and L saccharina. Species-specific difference in DNA dam-
age accumulation became obvious after 4 h and longer
exposures, where the degree of DNA damage was also
higher in L. hyperborea. This response was observed to be
related to the amount of UV absorbing compounds present
in the zoospore and in the medium. In brown algae, phlo-
rotannin containing vesicles (called physodes) which
strongly absorb in the UVC region of the spectrum were
invoked to play a role in chemical UV defence because
their synthesis is inducible by UVBR (Pavia eral. 1997;
Schoenwaelder 2002). Exudation of this compound from
macroalgae into seawater can at low concentrations reduce
the impact of UVB exposure to UV-sensitive kelp
meiospores (Swanson & Druehl 2002). In Arctic Laminar-
iales zoospores, an increase in number and size of phloro-
tannin-containing physodes was observed after UV
exposure which contributed UVR protection against cellu-
lar damage (Wiencke eral. 2004). Although we observed
strong absorbance of UVBR in the medium where
zoospores were leleased, the source of these phlorotannin
exudates (either released from the sori or from zoospores
itself) is yet to be determined. All species were able to
repair DNA damage, which could either be mediated by
light-dependent photolyases or light-independent nucle-
otide excision repair (Pakker, Beekman & Breeman 2000;
van de Poll et al. 2002). However, higher remaining DNA
damage was also observed in L. hyperborea previously
exposed to 8 and 16 h PAB. Although no direct correlation
was observed between germination and DNA repair rates
among species, DNA repair mechanism certainly had con-
tributed to the germination success in L. digitata relative to
the other two investigated deep kelp species.

Although zoospores of all species were able to recover
in dim white light, 2 d after exposure to 4 h of different UV-
spectra, future study should measure time series regenera-
tion to determine the rate of photosynthetic recovery. Field
experiments are also necessary because UVB radiation
applied in our experiment could be accompanied by a 10-
to 20-fold higher PAR. Studies on the acclimation potential
of zoospores to high PAR are also necessary because under
these conditions UVB tolerance may be enhanced by
increasing activity of photorepair enzymes (Warner &
Caldwell 1983). To estimate the ecological impact of
enhanced UVR, seasonal variation in solar radiation has to
be related to the reproductive seasonality of kelps as well
as the diel periodicity in zoospore release (Reed er al. 1988;
Amsler & Neushul 1989). Zoospore production in peren-
nial kelp is either continuous (Chapman 1984; Joska &
Bolton 1987) or seasonal (tom Dieck 1991; Reed et al. 1996;
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Graham 1999). The distinct reproductive seasons of Helgo-
landic Laminaria spp. is remarkable compared to other
population of the same species. Laminaria digitata plants
from Nowva Scotia are found to be fertile throughout the
year (Chapman 1984). To ensure reproductive success,
propagules production should be synchronized with the
onset of favourable environmental conditions (e.g. light,
photoperiod or temperature) (Liining 1980; Santelices
1990; Kinlan ef /. 2003). Inferring from the result of our
study, the summer reproductive season of the upper sublit-
toral L. digitata would suggest that sporogenic tissues as
well as zoospores of this species could tolerate or possess
effective protective mechanism against high solar radiation.
On the other hand, winter reproduction in the lower sub-
littoral L. hyperborea is thought to be a strategy to avoid
reproductive failure due to the relative sensitivity of their
zoospores to high PAR and UVR. Samples collected at
specific sites around Helgoland belong most likely to the
same population because water motion disperses spores
and fertilize gametes between different individual sporo-
phytes around the small island (approximately 35 km?® of
rocky shore area). The population of Laminaria around
Helgoland is exposed to the same environmental factors
and therefore, collection site (geographic) is unlikely to
play a role in the species response to the experimental
treatments. However, the difference in the abiotic factors
occurring at different water depths may cause a different
adaptation status of the samples. In conclusion, zoospores
susceptibility to UVR could therefore determine spore via-
bility and germination success of kelp propagules. Suscep-
tibility of spores indicates a relation to the observed
zonation pattern of kelp community around Helgoland.
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Summary

1 The UV susceptibility of zoospores of the brown seaweeds Saccorhiza dermatodea,
Alaria esculenta and Laminaria digitata (Laminariales) was determined in field experi-
ments in June 2004 on Spitsbergen (78°55" N, 11°56" E).

2 Freshly released zoospores were exposed for 1 or 2 days at various water depths to ambient
solar radiation, ambient solar radiation depleted of UV B radiation (UVBR)and ambient
solar radiation depleted of both UVBR and UVAR. Subsequently, germination rates were
determined after exposure to favourable light and temperature conditions in the laboratory.
3 The radiation regime was monitored at the water surface and in the water column
using data loggers attached adjacent to each experimental platform for the duration of
the field exposure.

4 Underambient solar radiation, the tolerance of zoospores to UVR was highestin the
shallow water species S. dermatodea, intermediate in the upper to mid sublittoral A. esculenta
and lowest in the upper to mid sublittoral L. digitata. There was, however, no difference
in the susceptibility of the zoospores to ambient solar radiation or to solar radiation
depleted of UVBR.

5 The water column was relatively UV transparent, especially in the upper water layers.
The 1% UVB depth ranged between 5.35 and 6.87 m, although on one stormy day the 1%
UVB depth was only 3.57 m, indicating resuspension of sediments.

6 Early developmental stages are most susceptible to environmental stress. Tolerance
of zoospores to UVR isamajorif notone of the mostimportant factors determining the
upper distribution limit of different Laminariales on the shore.

7 Kelps are very important primary producers in inshore coastal ecosystems, serving as
food for herbivores and as habitat for many organisms. Enhanced UVBR due to strat-
ospheric ozone depletion may lead to changes in the depth distribution of kelps and may
cause significant ecological domino effects.

Key-words: Alaria esculenta, depth distribution, germination, Laminaria digitata,
Laminariales, optical water characteristics, Saccorhiza dermatodea, stratospheric ozone
depletion, UV radiation. zoospore viability

Journal of Ecology (2006) 94, 455463
doi: 10.11114.1365-2745.2006.01102.x

Introduction

The depth distribution of seaweeds is governed by a
variety of biotic and abiotic factors. among which the
Correspondence: Christian Wiencke (fax +49 471 48311425; radiation regime is very important (Liining 1990).
e-mail ewiencke@awi-bremerhaven.de). While the lower depth distribution is determined by the
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need to maintain a positive carbon balance (Gémez
et al. 1997). the upper limit primarily depends on the
capability of seaweeds to sustain high light stress, and
especially on the capacity for dynamic photoinhibition
of photosynthesis (Sagertes a/. 1997: Hanelt 1998). In
addition to coping with excessive photosynthetic-
ally active radiation (PAR), tolerance of UV radiation
(UVR) is regarded as a major factor determining the
zonation of seaweeds in shallow waters (Maegawa et al.
1993: Dring et al. 1996; Bischot ef al. 1998).

Most previous studies on the UV tolerance of
seaweeds have focused on their macrothalli (Franklin
& Forster 1997). Only a few studies have been performed
using the unicellular propagules of seaweeds. the spores,
despite the fact that these early developmental stages
are regarded as most susceptible to UV stress (Coelho
et al. 2000). It is known that UVR leads to an inhibi-
tion of photosynthesis in zoospores of Laminaria
digitata and to DNA damage of zoospores of the kelps
L. digitata, L. saccharina and Alaria esculenta (Wiencke
et al. 2000). Both the photosynthetic apparatus and
DNA can be repaired in spores of the upper sublittoral
species L. digitata, and the red algae Chondrits crispus and
Mastocarpus stellatus (Roleda et al. 2004), but damage
is much less reversible in the mid to lower sublittoral
L. saccharina and L. hyperborea (Roleda et al. 2005).
Othernegative effects of UVR include a decrease of the
motility of zoospores from L. saccharina (Makarov &
Voskoboinikov 2001)and of the phototaxis of spores
of Scytosiphon lomentaria and Petalonia fascia (Flores-
Moya et al. 2002). Finally, microtubules can be affected
by UVR as shown in zoospores of Macrocystis pyrifera
by Huovinen ef al. (2000).

The need for repair processes is reduced 1f damage
to biomolecules, cell structure and cell function can be
prevented by the presence of UV-absorbingcompounds,
such as the phlorotannins in the phenolic vesicles (phy-
sodes) that are typically found in kelp zoospores. After
exposure to UVR, physodes increase in number and
size, particularly in the upper sublittoral Saccorhiza
dermatodea and A. esculenta, and to a lesser degree
in kelps from deeper waters (Wiencke, Clayton &
Schoenwaelder 2004). This is consistent with the observa-
tion that zoospore suspensions of the upper sublittoral
L. digitata absorb UVBR and UVAR below 360 nm
(characteristic of phlorotannins) strongly but L.
saccharina and L. hyperborea from greater water depths
do not (Roleda er a/. 2005). Zoospore suspensions
of A. esculenta, L. digitataand L. saccharina can protect
cultures of zoospores of other species from the potentially
lethal effects of UVAR and UVBR with UV-protection
properties varying with the species and, in particular,
with the spore density (Clayton & Wiencke 2004).

If the negative effects of UVR are not fully balanced
by protective and repair mechanisms, germination
is impaired and germination rates decrease. This has
been demonstrated clearly in L. digitata. L. saccharina
and L. hyperborea growing in this order from the upper
to the mid sublittoral on Helgoland (North Sea). with

the strongest reduction in L. hyperborea (Roleda et al.
2005). Similar results were obtained in S. dermatodea,
A. esculenta, L digitata, L. saccharina and L. solidungula
growing from low tide level down to about 16 m depth
in themiddlezone of Kongsfjorden (Spitsbergen, 78°55" N:
Wiencke, Vogele, Kovaltchouk & Hop 2004). Again.
the greatest decrease of germination rates was found in
the deep water species. In all these studies the strongest
effect has been obtained after exposure to both UVBR
and UVAR. UVAR alone usually induces more limited
effects on photosynthesis. DNA and germination rates
(Wiencke er al. 2000, 2004: Roleda et al. 2005).

