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The sun, ozone depletion and enhanced levels of UVB radiation
The sun provides the earth with energy by radiation, that can be divided into
three wavebands: infrared (IF; wavelengths >700 nm), photosynthetically active
radiation (PAR; wavelengths from 400-700 nm) and ultraviolet radiation (UV;
wavelengths < 400 nm).

The amount of radiation and the wavelengths reaching the earth surface are
dependent on scatter and absorption in the atmosphere (atmospheric condi-
tions) and the length of the path that the wavelengths travel through the at-
mosphere. In the atmosphere solar radiation is scattered and absorbed by par-
ticulate matter, water vapour and molecules like oxygen, ozone and nitrogen.
The path length is influenced by solar angle and altitude.

Only a limited part of the solar radiative spectrum consists of UV radiation.
However, by its shorter wavelengths, it has high energy contents. As a con-
sequence it is more damaging than other wavelengths for life on earth.The UV
waveband is generally divided into three bands: UVA (315-400 nm), UVB (280-
315 nm) and UVC (wavelengths < 280 nm).The stratospheric ozone layer has a
large influence on the UV radiative spectrum reaching the earth: it absorbs all
UVC and a large part of the UVB radiation. UVA radiation and longer
wavelengths are mostly transmitted.

In the stratosphere a continuous process of production and destruction of
ozone takes place. While ozone is formed from oxygen molecules at
wavelengths shorter than 240 nm, it is destructed by catalytic reactions with
nitric oxide (NOx), hydroxide (HOx), and atomic chlorine and bromines. Human
activities have influenced the ozone layer negatively, by causing additional ozone
depletion due to the emission of ozone depleting catalysts, like CFCs (chloro-
fluorocarbons). Global circulation patterns affect the concentrations of these
compounds in the stratosphere. Moreover, catalytic reactions between ozone
and these compounds occur more frequently at very low temperatures. The
thickness of the ozone layer, therefore, differs around the world and during the
year. Especially in the Antarctic region, the ozone layer is depleted most
severely every year. However, also in the northern hemisphere the ozone layer
has become thinner since the early 1980s.With a thinner ozone layer, higher
levels of UVB radiation and shorter wavelengths reach the earth surface with
detrimental effects on various kinds of organisms.
Effects of UV radiation on plants
(Enhanced) levels of UVB radiation may lead to damage for life on earth. Far-
man et al. (1985) discovered the ozone hole and were the first who reported
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on a thinning of the ozone layer. Since then much attention has been paid to the
effects of UV(B) radiation on terrestrial and marine organisms.Those studies
focusing on plants revealed that UVB radiation causes direct damage to DNA,
proteins, lipids, pigments and phytohormones (for an overview see Meijkamp
2006).This damage may lead to altered growth and morphology. However, many
plants are able to avoid damage or to repair UV-induced damage.Vascular plants
and algae, for instance, showed the ability to produce UVB absorbing com-
pounds that filter out UVB radiation (Schnitzler et al. 1996, Meijkamp et al. 1999,
Searles et al. 2001).Algae have been shown to produce mycosporine-like amino
acids (MAAs), while flavonoids act as UVB screens in vascular plants (Cockell
and Knowland 1999). Flavonoids have also been found in some moss species
(Markham et al. 1990), but in that case, induction by UVB radiation has not been
proven yet. In addition, plants avoid UVB damage by altered plant morphology
(Meijkamp 2006).

Damage to DNA can be repaired via two ways: in the dark (dark repair) and,
more efficiently, by enzymatic photoreactivation in which UVA and blue light
play an important role to activate this enzymatic reactions (Sancar and Sancar
1988).Together, the ability to protect against UVB radiation and to repair the
damage determines the sensitivity of an organism to UVB radiation.
The evolution of land plants and the UVAQTER project
While the majority of studies on UVB effects focuses on vascular plants,
Rozema et al. (1997) put forward that during early land plant evolution the radi-
ation spectrum differed from now, with higher UVB levels than at present, since
the stratospheric ozone layer was still developing. Adaptations to UVB were
needed to survive these harsh terrestrial conditions.Therefore, Rozema et al.
(1997) hypothesized that protection to UVB radiation was an important factor
in early land plant evolution.