Apart from a very limited pilot study performed under
natural solar radiation and ambient air temperature
(Wiencke, Clayton & Schoenwaelder 2004), all previous
studies have been conducted in the laboratory under
artificial illumination. Levels of PAR are much lower
in the laboratory than in the field, whereas those of
UVBR are considerably higher (Wiencke, Clayton &
Schoenwaelder 2004). As the effect of UVBR exposure
on the performance of brown algal zoospores in situ
has not been explored. we exposed spores of three kelp
species from Spitsbergen for | to 2 days at different water
depthsin Kongsfjorden to the full ambient solar radiation.
ambient solar radiation depleted of UVBR and ambient
solar radiation depleted of UVBR and UVAR. Radi-
ation regimes were monitored both at the water surface
and in the water. Germination rates were subsequently
determined after exposure to favourable light and
temperature conditions in the laboratory. These studies
may cast light on the potential impact of stratospheric
ozone depletion. especially over the polar regions (von
der Gathen er al. 1995: Rex et al. 2002), as this process
leads to an enhancement of UVB radiation (UVBR) at
the earth’s surface and in the water column (GroD et af.
2001: Dahlback 2002). On Spitsbergen biologically
significant UVBR levels are measurable down to about
8 m water depth (Hanelt ez a/. 2001; van de Poll ez al.
2002) and a UVBR-induced loss of zoospore viability
in shallow waters may therefore shift areas of successful
kelp recruitment to greater water depths.

Materials and methods

Fertilespecimens of Saccorhiza dermatodea(Pyl.)J. Ag..
Alaria esculenta (L.) Grev. and Laminaria digitata (Huds.)
Lamour. were collected between May and June 2004 by
SCUBA divers in Kongsfjorden at Prins Heinricheya or
Blomstrandhalveya close to Ny Alesund (Spitsbergen.
78°55" N, 11°56" E). For detailed information about the
physical environment and the ecosystem of Kongsfjorden
in general see Svendsen ¢z al. (2002), Hop et al. (2002)
and Wiencke (2004).

Fertile sori were removed from five different individuals
per species usinga razor blade, blotted with tissue paper
and kept in darkness in a moist chamber at 0 °C overnight
or for a few days. Sori were immersed in a small amount
of seawater at ¢. 15 °C and placed in the light close to
a window to promote the rapid release of zoospores
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(Wiencke ¢f al. 2000). The initial zoospore density was
counted by use of a Neubauer chamber (Brand Germany).
Samples taken from this stock suspension were trans-
ferred into 5-cm diameter Petri-dishes filled with filtered
(0.2 pm pore size) seawater to give spore densities between
35000 and 60 000 spores cni>.

Sample holders for the field experiments consisted
of an aluminium frame (0.25 x 0.40 m) with a black
plastic bottom and a top of UV-transparent Plexiglas
‘GS 2458 (R6hm, Darmstadt, Germany: mean trans-
mission 93% of PAR. 92% of UV-A and 86% of UV-B).
and accommodated | 5 Petri-dishes (53 x 12 mm)arranged
in a 3 x5 grid. To determine the effect of different radi-
ation treatments, the Plexiglas above each Petri-dish was
covered either with Ultraphan URUYV farblos (Digefra
GmbH, Munich, Germany), Folex PR Montage (Dr
Schleussner, Dreieich, Germany) and Ultraphan URT
300 (Digefra GmbH, Munich. Germany) foil to give
three treatments: photosynthetically active radi-
ation (PAR) = P.PAR + UV-A = PA, and PAR + UV-
A + UV-B = PAB. The spectral properties of the foils
used are published elsewhere (Bischof ez a/. 2002). Treat-
ments were assigned randomly. Two to five drops of
zoospore suspension from different sporophytes were
added to each dish, beforefilling to the top with filtered
seawater. They were then covered by UV-transparent
Plexiglas, such that each dish was water-tight and free of
air bubbles. Several sample holders were prepared
and deployed at five depths (0.25m, 0.5m. 1 m, 2m
and 4 m) in the fjord between the old and the new pier
in Ny Alesund using anchors and buoys. They were
exposed for about 24 hours in the field. One experiment
was run for 45 hours due to very low light conditions
and corresponding low UV doses.

An ELUYV 14 datalogger was fixed close to each
sample holder. to determine the UV-B doses (erythema
weighted. UV,: El Naggar ef al. 1995) at the different
depths. The sensitivity of the datalogger was calibrated
to the standard CIE-87 erythemal response after
McKinlay & Diffey (1987). We used this datalogger
as it is, to our knowledge, the only submersible field
datalogger available. Surtace PAR was measured through-
out the experimental period using a cosine quantum
sensor attached to a LI-COR datalogger (LI-1000, LI-
COR Biosciences, Lincoln, Nebraska. USA). Diffuse
vertical attenuation coefficients of downward irradiance
of UVBR were determined after Kirk (1994) using the
UV, data determined at different depths,

After exposure. the sample holders were recovered
from the fjord and the individual Petri-dishes were
covered with lids and exposed to dim white light (10 umol
photons™ s™') using daylight fluorescent tubes (Osram
Daylight Lumilux De Luxe L36W/12-950) at a tem-
perature of 10 °C for 3 days. Germination rates were
determined microscopically by use of an Axioplan
microscope (Zeiss, Gottingen, Germany) equipped
with a 25x seawater immersion objective. A spore
was classified as germinated if at least a germ-tube was
formed. We did not distinguish between dead spores

and those that were living, but not germinated. Approxi-
mately 300 spores were examined per sample.

Germination data were tested for homogeneity of
variances (Levene Statistics) and normality (Kolmogorov-
Smirnov test). Due to different environmental conditions
during each field experiment. statistical tests were
conducted separately on each species. The response
of the dependent variable was tested using multiple
analyses of variance (MANOVA, P < 0.05) to determine
the interaction between the effects of irradiance and
depth. This was followed by Duncan’s multiple range
test (DMRT, P = 0.05) to determine which groups were
homogeneous or significantly different from each other.
Statistical analyses were done using the SPSS program
(SPSS. Chicago. 1L, USA).

Biologically effective UV-B doses (UV,,,) resulting in
a 50% inhibition in germination were determined from
all germination data (expressed as percentage of the value
in treatment P) using non-linear regression ( y = a + hx
+ ¢x?), corresponding to the best fit curves.

Results

Throughout the investigation period, the weather was
relatively bright, with a mixture of sunny and cloudy
periods. Even during the polar day there is a clear var-
iation between low light conditions at midnight and
high light conditions at noon (see Fig. la). Midnight
photon fluence rates (PFR) were between about 100
and 200 umoles photons m™ s™, whereas maximum
PFRs of about 12001400 umoles photons m= s~ were
measured at noon. PAR values at the surface were
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Fig. 1 Variation in radiation during a typical polar day showing
(a) 24-hour surface photosynthetically active radiation and
(b) corresponding Erythema-weighted UV-B radiation (UV
El Naggar et al. 1995) at 0.5. 1.0, 2.0 and 4.0 m water depth.
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Table 1 Surface levels of photosynthetically active radiation (PAR) and of weighted UV-B radiation (UV . El Naggar ef a/.
1995) at different water depths during field experiments performed in Kongsfjorden (Spitsbergen). Values corresponding to
different treatments of PAR = P. PAR + UV-A = PA_ and PAR + UV-A + UV-B = PAB were extrapolated from the percentage
transmission of UV dose (UV,,) using the same cut-off filter foils in the laboratory (ND = not determined)

Experimental duration

PAR (Jm™)

/ 2
UV, (Jm™)

Species Date Total time h:min ~ Treatment ~ Surface 0.5m 1.0m 2.0m 4.0m
Saccorhiza ~ 09.06.04  24:41 No filter 1.06 % 107 134107 949 10* 581 x10> ND
dermatodea  17.37 to PAB 935% 107 6.63x 10> 4.06x 10?
10.06.04 PA 346 x 100 2.46 x 10" 1.51 % 10!
18.18 P 0.00x 10 0.00x10° 0,00 x 10°
Saccorhiza ~ 21.06.04  45:00 No filter 1.73 % 107 818 %102 399% 10> 135x10>° ND
dermatodea  16.30 to PAB 572% 102 2.79% 10 9.44 % 10!
23.06.04 PA 212100 1.04x 100 3.49x10°
13.30 P 0.00 =107 0.00x10°  0.00 % 107
Alaria 04.06.04  24:46 Nofilter 126107 138x10°  L02x10° 677x10° 330 10°
esculenta 08.40 to PAB 9.67x 10°  7.16x10° 473 x10° 237 x 10
05.06.04 PA 358x 100 265% 100 175x 100 8.77x10°
09.26 P 0.00x10° 0.0010°  0.00x10°  0.00 x 10°
Alaria 14.06.04  21:40 No filter 8.23 % 106 6.78 x 107 596x 10>  3.89 % 10? 1.85 % 107
esculenta 18.35 to PAB 474 %100 416100 2.72x10°  1.30 x 10
15.06.04 PA 1.76 x 10 1.54% 10" 1.01x 10" 4.80 % 10°
16.15 P 0.00x 10°  0.00x10°  0.00x10°  0.00 x 10
Laminaria 07.06.04  24:32 No filter 1.17 % 107 128 1080 9.74% 10> 6.86 % 10° 3.72 % 10
digitata 17.34 to PAB 8.95x 10> 6.81x10° 479 10> 2.60 x 107
08.06.04 PA 332x 100 2.52% 100 178 10" 9.62x10°
18.02 P 0.00x 10% 0,00 107 0.00x10°  0.00 x 10
Laminaria 17.06.04  24:00 No filter 1.33 x 107 6.98 x 107 5.06x 10°  2.50 % 10° 7.85 x 10!
digitata 16.10 to PAB 488 %100 3.54% 100 1.75x10° 549 x 10*
18.06.04 PA 1.81 % 10! 1.31% 100 6.49310°  2.03 x10°
16.10 P 0.00x 10 0.00x10°  0.00x10°  0.00 x 10~

relatively similar in all experiments and varied between
8.23x 10° T m2and 1.73 x 10" J m™2 (Table 1).

Figure 1(b) shows the UV,,, values obtained in a
typical experiment (7—8 June). There is a clear differ-
entiation of the underwater radiation regime at the
various depths. Minimum levels of UVB radiation
(UVBR, determined as UV ) at midnight were between
2 and 5 mW at all depths, whereas maximum values
between 18 and 45 mW2 were recorded atnoon at 0.5 m
water depth (data not shown).

The UV,,, doses shown in Table 1 clearly reflect the
spectral properties of the different cut-off filters used.
No UVBR was measured under the filter used for the
P treatment. The UVAR values reflect both the UVA
transparency of the used filter and the relatively low
sensitivity of the ELUV-14 dataloggerin the UVA region
of the spectrum. The filter used for the PAB treatment
has a UV, transmission of about 70%.

Although the surface radiation regime was similar
during the various experiments (Table 1), the underwater
radiation regime exhibited clear differences, with water
being UV transparent at some times and more turbid
at others (7-8 June. see Fig. 1. Table 1, and 9-10 June
vs. 17-18 June; 4-5 June, 21-23 June and 14-15 June
represent intermediate situations). Thisisalso reflected
in Kd values ranging between 0.67 and 1.28 and 1%
UVB-depths between 6.87 and 3.57 m (Fig. 2).

In the first experiment with S. dermatodea (910 June).
germination rates between 66 and 78% were determined
at | and 2 m depth under all of the three exposure
conditions (Fig. 2a). At 0.5-m depth germination rates
under full ambient solar radiation (PAB) and under
solar radiation depleted of UVBR (PA) did not differ
significantly (Table 2) from those under solar radiation
depleted of both UVBR and UVAR (P). In the second
experiment with thisspecies (on 21-23 June), germination
rates under all three conditions and at all depths were
very similar and ranged between 17 and 30% (Fig. 2a).

UVR had no significant effect on the germination
capacity of S. dermatodea in either field experiment.
In the first, however, depth had a significant effect on
germination (ANovA, P = 0.003, see Table 2). Regardless
of light quality, Duncan’s multiple range test (DMRT.
P = 0.05) showed significantly higher germination rate
at 1.0 m depth compared with 0.5 m and 2.0 m depths.

In the first experiment with 4. esculenta (4-5 June),
germination rates of about 50% were measured under
the P condition in all four tested depths (Fig. 2b). Low
germination rates of 15-20% were determined under
the PAB and PA condition at 0.5 and | m depth. These
were not, however, significantly different from the rates
measured under the P condition (Table 2). At2and 4 m
depth germination rates were all very similar. [n the
second experiment with this species (14-15 June).
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Fig. 2 Spore germination in (a) Saccorhiza dermatodea, (b) Alaria esculenta and (¢) Laminaria digitata, 3 days after exposure to
ambient solar radiation treatments consisting of photosynthetically active radiation (PAR = P), PAR + UV-A (PA) and
PAR + UV-A + UV-B (PAB) at different depths and exposure times (see Table 1) and post-cultivated at 10 umole photons m™=2s!.
Inset values are corresponding average attenuation coefficients ( K ) and depth of 1% UV-B penetration. Vertical bars are standard

deviations (SD. n = 5).

germination rates of about 60-65% were obtained
under the P condition at all depths. Under the PABand
PA conditions a depression to about 35% was apparent
at 0.5 m water depth.

In A. esculenta. significant effects of irradiance and
dose (as a function of depth) (aNova. P < 0.001) were
only observed in the second field experiment (Table 2).
DMRT (P = 0.05) showed that the P condition is
significantly different from PA and PAB conditions but
PA and PAB conditions are not significantly different
from each other. Values at 0.5 m were significantly
different from the other depths. Depths | and 2 m are
homogenous subsets, as were 2 and 4 m, although I m
was significantly ditferent from 4 m.

In the first experiment with L. digitata (7-8 June,
Fig. 2¢c) almost no germination was observed under the
PABand PA conditionat 0.5 mand | mdepth. whereas
a germination rate of about 55% was obtained under
the P condition at these depths. At4 m depth germina-

tion rates of about 60% were measured under all three
conditions, whereas at 2 m very variable values between
25 and 45% were determined under all radiation condi-
tions. During the second experiment with this species
(17-18 June) germination rates exhibited little variation
under the P condition at all depths studied. with values
around 55% (Fig. 2c¢). UVBR and UVAR had no effect
on the germination rate at 2 and 4 m depth. However, at
0.5 and | m depth there was a clear decrease of germi-
nation rates down to 22-27% under both PA and PAB.

In both field experiments with L. digitata there were
significant effects of irradiance and depth as well as an
interaction between these variables (aNova, P = 0.001).
DMRT (P = 0.05) showed that, in both experiments,
the P condition is significantly different from the PA
and PAB conditions but PA and PAB conditions are
not significantly different from each other. In the first
experiment, depths | m and 2 m belong to a homoge-
nous subset and are significantly different from depths
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Table 2 Multiple analysis of variance (MaNOvA) and significance values for the main effects and interactions of irradiance
(PAR = P: PAR + UV-A radiation = PA: PAR + UV-A + UV-B radiation = PAB) and depth on germination of zoospores in

three species of Laminariales from Spitsbergen. *Significant; NS, not significant

Date of experiment Species Source of variation d.f. F-value P-value
9-10 June 2004 S. dermatodea UV treatment (A) 2 2412 0.104%
Depth (B) 2 7.053 0.003*
AxB 4 1.289 1.289™
21-23 June 2004 S. dermatodea UV treatment (A) 2 0.312 0.734%
Depth (B) 3 1.257 0.301™
AxB 6 0.583 0.742%
4-5 June 2004 A. esculenta UV treatment (A) 2 2.599 0.085™
Depth (B) 3 1.261 0.298™
AxB 6 0.431 0.855™
1415 June 2004 A. esculenta UV treatment (A) 2 16.195 < 0.001%*
Depth (B) 3 10.177 <0.001*
AxB 6 2.327 0.047*
78 June 2004 L. digitata UV treatment (A) 2 35.096 <0.001*
Depth (B) 3 39.256 <0.001*
AxB 6 10.428 < 0.001%*
1718 June 2004 L. digitata UV treatment (A) 2 16.326 < 0.001*
Depth (B) 3 16.085 < 0.001%*
AxB 6 4.646 0.001*

& 8. dermatodea y =—8E-D5x? + 0.0453x + 100.21

R? = 0,6034
O A esculenta  y =—2E-05x*— 0.06x + 101.86
140+ R?=0.8414
® L. digitata ¥ = 6E=05x? = 0,2025x + 124.17
—_ A% =0.9199
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Fig. 3 Relationship between effective UV-B dose measured as
UV, and germination rate expressed as percentage of PAR.
Non-linear regression was used to obtain dose-response
relationship. Biological effective doses needed to achieve 50%
inhibition of germination BEDS50 are > 1000 J m™, 700 J m™
and 418 J m™ for S. dermatodea. A. esculenta and L. digitata,
respectively.

2 mand 4 m, which are also significantly different from
each other. In the second experiment. both 0.5 m and
1.0 mand 2.0 mand 4.0 m are homogenous subsets. The
two subsets are significantly different from each other.

Overall. the most UV-sensitive species was therefore
L. digitata. the least sensitive S. dermatodea. and A.
esculenta occupied an intermediate position. The dose—
response curves for the three species (Fig. 3) clearly
show that the 50% biologically effective dose (BED30)
for 8. dermatodea was as highas > 1000 J n> UV, ay- fOT
A. esculenta 700 J m™ UV, and for L. digitaia as low
as 418 J m? UV,,.

Discussion

The main result of this first field study of UV-effects
on brown algal zoospores is that, under ambient solar
radiation. the UVR tolerance is highest in the shallow
water species S. dermatodea, intermediate in the upper
to mid sublittoral A. esculenta and lowest in the upper
to mid sublittoral L. digitata. Clearly. the viability of
thezoospores of the species studied depends on the UV
exposure and is a major if not the most important
factor determining their upper distribution limit as
proposed by Wiencke ez a/. (2000) and Wiencke e1 al.
(2004). However, there is no additional UVBR effect
on the viability of the zoospores compared with the PA
condition.

Indoor and outdoor radiation conditions mainly differ
in the much higher PAR levels in the field compared
with the laboratory. Whereas in laboratory studies
(e.g. Wiencke. Clayton & Schoenwaelder 2004) PFRs
< 30 pmoles photons m™ s were applied. surface field
PFRsin this study ranged between 100 and 1400 pmoles
photons m™ s7', A somewhat unexpected result is that
high PAR values do notinhibit germination in the field,
as shown by similar germination rates in the P treat-
ment at different water depths in all species. Moreover,
parallel laboratory experiments under dim light condi-
tions with the same spore material gave similar germina-
tion rates to those in the field (data not shown). This
result is in contrast to previous observations that, in
addition to the inhibitory effect of UVR. high levels of
PAR exert strong negative effects on photosynthesis
and on the growth of seaweed macrothalli (Hanelt er af.
1997: Aguilera ef al. 1999). Such patterns may. however,
be confined to the sun-adapted macrothalli of seaweeds
with highly active photosynthetic tissues, and may not
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be appropriate for the spores of Laminariales, which
are shade adapted. contain only a single chloroplast
with few thylakoids (Henry & Cole 1982) and exhibit
only very low photosynthetic rates (Kain 1964: Amsler
& Neushul 1991).

Another important difference is the much higher
UVBR levels in the laboratory compared with the
field. Under ambient solar radiation. over various time
intervals, about 10 times lower UVBR doses were
recorded compared with those in standard laboratory
experiments (data taken from Wiencke, Clayton &
Schoenwaelder 2004), probably explaining lower
laboratory germination under PAB filters than under
PA conditions (Wiencke ef a/. 2000; Wiencke. Clayton
& Schoenwaelder 2004; Roleda et al. 2005). Another
possibility may be a better stimulation under field
conditions of the blue-light dependent photolyases that
remove the cyclobutane pyrimidine dimers resulting
from UV-induced DNA damage (Pakker, Beekman &
Breeman 2000; Pakker., Martins, Boelen. Buma.
Nikaido & Breeman 2000). In higher plants, photo-
lyase enzymes recognize UV-induced DNA lesions
and reverse dimerization by absorbing light between
350 and 450 nm (Hada er a/. 2000).

The UVR-tolerance of zoospores may be partly
explained by increased activity of the repair mechanisms,
which apparently operate best in the shallow water
species S. dermatodea, to a lesser degree in the upper
to mid sublittoral A. esculenta and least in the upper to
mid sublittoral L. digitata, as observed in laboratory
studies (Wiencke. Clayton & Schoenwaelder 2004).
Repair of DNA damage has been demonstrated in a
variety of seaweeds (van de Poll e a/. 2002) and also in
zoospores of L. digitata, L. saccharina and L. hyperborea
(Roleda ef al. 2005). In the latter study. efficient repair
was observed in the upper sublittoral L. digitata, but not
in species occurring in greater water depths. Although
the recovery of photosynthesis after UVR exposure
has been documented. repair processes have so far not
been shown in macroalgae, despite the fact that such
processes must be involved.