Since firstly UVB levels differed during land plant evolution and, secondly
adaptations might be developed via different evolutionary lines, differences in
UVB adaptations might be expected between plants which developed early
versus later in the evolution of land plants. Terrestrial plant life roughly de-
veloped along the line green algae, bryophytes, ferns, gymnosperms and angio-
sperms.
[1] UVAQTER is the acronym for 'The role of Ultra Violet-B radiation in Aquatic andTerrestrial ecosystems: an experimental and functional analysis of the evolution ofprotective and adaptive mechanisms in plants' (project reference ENV4970580).
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The European project UVAQTER[1] focused on the effects of enhanced levels
of UVB radiation on plants from marine, freshwater and terrestrial ecosystems,
following the evolutionary line of algae, charophycean algae, lichens, bryophytes
to vascular plants.The project aimed to analyse, characterize and compare the
functioning of UVB screens, i.e. compounds absorbing UVB radiation, in these
plant groups, since these compounds were assumed to increase in complexity
in accordance with the evolutionary line of vascular plants.This prediction had
been made because ancient UVB levels, during land plant evolution, were prob-
ably higher than at present (Rozema et al. 1997).Within the evolutionary line,
specific plant groups were studied by the four different participating research
groups.The research presented in this thesis was part of this UVAQTER pro-
ject and focuses on the effects of UVB radiation on the plant groups charo-
phycean algae and bryophytes.
The effects of UVB on charophytes and bryophytes
From the now living green algae, Charophyceae are most closely related to the
vascular land plants.These charophycean algae or charophytes have a common
ancestor with vascular land plants. Charophytes are multicellular algae that are
found on the entire gradient from shallow to deep (>20 m) freshwater systems.
In contrast to plants living on the land, aquatic plants and algae have to cope,
amongst other differences, with altered radiation conditions. Several processes,
like reflection and attenuation, influence radiation conditions in aquatic systems
(Kirk 1994). Dependent on the solar angle part of the solar radiation is directly
reflected at the water surface. Subsequently, radiation is attenuated in the water
column by absorption and scatter (Kirk 1994). Chemical, biological and physical
properties of the water determine the depth each wavelength reaches. As a
consequence, reflection and attenuation vary, depending on the conditions, for
different wavelengths. An important factor for the penetration depth of UVB
radiation is, among other factors, the amount of dissolved organic matter
(DOM). Freshwater generally contains higher levels of DOM than marine wa-
ters and subsequently UVB radiation is attenuated more quickly in freshwater.
Nevertheless it still may penetrate to considerable depths. Therefore, (en-
hanced levels of ) UVB radiation may still be of importance in clear shallow
freshwaters and affecting charophycean algae. In addition, submerged vegetation,
and especially charophycean algae, contribute to increasing water transparency
(references in De Bakker et al. 2005) and therefore UVB levels are expected to
penetrate deeper as well.

Bryophytes are in the evolutionary line more closely related to vascular
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plants than charophycean algae.They occur (mostly) on land and are present in
many different habitats worldwide, e.g. in bogs, fens, forests, dunes and grass-
lands. In contrast to vascular plants, most bryophytes lack vascular tissue and a
cuticle on the leaves. Instead, they take up nutrients and water via their leaves
and stems (Proctor 2000). In addition, bryophytes are poikilohydric: they de-
pend on sufficient air humidity to be physiologically active. During moist
periods they photosynthesise and grow and during times of drought they sus-
pend their metabolism (Proctor 2000) and there is no growth.The ability to
survive desiccation and to absorb nutrients from e.g. rain and fog give bry-
ophytes the opportunity to grow in many different habitats. Exposure to UVB
radiation and the extent of adaptation by bryophytes thereto, may depend on
their habitat characteristics. Obvious are the differences in exposure to differ-
ent irradiance regimes for forests versus open ecosystems. In addition to differ-
ent radiation regimes, habitats also differ in the extent to which species are
exposed to other stresses, such as drought. Compounds that might reduce ef-
fects of drought, like those related to oxidative stress, may additionally act as
UVB screen (Smirnoff 1993).
Experimental conditions: controlled or field experiments
Studies on the effects of UVB radiation in plants have been conducted in
growth chambers, greenhouses and under (semi-)natural conditions. Each of
these methods has advantages and disadvantages. In general, growth chambers
and greenhouses give researchers the ability to manipulate each environmental
variable separately, e.g. radiation, temperature, or humidity. Often higher num-
bers of replicates can be used and side effects can be minimized by rotating the
experimental units. However, the manipulated environmental conditions often
differ from the field conditions. Simulating solar radiation spectra in growth
chambers and greenhouses is difficult. Due to technical constraints, UVA and
visible radiation (PAR) are often low compared to natural conditions, while
these are important in mitigating UVB effects on plants (Caldwell et al. 1994).