Another explanation for the differential UV tolerance
is the presence of protective mechanisms. UV-absorbing
compounds, in particular phlorotannins are present
in kelp zoospores, with higher concentrations in upper
compared with mid sublittoral species (Roleda et al.
2005). Moreover, an increase in the number and diameter
of phlorotannin-containing physodes has been described
in S. dermatodea and in A. esculenta (Wiencke, Clayton
& Schoenwaelder 2004), another reason for the success
of these species in shallow waters.

Beside the incident surface radiation, an important
factor governing the underwater radiation regime in
polar regions is the presence of sea ice, which attenuates
both PAR and UVBR very strongly (Hanelt et af. 2001).
By the time the break-up of ice occurs in spring. the solar
angle is already relatively high and algae are therefore
suddenly exposed for long daily periods to very high PFRs.
Moreover, the water is very clear and biologically

relevant UVBR penetrates the water column down to
about 5-8 mdepth (Fig. 2: Hanelt ez «/. 2001: van de Poll
et al. 2002). From the end of June onwards, however,
attenuation increases due to a strong inflow of turbid
melt water from then until mid August (Svendsen et al.
2002). after which the water transparency increases again
(Hanelt et al. 2001).

This change in the underwater radiation may be
reflected also in the UVR susceptibility of algal spores.
Germination is clearly inhibited in spores from L.
saccharina, L. digitata and A. esculenta collected in spring
and exposed to PA (Wiencke ef a/. 2000), but thereis no
equivalent UVAR effect on autumn-collected spores
(Wiencke, Clayton & Schoenwaelder 2004). In our
opinion. the inhibition of germination after UVAR
exposure in spring is related to the fact that material
is not yet acclimated to high radiation conditions. In
a marine diatom. damage to carbon fixation in the
cells was found to be higher under UV-A, which also
induces localized loss on the acceptor side of the
PSII reaction centres (Grzymski ef @/. 2001: Turcsanyi
& Vass 2002).

All the species studied here develop their sori in
summer. A. esculentaand L. digitata are fertile between
May and September, whereas young specimens of S.
dermatodea become fertile in August and September
(C. Wiencke & M. N. Clayton. unpublished data) and
18-month-old specimens in May and June. The spores
of the studied species were therefore exposed to the
described radiation conditions at an appropriate time,
underlining the ecological relevance of our data.

In the field., S. dermatodea is common at depths
between 0.5 and 5.5 m, A. escufenta at depths between
I.5and 12.5m and L. digitata grows between 1.5 and
13.5 m (Wiencke, Vogele, Kovaltchouk & Hop 2004;
C. Wiencke unpublished data). The known depth
distribution pattern therefore mostly reflects the data
obtained here on UV tolerance of the zoospores. The
only misfit is the overlap in the distribution between
A. esculentaand L. digitata in shallow water. However,
in such situations, L. digitata may grow below A. esculenta
(C. Wiencke, unpublished observations) and settling
in the shade of A. esculenta may allow the very UV
sensitive zoospores of L. digitatato establish. Theadult
macrothalli of L. digitata are clearly sun adapted
and can cope very well both with high PAR and with
UVBR (Hanelt et al. 1997; Bischof ef al. 1998). Addi-
tional biotic factors, such as competition or grazing,
as exemplified by Wahl et al. (2004), require further
investigation.

The results suggest the need for studies of the protec-
tive and repair mechanisms in the most UV-tolerant
species, S. dermatodea and A. esculenta. The question
remains whether they will be able to cope with the
increase of harmtul UVBR due to stratospheric ozone
depletion. A 10% decline in ozone concentration results
in a doubling of irradiance at 300 nm (Frederick
et al. 1989). In the Ny Alesund area a 12% increase
in irradiance at 300 nm was already measured as a
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consequence of a relatively minor reduction in ozone
concentration of 10 Dobson units (Grof3 et ¢l. 2001).
Enhanced UVBR certainly will influence the viability
of brown algal zoospores and, hence, the zonation of
seaweeds around Spitsbergen.
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Results

4. SUMMARY OF RESULTS
4.1 Photosynthetic performance
4.1.1 Photosynthesis of juvenile plants

Initial mean effective quantum yield (AF/Fy’) in young Laminaria ochroleuca sporophytes
was 0.673 + 0.02. In young Gigartinales gametophytes, higher photosynthetic efficiency was
observed in Mastocarpus stellatus (0.575 + 0.03) compared to Chondrus crispus (0.536 +
0.03) (Fig. 5). During the first day of UVR exposure, higher reduction in the mean effective
quantum yield was observed in L. ochroleuca (PA = 53%, PAB = 61% reduction) compared
to C. crispus (PA = 23%, PAB = 43%) and M. stellatus (PA = 22%, PAB = 30% reduction).
The mean AF/F,,” of PA and PAB treated samples were able to recover after UV lamps were
switched off. After 2 hours recovery, photosynthetic efficiencies of Mastocarpus and
Chondrus were able to increase to values comparable to pre-UV treatment. Longer recovery
time of 4 hours was required in L. ochroleuca. Time series measurements showed that the
reduction in the mean AF/F,,’ of UV-exposed plants became smaller with time. Mastocarpus
and Chondrus were able to completely acclimate to UVR after 3 days of repeated exposure

while L. ochroleuca was only able to partially acclimate to UVR until the 28" exposure day.

4.1.2 Photosynthesis of spores

Photosynthetic efficiencies in dark-adapted Gigartinales carpospores and Laminariales
zoospores (F\/Fn) studied are lower compared to their respective light-adapted juvenile
gametophytes and sporophytes (AF/Fy,’). Species specific differences were also observed in
initial spore photosynthetic efficiencies of the untreated controls. Between Gigartinales
carpospores, higher optimum quantum yield was measured in Mastocarpus (0.533 + 0.01)
compared to Chondrus (0.386 + 0.04). Among Laminariales zoospores, Fy/F, was 0.466 +
0.01 for Laminaria digitata, 0.476 + 0.003 for L. saccharina and 0.533 + 0.005 for L.
hyperborea. After exposure to different doses of PAR, PAR + UV-A and PAR + UV-A +
UV-B (see publications 1 and 6 for different exposure times and irradiances), F\/Fy, of the

investigated Gigartinales carpospores, expressed as percent of control, were observed to be
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2004b.
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Figure redrawn from Roleda et al. 2004b, 2005a

less sensitive to higher doses of different radiation treatments compared to Laminariales
zoospores (Fig. 6). Zoospores are found to be low light adapted compared to carpospores.
Light supplemented with UVR further decreased photosynthetic efficiency and increasing
dose exacerbates the effect of UVR.
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After 2 days in low white light (10 pmol photons m™ s™"), photosynthetic efficiency of
the untreated controls was reduced in all species except in Chondrus (0.394 = 0.04). Lower
F,/Fy, was measured in Mastocarpus (0.453 + 0.02), L. digitata (0.387 + 0.005), L.
saccharina (0.431 + 0.008) and L. hyperborea (0.513 + 0.011). Photosynthetic efficiency of
PAR-treated germinating Laminariales spores was able to recover in dim light to 80- 95% of
the control (Fig. 6). An efficient F\/Fy, recovery (70- 90% of control) was also observed in
kelp spores previously exposed to a maximum of 1.43 x 10° J m™ UV-A and 8.96 x 10" J m™
UV-B. Exposure to higher doses of PAR in Gigartinales carpospores affects photosynthetic
recovery in Mastocarpus. Conversely, higher percent recovery was observed in UVR-exposed

Mastocarpus (56- 75%) compared to Chondrus (45- 72%) spores.

4.2 Growth of juvenile plants

In the basin flow-through culture system, growth rates of young Laminaria ochroleuca
sporophytes were significantly affected under different radiation treatments (ANOVA, p <
0.05). Duncan’s multiple range test (DMRT, p = 0.05) showed that growth rate of sporophytes
exposed to P is significantly different to PAB, while P is not significantly different to PA and
PA is not significantly different to PAB. Among the investigated Gigartinales, different
radiation treatments have no significant effect on the growth rates of young Mastocarpus and

Chondrus gametophytes (Fig. 7).
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Fig. 7. Growth rates of young sporophytes and gametophytes cultured in a basin flow-through
system exposed to different radiation (PAR = P; PAR + UV-A = PA; PAR + UV-A + UV-B = PAB).
PFD was 40-50 ymole photons m?s™. Vertical bars are standard deviation (SD, n=5). Figure
redrawn from Roleda et al. 2004a, 2004b

119



Results

In the ISITEC automated growth chambers, growth rates of different species of
Laminariales under P treatment ranges from 3.2 + 0.6% day™ (4. esculenta) to 10.1 + 0.3%
day™ (L. saccharina, Spitsbergen isolate). Among sporophytes exposed to the whole light
spectrum (expressed as percent of P, Fig. 8), growth rate was highest in L. digitata and lowest
in L. hyperborea from Helgoland. In Laminariales from Spitsbergen, highest growth rates in
Alaria esculenta were measured and lowest growth rates occurred in Saccorhiza dermatodea

and Laminaria solidungula. The growth rate of the cold-temperate L. ochroleuca exposed to

the whole light spectrum is characteristic for mid- to sublittoral kelp species.
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Fig. 8. Growth rates of young Laminariales sporophytes using the ISITEC growth chamber exposed to
(a) PAR and (b) PAR + UV-A + UV-B expressed as percent of PAR (% P). PDF is £ 18 pmol photons
m?s™. Vertical bars are standard deviations (SD, n=3). Figure redrawn from Roleda et al. 2004a,

2005b, 2006a, 2006b.
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4.3 Thallus morphology, optical characteristics and absorption spectra

Species specific differences in growth forms and thallus morphology were observed between
wild and cultured sporophytes (Fig. 9). With the exception of Alaria esculenta and L.
saccharina (Spitsbergen isolate), all wild specimen were found to be darkly pigmented
compared to their cultured counterparts. Wild sporophytes of young A4. esculenta and arctic L.
saccharina were found to be thin and translucent compared the cultured morphotype. Among
the cultured sporophytes, Saccorhiza dermatodea was thick but pale and translucent.
Corresponding spectral analysis showed an absorbance peak at 678 nm representing
chlorophyll a and peaks between 425- 450 nm representing chlorophylls and carotenoids.
Strong absorbance below 280 nm was also observed in all Laminariales species studied (see

Figure 7 of publications 3, Figure 5 of publication 4, and Figure 7 of publication 5).
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Fig. 9. Morphological differences in (a-h) cultured and (1-8) wild young Laminariales sporophytes from (a-c;
1-3) Helgoland and (d-h; 4-8) Spitsbergen. Species are (a,1; f,6) Laminaria digitata; (b,2; 9,7) L. saccharina;
(c,3) L. hyperborea; (d,4) Saccorhiza dermatodea; (e,5) Alaria esculenta; and (h,8) L. solidungula. Thallus for
each species represents the typical morphology used for the experiments
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4.4 Zoospore suspension and absorption spectra

Spectral analysis of zoospore suspensions, filtrates and zoospores also showed strong
absorbance in the UV waveband. Higher UV absorbance was observed in L. digitata
compared to L. saccharina and L. hyperborea. UV absorbance of the filtrate was also higher

compared to zoospore itself in all species (see Figure 3 of publication 6).
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Fig. 10. Relationship between average thallus thickness and remaining tissue DNA damage in young
Laminariales sporophytes from Helgoland and Spitsbergen after 18-21 days of repeated daily 6 hours
ultraviolet radiation exposure and 18 hours recovery (6:8:4 h light: dark: light cycle). PFD is + 18 ymol
photons m?2s™. Vertical bars are standard deviations (SD, n=3 for DNA damage; n=10 for thallus
thickness). Figure redrawn from Roleda et al. 2005b, 2006a, 2006b.

4.5 DNA damage and repair

After repeated daily exposure of 6 hours UVR for 18- 21 days, remaining tissue DNA damage
in young sporophytes was affected by thallus thickness (Fig. 10) and optical characteristics
(publications 4, 5, and 6) but no relation to the depth distribution of the species was observed.
Among Laminaria species from Helgoland and Spitsbergen, an inverse relationship was
observed between thallus thickness and DNA damage. In S. dermatodea and A. esculenta,
however, thallus translucence and opacity influenced sensitivity of young sporophytes to UV-
B-induced DNA damage (see publication 4). Other than S. dermatodea, a relatively moderate
to low cyclobutane pyrimidine dimer (CPD) content was remaining in the tissue of different

Laminariales species after daily18 h recovery of 6:8:4 h light: dark: light cycle.
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Fig. 11. UVB-induced DNA damage (induced cyclobutane pyrimidine dimers per million nucleotides) in
Gigartinales carpospores and Laminariales zoospores. Species are (Ms) Mastocarpus stellatus; (Cc)
Chondrus crispus; (Ld) Laminaria digitata; (Ls) L. saccharina; and (Lh) L. hyperborea. Vertical bars are
standard deviations (SD, n=3). Figure redrawn from Roleda et al. 2004b and 2005a

Among reproductive cells, exposure to different UV-B doses showed that the
investigated Laminariales zoospores are more sensitive to UV-B-induced DNA damage
compared to the investigated Gigartinales carpospores (Fig. 11). At higher UV-B doses, the
upper eulittoral species Mastocarpus sustained less DNA damage compared to the lower
eulittoral Chondrus and the sublittoral Laminaria species. Post cultivation at low white light
for 2 days in zoospores and 6 days in carpospores showed non linear relationship (logarithmic
for Laminariales and polynomial for Gigartinales) between UV-B-induced DNA damage as a
function of dose (BEDpna) and DNA repair rate in spores (Fig. 12). This implies that at
higher UV-B dose, the extent of DNA damage induced is not effectively repaired by the cells
anymore. DNA repair rate was higher in Laminariales zoospores compared to Gigartinales
carpospores. Among the kelp zoospores, higher repair rates were observed in the lower

sublittoral L. hyperborea compared to the upper sublittoral L. digitata (Fig. 12).

4.6 Germination and spore mortality

Germination capacity of spores was low light adapted (20- 50 pmol photons m™ s™). Spore
viability after post cultivation under dim white light (10 pmol photons m? s; 3 days in
zoospores and 6 days in carpospores) showed that pre-treatment of high PAR (50- 130 pmol
photons m™ s™) induced higher mortality among carpospores (mortality rates ranges from 4-

49% in Mastocarpus, and 26- 54% in Chondrus; see Figure 3 of publication 1) compared to
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pre-treatment of lower PAR (20 pmol photons m™ s') among Laminariales (with dead and
non-germinated spores of 17- 41% in Laminaria digitata, 25- 44% in L. saccharina, and 20-
38% in L. hyperborea; data recomputed from publication 6). Relative to different doses of
PAR (1- 16 hours exposure of 20- 130 pmol photons m™ s™), zoospores are relatively more

sensitive to white light compared to carpospores.
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Fig. 12. Relationship between biologically effective UVB doses and DNA repair rate in carpospores of
Gigartinales and zoospores of Laminariales from Helgoland. Values are means (n=3). Curves are non linear
regressions corresponding to the best fit for each species

Spore mortality under UVR (PA and PAB treatments) was higher in Chondrus
compared to Mastocarpus across all treatments (see Figure 3 of publication 1). A higher
biological effective dose (BEDsy) is required to achieve a 50% inhibition of germination in
Mastocarpus (762 T m™) compared to Chondrus (248 J m™) (see Figure 4 of publication 1). In
Laminariales zoospores, UVA had minimal effects on the germination capacity of L. digitata
and L. saccharina but reduced germination rate of up to 50% in L. hyperborea after 16 h
exposure to PA. Additional UV-B further reduced germination rates to less than 30% in all
species exposed to 16 h PAB and to L. saccharina and L. hyperborea exposed to 8 h PAB
(see Figure 5 of publication 6). Zoospores are more sensitive to UVR compared to

carpospores where much lower biological effective doses are needed to inhibit 50%
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germination in L. digitata (86 J m™), L. saccharina (67 J m™), and L. hyperborea (52 J m™)
(Fig. 13).
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Fig. 13. Relationship between effective UV-B dose and germination rate expressed as percent of control.
Non linear regression was used to obtain dose-response relationship. Biological effective dose needed

to achieve 50% inhibition of germination BEDs, are 86 J m?, 67 J m™? and 52 J m™ for Laminaria digitata
(Ld), L. saccharina (Ls) and L. hyperborea (Lh) respectively.

4.7 Pigment contents

Chlorophyll a contents showed significant differences between species, but not between
treatments in Gigartinales (see Figure 7a and b of publication 1) and Laminariales from
Helgoland and Laminariales from Spitsbergen (Fig. 14). Significantly lower photosynthetic
and accessory pigment contents were observed in Laminaria ochroleuca sporophytes exposed
to UVR (see Figure 7 of publication 2). Carotenoids (a-car and B-car) contents of Chondrus
crispus were also significantly affected by radiation treatment (see Figure 7c of publication
1). A decrease in a-car content was observed under UVR. Conversely, B-car content increased

under UVR treatment.

4.8 Field experiments with spores of three Laminariales from the Arctic

Under ambient solar radiation, tolerance of zoospores to UVR exposure was highest in

Saccorhiza dermatodea; intermediate in Alaria esculenta and lowest in Laminaria digitata

125



Results

(see Figure 2 of publication 7). At exposure depth with an Erythema-weighted UV-B dose
(UVey) of 9.49 x 10> - 1.38 x 10’ J m™ higher germination rates were observed in S.
dermatodea compared to the other 2 species after 3 days of cultivation in the laboratory.
Moreover, no significant effect of radiation (P = PA = PAB) was observed in the germination
rate of S. dermatodea. At the same UV-B dose, but due to high variability in spore
susceptibility released from different sporophytes, insignificant variation was observed
between treatments in the germination rate of A. esculenta. In L. digitata, < 2% germination
was observed in spores exposed to the same UV dose. At the lower UV-B exposure dose of
5.06 x 10* - 6.98 x 10* J m™ (UVery), significantly lower germination rates were measured in
UVR-exposed A. esculenta and L. digitata zoospores compared to PAR alone. However,
zoospore susceptibility to ambient solar radiation and to radiation depleted of UV-B was in all
cases not significantly different. A 10-fold higher biological effective dose (BED) (see Figure
3 of publication 7) was needed to achieve 50% inhibition of germination in the investigated
Laminariales zoospores (S. dermatodea = 1124 I m>, A. esculenta =700 J m™, and L. digitata

=418 J m™) compared to the laboratory condition.
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Fig. 14. Chlorophyll a contents in young Laminaria sporophzytes exposed to different radiation (PAR = P;
PAR + UV-A + UV-B = PAB). PFD is + 18 pymol photons m’ s™. Vertical bars are standard deviations
(SD, n=3). Value for L. saccharina (Helgoland) represents one replicate only. Figure redrawn from
Roleda et al. 2004a, 2005b, 2006a, 2006b.
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5. SUMMARY OF DISCUSSION
5.1 Photosynthetic response to different spectral irradiance
5.1.1 Juvenile plants

Photosynthesis is a dynamic process which acclimates to variations in light intensity and
spectral quality (reviewed by Senger & Bauer 1987; Falkowski & LaRoche 1991).
Photosynthetic efficiencies of juvenile plants exposed to experimental irradiance of PAR
alone were not photoinhibited while a decrease in photosynthetic efficiencies were observed
in juvenile plants exposed to PAR supplemented with UV-A and UV-A + UV-B . Partial and
complete acclimation to UVR was, however, observed in juvenile plants of Laminaria
ochroleuca and in C. crispus and M. stellatus respectively. Acclimation of photosynthesis to
UVR has been previously reported in sporophytes of Arctic Laminariales (Bischof et al.
1998a, 1999). Exposure to high irradiance showed that the higher susceptibility of the deep
sea species L. abyssalis (Oliveira) to photoinhibition compared to the shallow water species L.
digitata is due to its limited de-epoxidation capacity and reduced xanthophyll-cycle pool size

(Rodrigues et al. 2002).