In contrast to controlled conditions, seldom plants are exposed to a single
stress factor under natural conditions. More often several factors influence
plant performance at the same time, like e.g. water stress, nutrient availability
and temperature (Caldwell et al. 1998).The effects of UVB radiation under field
conditions may therefore be influenced by these additional stressors. Plant per-
formance under these circumstances may be different from those under con-
trolled conditions. In this thesis, therefore a combination of different methods
has been applied.
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Research questions and thesis outline
Given the importance of bryophytes and charophycean algae in the evolution-
ary line of land plant development, the overall aim of this thesis is to study the
effects of UVB radiation on growth, DNA damage and induced UVB absorbing
compounds in charophytes and bryophytes. In addition, the effects found in
charophytes and bryophytes are placed in an ecological framework by analysing
charophycean algae under both controlled and field conditions, and by including
a comparison of the UVB effects in bryophytes from three contrasting habitats.
The research questions addressed in each chapter are listed in Table  1.1. Al-
though many studies determined the effects of UVB radiation on different or-
ganisms, only a limited number so far focused on the effects of UVB radiation
on bryophytes and even fewer on the effects on charophytes. For charophycean
algae this study was actually one of the first. Bryophyte UVB studies have been
conducted mainly on species from bog habitats with short summer periods (as
snow covered them in winter) in the Arctic and Antarctic region. In the Nether-
lands, situated in the temperate Atlantic region, bryophytes are mostly year-
round exposed to UVB radiation and much less information was available for
bryophytes growing under these conditions.

Thus, Chapters 2 and 3 focus on the effects of UV radiation on charo-
phycean algae. Chapter 2 reports on the effects of UV on growth, DNA dam-
age and UVB absorbing compounds under climate controlled conditions.
Subsequently, in Chapter 3, the actual effects of UVB radiation under natural
conditions are shown, measured by a combination of in situ UV measurements
and DNA dosimeters, and sampling of charophytes. Chapters 4 and 5 focus
on bryophytes. Chapter 4 presents the effects of UVB radiation on the dune
moss species Syntrichia ruralis under semi-natural conditions. Bryophytes occupy
many different habitats with different UVB exposure. In Chapter 5, nine bry-
ophyte species from three different habitats (forests, dunes and fens/bogs) are
compared in their response to UVB radiation in an experiment with standard-
ized climate controlled conditions. In Chapter 6, the results are summarised
and discussed.
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Charophytes:
Plant group

Chara aspera What are the effects of enhanced levels of UVB radiation on growth,
morphology, and amounts of UVB absorbing compounds under climate
controlled conditions? (Chapters 2, 3)

What are the UVB radiation patterns in waters with natural charophyte
dominance? (Chapter 3)

What are the effects of UVB radiation under natural conditions? (Chapter 3)
Bryophytes:

What are the effects of enhanced levels of UVB radiation on DNA damage,
growth, and amounts of UVB absorbing compounds in different bryophytes
in a climate controlled greenhouse? (Chapter 5)

Does habitat origin affect the bryophyte UVB responses? (Chapter 5)

Syntrichia ruralis,
Dicranum scoparium,
Mnium hornum,
Polytrichum commune,
Polytrichum juniperinum,
Polytrichum formosum,
Campylopus introflexus,
Sphagnum magellanicum,
Sphagnum fallax

What are the effects of enhanced levels of UVB radiation on growth,
morphology, and amounts of UVB absorbing compounds and total phenolic
compounds under semi-natural conditions? (Chapter 4)

Syntrichia ruralis

Table 1.1:The research questions that were studied in this thesis
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