Among Gigartinales, the complete acclimation of photosynthesis in young
gametophytes of Mastocarpus and Chondrus after 3 days of repeated UVR exposure
contradicts the previous study of Bischof et al. (2000). They reported a reduction in
photoinhibition but no acclimation throughout the 5 days repeated exposure to PAB. This
difference may be attributed to the higher experimental UV irradiance used in their study,
which was twice the intensity applied here. It might also be related to the low PAR (25 pmol
photons m?s' =54 Wm?) they applied. Insufficient PAR and therefore, unrealistically low
PAR: UVB ratios could exaggerate the UV-B effects on plants (Caldwell et al. 1995; Rozema
et al. 1997).

The primary targets for the UV-suppression of photosynthetic activity are still under
debate (Baker et al. 1997). UV-B radiation appears to degrade the D1 protein and part of the
D1/D2 heterodimer, the major structural complex within PSII (Aro et al. 1990; Melis et al.
1992; Jansen et al. 1993). Other studies have demonstrated decreases in the pool size of

carbon fixation enzymes such as carbonic anhydrase (Dionisio ef al. 1989) and ribulose-1, 5-
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bisphosphate carboxylase/oxygenase (Rubisco) (Bischof et al. 2000). A mechanism that may
be involved in UVR acclimation is the establishment of a physical barrier which shields the
photosynthetic apparatus against damaging radiation (Karentz 1994). Although some algae
are able to partially acclimate to chronic UVR exposure, growth reduction and tissue damage

have been observed in UVR-exposed young Laminaria ochroleuca sporophytes (Roleda ef al.

2004a).

5.1.2 Reproductive cells

Carpospores and zoospores are low light adapted because photosynthetic efficiencies
decreased already at photon flux densities (PED) of 56 and 22 pmol photons m? s PAR,
respectively. This can be attributed to the occurrence of photoinhibition even below the
saturating light intensity (Hanelt et al. 1992; Osmond 1994). Ogren & Sjdstrom (1990) also
reported that the rate of net photosynthesis can be depressed by photoinhibition over the
whole natural range of the photosynthetic photon fluence rates. The primary site of
photoinhibition has been suggested to be located in PSII reaction center. Key stages of the
repair cycle of the D1 protein observed during photoinhibition are as follows: functional PSII
<> inactivated PSII — non functional PSII — damage D1 protein removed — D1 protein

resynthesized — recovery of functional PSII (Long ef al. 1994).

Ultraviolet radiation contributes significantly to photoinhibition and no recovery was
observed in photosynthetic efficiency of spores of the lower sublittoral species L. hyperborea
exposed to high UV dose. Differences in P, PA and PAB sensitivity of maximum quantum
yield are presumably caused by the degree of damage to PSII components versus the
xanthophyll cycle mediated down regulation of PSII (Gevaert et al. 2003). Although a similar
reduction in maximum quantum yield was also observed in PA and PAB treatments, recovery
after prolonged exposure to PAB treatments was only minimal compared to PA, indicating
that UV-B radiation damage the PSII function more than UV-A radiation. When the DI
protein of the PSII is impaired, the effect is only reversible over a longer time scale (hours)
because synthesis of new D1 protein is required (Mattoo et al. 1984; Long et al. 1994; Hanelt
et al. 2003). This usually occurs in species growing in the lower subtidal zone exposed to high
irradiances (Hanelt 1998). Due to the activity of the xanthophyll cycle, seaweeds are able to
recover rapidly (within minutes) after the offset of light stress (Long et al. 1994; Osmond
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1994; Franklin & Forster 1997). Slow photosynthetic recovery can therefore reduce the
accumulation of photosynthetic products disabling cellular division and delaying the initiation
of germination in reproductive cells. Modeling studies on photoinhibition indicate a clear cost
in terms of potential carbon acquisition, whereby stress-induced photoinhibition decreases the

efficiency in the conversion of intercepted light into dry matter (Long et al. 1994).

If low light adaptation is a general feature of reproductive cells, light may exert a
significant effect on survival of spores in the natural environment. The PAR waveband can,
therefore, elicit a large impact on the survival of spores in the field because the UV-B
radiation applied in our experiment would be accompanied by 10- to 20-fold higher PAR.
Whether reproductive cells are capable of acclimating to higher PAR is unknown. In higher
plants, physiological acclimation to high PAR can increase UVR tolerance. This is facilitated
through photoinduction of screening compounds, increased activity of photorepair enzymes

and other changes related to life under high irradiances (Warner & Caldwell 1983).

5.2 UVR effects on photosynthetic and accessory pigments

Chlorophyll a contents in both Mastocarpus and Chondrus were not negatively affected by
UVR instead showed an increasing content when PAR was supplemented with UV-A and
UV-A + UV-B. Among Laminariales, all but L. ochroleuca showed insignificant variation in
Chl a contents in sporophytes exposed to P and PAB treatments. Pigment damage can result
either (1) when protein-based pigments absorb UV energy directly and wundergo
photochemical degradation; (2) by photosensitiser action; or (3) oxygen radical production in
addition to singlet oxygen (Vincent & Neale 2000). Under moderate fluence of UVR,
however, Laminariales from Helgoland and Spitsbergen were able to synthesize new
pigments in replacement of degraded chlorophylls after 6 hours daily UVR exposure and
acclimate to repeated moderate daily fluence of UVR. Acclimation of Chl a concentration
was also observed in the red macroalgae Palmaria decipiens (Reinsch) Ricker exposed to 12-
16 h UVR (Poppe et al. 2002). However, in situ seasonal variation in pigment concentration
of Arctic L. saccharina collected before, during and after ice break-up showed decreasing
chlorophyll a concentration coinciding with increasing underwater radiation. Chlorophyll a
concentration did not increase when melting snow contributed to water turbidity and

reduction in underwater radiation (Aguilera et al. 2002) suggesting irreparable degradation of
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pigments after exposure to high light intensity. Collection of field material during the 2004
field campaign in Spitsbergen showed eventual bleaching of young L. saccharina recruits at 4
m depth after prolonged exposure to ambient solar radiation when sea-ice breaks (S. Krembs,

personal observation).

Most studies reported significant damage and decrease in pigment contents under
UVR (i.e. Aguilera et al. 2002; Bischof et al. 2002a). A study on Ulva rigida C. Agardh,
however, reported significantly higher pigment content (Chl a, Chl b and carotenoids) in the
presence of UV-B (Altamirano et al. 2000). There was also an inverse relationship between
growth and pigment content, which made them to speculate some kind of photoprotective
mechanism in the algae, diverting energetic resources to pigment biosynthesis at the expense
of growth. In L. ochroleuca, lower growth rates and lower pigment concentrations (Chl a, Chl
c1, fucoxanthin and B-carotene) in UV-B radiation exposed plant were observed. This implies
that UV-B reduced the synthesis of, or degraded the pigments effectively limiting the light-
harvesting ability. Consequently, reduction in the photosynthetic end products also imposes
constraints on the repair of cellular damage and growth. With the meagre information on the
long-term effects of UVR on pigment content and its relationship to photosynthetic efficiency

and growth, more studies should focus on this mechanism which could be species specific.

Carotenoids are involved in several aspects of photosynthesis such as light absorption
and energy transfer to the reaction center complex and protection of the photosynthetic
apparatus from damage by strong illumination. In Chondrus, the higher total carotenoids
measured under PAB could be related to its photoprotective role (Roy 2000). Accumulation
of carotenoids specifically in response to UV radiation was already reported in cyanobacteria
and chlorophytes (Buckley & Houghton 1976, Goes et al. 1994). This mechanism can protect
the photosynthetic apparatus facilitating acclimation of photosynthesis and growth to UVR.
Among Laminariales, the tissue absorption peaks in the Soret region (400- 540 nm) are
characteristic of carotenoids in antenna complexes of higher plants (Pascal et al. 1999; Croce
et al. 2000). Among the natural solar radiation-acclimated young wild sporophytes, the higher

absorption in this region could imply some photoprotective role of carotenoids.
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5.3 UV-B-induced DNA damage and its repair

In the investigated Laminariales sporophytes, the remaining tissue CPD content as a measure
of the thallus sensitivity to UV-B-induced DNA damage and the activity of the repair
mechanism is dependent on thallus thickness and its optical properties. Moreover, there is
intra-specific difference in the sensitivity between Arctic and cold-temperate populations of
Laminaria digitata. Arctic L. digitata was observed to be more sensitive to UV-B-induced
DNA damage compared to the cold-temperate population. The inverse relationship between
thallus thickness and remaining DNA damage was observed independently between the
Laminaria species from Helgoland and Spitsbergen. There is no linear correlation between
thallus thickness and DNA damage. In other Laminariales investigated, the thick but
translucent S. dermatodea sustained more DNA damage compared to the thin but opaque 4.
esculenta and the darkly pigmented Laminaria species. The relationship between UV-
sensitivity and leaf morphology was also observed in seagrasses wherein species with thicker
leaves provided greater morphological protection for UV-sensitive organelles (Dawson &

Dennison 1996).

Based on the remaining tissue DNA damage, sensitivity of the young sporophytes is
not related to the depth distribution of the adult sporophytes. DNA damage repair entail
energy loss at the expense of growth. After 18- 21 days of repeated 6 hours daily UVR
exposure and 18 hours recovery, the lower sublittoral but thick species L. hyperborea and L.
solidungula as well as the medium thick Helgoland L. digitata were found to have lower
remaining DNA damage. This could be attributed either to its better repair mechanism,
protection by its thallus thickness or tissue optical characteristics influencing UV absorption,
but on the expense of energy which is not available for growth. Increasing thallus thickness
minimizes UVR effect as a function of optical effect where outer cell layers shade inner cells
and in terms of longer pathlength for UVR absorption (Franklin & Forster 1997). The
combined protective mechanism due to thallus thickness and higher UV-absorbing
compounds was observed to effect higher growth reduction in L. hyperborea and L.

solidungula.

Conversely, the UV-sensitivity of the investigated Gigartinales carpospores and
Laminariales zoospores were related to the vertical and depth distribution of the foliose

gametophytes and adult sporophytes, respectively. Reproductive cells are more susceptible to
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UVR compared to young thalli and to adult gametophytes and sporophytes. Differences in
DNA damage between different life history stages were observed in both groups of
macroalgae. DNA damage was observed in carpospores of Mastocarpus and Chondrus but
not in their foliose gametophytic stages. This is not implausible because both species co-exist
in the eulittoral, physiologically and genetically acclimated to the full solar radiation. The
lower DNA damage and effective DNA damage repair mechanism in carpospores of
Mastocarpus enhanced its recruitment success to the upper eulittoral zone. The number of
CPDs observed in Laminaria zoospores exposed to 8 hours UVR are 18.6 + 4, 30.8 + 8 and
49.8 + 6 CPD Mb™' in L. digitata, L. saccharina and L. hyperborea respectively. These values
are higher compared to their respective young sporophytes exposed for 18- 21 days of

repeated 6 hours daily UVR at 2.5+ 1, 11.7 + 3 and 3.4 £ 2 CPD Mb"' respectively.

Diploid carpospores were found to incur less genetic damage compared to the haploid
zoospores. Haploid zoospores were, however, found to be more efficient in DNA damage
repair. Long and Michod (1995) reported that haploid cells are efficient replicators, while
diploid cells are resistant to damage. Mathematical models suggest that sexual organism can
combine the advantage of both ploidy states: spending much of its life cycle in the haploid
state, then fusing to become diploid. During the diploid state DNA damage can be repaired,
since there are two copies of the gene in the cell and one copy is presumed to be undamaged
(Long & Michod 1995). In the life history of Laminariales, haploid zoospores were more

sensitive to DNA damage compared to diploid young sporophytes.

5.4 Absorption spectra and UV-absorbing compounds

The absorption spectra of young Laminariales sporophytes (see publications 4, 5, and 6) show
an increasing absorbance from 300 nm to the shorter UV-C waveband comparable to that of
isolated phlorotannins from Fucus gardneri Silva exhibiting a peak at 265 nm (Henry & van
Alstyne 2004). It is yet uncertain which UV-screening compound is involved in the current
study. Profiles of the absorption spectra indicate that the presumptive UV-screening substance
provides no complete protection against UV-B radiation. The absorption shoulder >265 nm
can, however, enhance UV-B tolerance of a plant. Furthermore, it is thought that absorption
of tissue-bound phlorotannin might shift to different peaks compared to extracted compounds.

Further studies are needed to address this question. Concentration of presumptive
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phlorotannin compound in relation to the absorption intensity at the UV waveband showed no
relation to the depth distribution of species. Phlorotannins are reported to have several
ecological functions (see Schoenwaelder 2002). The synthesis and storage of this phenolic
compound in the cultured and wild sporophytes is, therefore, not being primarily in response
to ultraviolet radiation. It is known that the production of this compound (as herbivore
deterrent, antibacterial agent or as UV screens) involves energy cost at the expense of growth.
Its synthesis could be in response to specific environmental cues or stress factors and is

allocated for different functions between different kelp species.

Secretion of phenolic compounds in reproductive cells of brown algae has been
previously reported (Schoenwaelder & Clayton 1998a, 1998b, 2000). These compounds
which strongly absorb in the UV-C region of the spectrum were invoked to play a role in
chemical UV defence because their synthesis is inducible by UVR (Pavia et al. 1997;
Schoenwaelder 2002). In Arctic Laminariales zoospores, an increase in number and size of
phlorotannin-containing physodes was observed after UV exposure which contributed UVR
protection against cellular damage and enhanced germination rate (Wiencke et al. 2004b).
Exudation of this compound from macroalgal tissue into seawater can at low concentration
reduce the impact of UV-B exposure to UV-sensitive kelp meiospores (Swanson & Druehl
2002). A recent study showed that exposure to PAR and UVR induces release of
phlorotannin-containing physodes from the zoospores into the medium (Liider, Wiencke &
Roleda, unpublished data). Relative to its ecological function, the physiological trade-off of

this mechanism at cellular level is yet to be elucidated.

5.5 Thallus morphology and optical characteristics

The optical property of thallus influences reflection, attenuation, scattering, absorption or
transmittance of UV radiation (Caldwell ef al. 1983). In leaf epidermis of terrestrial plants, the
pronounced wavelength selectivity of absorption is often attributed to flavonoids and other
related UV-absorbing compounds (Robberecht & Caldwell 1978), where phenolic compounds
generally have substantial UV absorbance and very little absorption in the visible waveband
(Caldwell et al. 1983). Optically dark pigmented wild Laminariales sporophytes showed
strong absorbance in the UV waveband, characteristics of the UV-absorbing compound

phlorotannin.
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Among the different species studied, intra-specific morphological differences were
observed between cultured and wild isolates. Moreover, morphological differences were also
apparent between the Arctic and cold-temperate populations of Laminaria digitata and L.
saccharina. This is attributed to the prevailing variable environmental factors in the field
compared to the constant conditions in the laboratory. Light quantity can affect thallus
elongation pattern while drag force as a function of water motion can affect blade width
(Roberson & Coyer 2004). Thallus morphogenesis can therefore be controlled as much by the

environment as by genotype.

Among the naturally solar-acclimated wild sporophytes, all but Laminaria saccharina
and Alaria esculenta from Spitsbergen had stronger UV absorption compared to cultured
sporophytes of the same species. Laminaria saccharina and A. esculenta were found to be
thin and translucent compared the cultured morphotype. The thick but pale and translucent
cultured Saccorhiza dermatodea also has minimal absorption in the UV waveband. In
cultured Alaria, the development of dark pigmented thalli under 12- 16 h daylength of low
white light (10- 20 pmol photons m™ s™") and translucent thalli under 24 h daylength (Roleda
et al. 2005b) is speculated to be some kind of physiological mechanism related to seasonal
variation in daylength where induction and cessation in synthesis of UV-absorbing
compounds respond to specific environmental cues (Roleda et al. 2005b). It is typical for the
so called season anticipators (Kain 1989). In these species, seasonal development is finely
tuned to the seasonal variation of daylength (Wiencke et al. 1990a, b; Liider et al. 2001, 2002;
Dummermuth & Wiencke 2003).

5.6 Growth response of juvenile plants to UVR

Exposure to UVR did not affect growth rates of the investigated foliose Gigartinales
gametophytes. The growth rate of young Laminariales sporophytes was, however,
significantly reduced under UVR. The presence of UV screening compounds such as
mycosporine-like amino acids (MAAs) in Mastocarpus and Chondrus reduces the effective
UVR that penetrates to UV-sensitive targets in the cell. Comparison across a latitudinal
gradient showed that cold-temperate Laminaria species are less sensitive to UVR compared to
their Arctic counterparts. However, the difference in growth rates was not significantly

different.
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In Laminaria ochroleuca, the effect of light supplemented with UV-A radiation on
growth was not significantly different to PAR alone and to the whole light spectrum.
However, long term exposure to UV-A and UV-B radiation resulted in tissue deformation and
damage to L. ochroleuca (Roleda et al. 2004a). This characteristic tissue damage and
morphological deformation were still undocumented and unreported in seaweeds exposed to
UVR. This is probably because previous growth studies on young Laminaria sporophytes
were too short to induce tissue injury (e.g. 2- 3 weeks, Dring et al. 1996; Aguilera et al.
1999). However, pronounced tissue necrosis and loss of parts of the thalli was reported in the
Arctic Laminaria solidungula J. Agardh after 1 week of daily exposure to 18 h UVR (Michler
et al. 2002). On the other hand, UVR-induced injuries on plant’s tissue have been reported in
terrestrial flora. This includes reduced leaf area, blistering and epidermal deformation, lesions,
increased leaf thickness and photomorphogenesis (Cline & Salisbury 1966; Robberecht &
Caldwell 1978; Tevini et al. 1981; Teramura 1983; Barnes et al. 1990). In this regard, long
term growth measurements and observation on morphological integrity of the tissue present a

more holistic indication of the negative impact of this stress factor.

A simple growth model: G = P - R - L, follows a growth-differentiation balance,
where growth increment over time (G) is a function of the rate of biomass production through
gross photosynthesis (P) and loss due to respiration (R) and tissue lost or decay (L) (Carr et
al. 1997). Under high Ilight intensity and ultraviolet radiation, photoinhibition of
photosynthesis already decreases potential carbon acquisition (P) into plant dry matter (G)
(Long et al. 1994). Dark respiration (R) represents the energy used to synthesize new biomass
(growth respiration) and that used to maintain metabolic activity (maintenance respiration).
Exposure to UVR causes cellular, enzymatic and molecular damage which could further
increase loss due to respiration (R) by diverting more photosynthate for repair and defense
(i.e. production of secondary metabolites) thereby inhibiting growth. UVR sensitivity of
growth, as an integrative parameter of all physiological processes, shows relations to the
upper distribution limit of macroalgae. Tissue DNA damage is, however, dependent on thallus
thickness, optics and absorption spectra characteristics of the pigments and UV-absorbing
compounds. Energy demands for repair and protection may divert photosynthate at the

expense of growth.
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5.7 UVR effects on germination of spores

Low photon flux density (PFD) of PAR (10- 20 pmol photons m™ s™) is optimal for
germination in carpospores and zoospores. Germination capacity can also be constrained by
the harmful effects of UVR. Higher BEDs is needed to inhibit germination rate in the
eulittoral Mastocarpus and Chondrus compared to the sublittoral Laminaria species. Damage
to microtubules causing inhibition of nuclear division in the zoospore nucleus of Macrocystis
pyrifera (Huovinen et al. 2000) and cell division in Fucus spp. (Schoenwaelder et al. 2003)
were responsible for mortality and failure of germination in spores exposed to UVR. To
counteract the negative effects of UV-B radiation, ultraviolet sunscreens are used as
photoprotective mechanisms in planktonic organisms (Garcia-Pichel 1994). Among 1- <10
um size class cells, sunscreens accumulation can afford considerable benefits but only at the
expense of relatively heavy energetic investment and with restricted efficiencies (Garcia-
Pichel 1994). However, the protective potential of phlorotannin-containing physodes in kelp
zoospores (3- 5 um) has been described by Wiencke et al. (2004b). Traces of shinorine were
observed in carpospores of Mastocarpus and Chondrus (Kribs & Roleda, unpublished data).
Whether carpospores produce sufficient MAAs to achieve the same degree of UV-protection
to that of the foliose gametophytes remains to be studied. In this study, however, spores were
observed to repair UV-B-induced DNA damage which enhanced spore viability and

germination capacity of UVR treated samples.

The susceptibility of spores to UVR determines the upper depth distribution limit of
macroalgae. This has been invoked from laboratory studies with Laminariales from
Spitsbergen and from southern Spain (Wiencke et al. 2000, 2004b). UVR sensitivity of
zoospore germination among Laminaria species around Helgoland was previously reported
not significantly different between species (Dring ef al. 1996). This is attributed to the 2 to 4
fold higher levels of UV-A and UV-B radiation that was supplemented to about 35-50 umol
photons m™ s™ of PAR (UV: PAR ratio = 1.525). Higher order of magnitude in UVR: PAR
ratio has been reported to intensify the UV effect on plants (Caldwell et al. 1995; Rozema et
al. 1997), which may magnify UVR effect on one species and at the same time obscure its
effects between species. Comparison between experimental treatments showed that the 6
hours UVR applied by Dring et al. (1996) is equivalent to 3.54 x 10° J m™, a dose higher
compared to the 16 hours PAR + UV-A + UV-B treatment (3.32 x 10> J m™) applied in this

study. Consequently, the study of Dring and coworkers observed lower germination rate in L.
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digitata (ca. 20%) and L. hyperborea (<10%) compared to our study (UVR: PAR ratio=
1.257) on the same species with germination rate of 27.6% and 20.1% respectively. Higher
UVR dose (5.46 x 10° T m™, UVR: PAR ratio= 1.523) was also used by Wiencke et al.
(2004b), which resulted in <1% germination in Arctic L. digitata and L. saccharina.
However, it may be possible that the Arctic population of these two Laminariales is more

susceptible to UVR compared to their cold temperate counterparts.

Considering the small size of zoospores (ca. 3.0- 5.0 um), kinematic viscosity of water
(Purcell 1977) contributes to their slow swimming speeds (Amsler et al. 1992) and confine
these reproductive cells within the water column for a period of time. Field exposure of
zoospores to ambient solar radiation for 24- 45 hours simulated the transitory planktonic
phase of kelp zoospores exposed to environmental stress such as high photon fluence rate and
UVR. Kelp zoospores have been observed to swim up to 72 hours (Reed et al. 1992) and have
been identified from in situ plankton samples (Graham 1999). Spore swimming competency
or positive buoyancy increases the likelihood of settlement. Settling spores in substrate at
depths or under algal canopies experiences different low-light microenvironment suitable for

germination and growth.

It was shown in this study that pre-exposure to low PAR in the laboratory and to
different photon flux densities of high PAR in the field did not inhibit spore germination. This
shows that spores can acclimate to a wide range of photon flux densities or that
photosynthetic efficiency are able to recover after photoinhibition. Ecologically, the recovery

process will be dependent on the settlement of spores to suitable low-light environment.

Exposure to ambient solar condition in the water column and post cultivation in the
laboratory at low-light condition, simulating low-light field microenvironment upon
settlement, did not affect germination of S. dermatodea. At approximately the same UV dose,
germination of Alaria esculenta was susceptible to UVR while germination of L. digitata was
totally terminated. At lower UV dose, germination of L. digitata was observed to be still
sensitive to UVR. Persistent exposure to ambient solar radiation for extended period of time,

however, might exhibit different effect on germination.

The high UVR: PAR ratio applied in the laboratory exhibit additional UV-B effect on
photosynthesis and germination (Wiencke et al. 2000, 2004b; Roleda et al. 2005a). In the
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field, a ten-fold increase in BEDsy was observed under ambient solar irradiation compared to
the laboratory irradiance. Higher ambient PAR in the field was observed to enhance UV
tolerance of zoospores. Under high PAR, UVR tolerance may be enhanced by increasing
activity of photorepair enzymes (Warner & Caldwell 1983). Moreover, there seems to be a
UV-exposure threshold to effect negative impact on the germination of kelp zoospores. In all
species, pre-exposure to lower dose of ambient solar radiation at 2 and 4 m depths did not
affect the germination capacity of zoospores. At higher doses of ambient solar radiation at 1
and 2 m depths, no additional UV-B radiation effect on the viability of the zoospores. In all
cases the viability was the same after exposure to the PA and PAB condition in the field.
Damage to carbon fixation in the cells was found to be higher under UV-A waveband in
marine diatoms (Grzymski et al. 2001). It is further indicated that localised loss on the
acceptor side of the PSII reaction centres is induced by UV-A (Grzymski et al. 2001;
Turcsanyi & Vass 2002).

5.8 Concluding remarks and future perspectives

The present study has shown that young gametophytes of Mastocarpus and Chondrus are less
susceptible to the detrimental effects of UVR compared to their reproductive cells.
Carpospores of Chondrus were, however, more sensitive to UVR compared to carpospores of
Mastocarpus. The protection strategies in Mastocarpus to counterbalance UV damage are
responsible for its successful recruitment and colonization of the eulittoral area in Helgoland.
In the sublittoral, the sensitivity of spores of the different Laminariales species studied is
related to the upper depth distribution limit of the adult sporophytes in Helgoland and
Spitsbergen. Among Laminaria species from Helgoland, efficient DNA damage repair and
recovery of the PSII damage in L. digitata zoospores contributed to their germination success.
Moreover, presence of UV-screening substance characteristics of phlorotannin, further
contributed an effective protective mechanism in the zoospores of the upper sublittoral L.
digitata. Juvenile Laminariales sporophytes were observed to possess several protective
mechanisms to minimize UVR damage and, hence, are less sensitive, but at the expense of
growth. Long term effects of UV exposure to macroalgae are better studied by measuring
growth and reproductive success as integrative parameter of all cellular processes than

photosynthetic performance.
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The field spore germination experiments showed that exposure to ambient solar
condition did not affect zoospores viability of the upper sublittoral species S. dermatodea.
Settling spores under algal canopies or at depths experiences different low-light
microenvironment suitable for photosynthetic recovery, germination and growth.
Photosynthetic acclimation of reproductive cells to persistent high light intensity and time
series of recovery of photosynthesis are recommended for future studies because under high
PAR, UVR tolerance may be enhanced by increasing activity of photorepair enzymes (Warner
& Caldwell 1983). To estimate the ecological impact of enhanced UVR, seasonal variation in
solar radiation has to be related to the reproductive seasonality of kelps as well as the diel
periodicity in zoospore release (Reed ef al. 1988; Amsler & Neushul 1989). The distinct
reproductive seasons of Helgolandic Laminaria spp. is remarkable compared to other
populations of the same species. L. digitata plants from Nova Scotia are found to be fertile
throughout the year (Chapman 1984). To ensure reproductive success, propagules production
are synchronized with the onset of favorable environmental condition (e.g. light, photoperiod
or temperature) (Liining 1980; Santelices 1990; Kinlan ef al. 2003). The summer reproductive
season of the upper sublittoral L. digitata would suggest that sporogenic tissues as well as
zoospores of this species could tolerate or possess effective protective mechanisms against
high solar radiation. On the other hand, winter reproduction in the lower sublittoral L.
hyperborea is thought to be a strategy to avoid reproductive failure due to the relative
sensitivity of their zoospores to high PAR and UVR. Zoospores are capable of dispersal,
settlement, attachment and development into new recruits across the area of the vertical tidal
zones. In the field, young recruits of Laminaria in the eulittoral are exposed to ambient
environmental stress condition. Recruitment success of individuals growing to adult
sporophytes is therefore dependent on the sensitivity or tolerance of the young Laminaria
species. Recruitment success of juvenile Laminaria may be, however, higher under the
canopy of adult sporophytes. Susceptibility of spores indicates a relation to the observed

zonation pattern of kelp community around Helgoland and in Spitsbergen.

Despite the artificial laboratory irradiance condition, it was observed that UVR affects
growth and the response is related to the depth distribution in the field. Synergistic effects
might exist between high PAR and UV; however, UV alone can also induce damage in the
field. The irradiance of the UV wavebands used in these experiments is comparable with
those occurring in nature, thus, the results are worthwhile for modelling UV-effects under

natural conditions even if strong PAR is missing. This study presents a piece of the puzzle
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which may lead to an explanation why zonation occurs in the observed pattern in nature. For
future studies, an in situ growth measurement is recommended. Prototypes of field growth
chambers with similar growth measuring technique are currently developed for future use.
Synergistic effects of abiotic factors in the field will bring new insights on how growth

mechanics operate in nature.

Results obtained from single-factor experiments impose strict limits in making
ecological inferences. UVR effects on aquatic primary producers have been extensively
studied in the last 20 years (see review, Franklin & Forster 1997; Franklin et al. 2003). The
actual and potential impact of increasing temperatures has likewise received considerable
amount of research (see review, Davison 1991). However, the interactive effects of multiple
stressors have received little attention. Ecological effects of global environmental changes,
particularly global warming and increase in UVR due to ozone depletion have recently raised
considerable concern. Environmental variables such as temperature and UVR are changing
simultaneously around the globe. These two factors have been found to induce interactive and
independent effects on germination and growth in the early life stages of two multicellular
marine algae (Hoffman e al. 2003). Moreover, net biological effects of UVR, which are a
function of both the rate of UVR-induced damage and the rate at which that damage is
repaired, is mediated by temperature and vice versa (Hoffman et al. 2003). For example,
DNA repair rates in Palmaria have been shown to increase with increasing temperature
(Pakker et al. 2000), while sensitivity of Fucus germlings to UV-B radiation is enhanced with

increasing temperature (Altamirano et al. 2003).

The effect of ambient solar radiation and temperature during the transitory planktonic
phase of kelp zoospores on germination capacity of different kelp species was effectively
studied in the field on Spitsbergen. To investigate increasing UVR and temperature under
scenario of global environmental change could, however, be achieved only using sunshine
simulators (Tiig 1996; Hanelt er al. submitted) in which the radiation and temperature
conditions can be manipulated according to the conditions forecasted. Future research using
this laboratory incubation system to study the effect of spectrally enhanced artificial solar
radiation on photosynthesis, DNA damage and repair, germination and growth of early life
stages of macroalgae at various temperatures will considerably enhance scientific output. As
the studied macroalgal species are important primary producers in inshore coastal ecosystems

serving as food for herbivores and as habitats for many organisms, changes in their depth and

140



Discussion

geographic distribution under a scenario of climate change due to stratospheric ozone

depletion and global warming can entail significant ecological domino effects.
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