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Abstract
The charophycean algal species Chara aspera was exposed for 73 days to three
levels of UVB radiation (weighted according to Caldwell’s generalized plant ac-
tion spectrum): 1.9 kJ m-2 day-1 (‘No UVB’), 6.4 kJ m-2 day-1 ('Ambient') and
10.5 kJ m-2 day-1 ('Enhanced UVB'), the latter level simulating 30% ozone reduc-
tion in The Netherlands.

Charophycean algae are mainly freshwater organisms and are thought to be
the algae most closely related to higher land plants.Therefore we expected that
responses of charophycean algae to UVB radiation might be more related to
those observed in the higher land plants than those of other ‘lower’ algal
groups.

Under elevated UVB radiation algal length was reduced.There was no induc-
tion of UV absorbing compounds under enhanced UVB.This might relate to a
sensitive response to UVB radiation.The charophycean algae show similar adap-
tations to UVB radiation as terrestrial plants, while not having UV screens as
occur in many angiosperms.Vegetative reproduction (bulbils) increased in the
presence of UVB radiation, while generative reproduction (antheridia and
oogonia) decreased.
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Introduction
The stratospheric ozone layer has declined since the early 1970s, due to the
anthropogenic emission of halogen-containing compounds, such as chloro-
fluorocarbons (CFCs). This decline in ozone thickness has resulted in an in-
crease of UVB radiation (280-315 nm) at the earth surface (Madronich 1992,
Herman et al. 1996).The most pronounced effect of the ozone depletion is the
development of the Antarctic ozone hole in the southern spring, but also at
temperate latitudes the ozone layer has declined (Herman et al. 1996, Mad-
ronich et al. 1998, SORG 1999).

Since the discovery of the ozone hole by Farman et al. (1985), much atten-
tion has been paid to the effects of UVB radiation on terrestrial and marine or-
ganisms and ecosystems. UVB radiation can cause damage to DNA (Karentz et
al. 1991a, Buma et al. 1995,Taylor et al. 1996), membranes (Kramer et al. 1991)
and damage affecting photosynthesis (see Sullivan and Rozema 1999). Some or-
ganisms are able to protect themselves or reduce the UVB damage by repairing
the damage, e.g. by ‘light’ and ‘dark’ repair of DNA damage (Sancar and Sancar
1988) or by avoiding the damage.Avoidance can be realised via changes in mor-
phology (Tevini and Teramura 1989) and by changes in chemical composition fil-
tering out deleterious UVB, the so-called ‘UVB screens’ (see Meijkamp et al.
1999).

Most research has focussed on effects of UVB radiation on marine and land
organisms and ecosystems. However, less attention has been paid to fresh wa-
ter systems (Williamson 1995).The charophytes, from an evolutionary point of
view, constitute an important group of the green algae. These algae occur
mainly in fresh water systems.The evolution of the land plants is believed to
have taken place from algae, via mosses to higher land plants (Bhattacharya and
Medlin 1998). Rozema et al. (1997) assumed that it might be of evolutionary im-
portance that UVB absorbing phenolic compounds, acting among other func-
tions as UVB screens, increase in complexity during evolution.Among the green
algae, charophytes appear to be most closely related to the higher land plants
(Devereux et al. 1990, Stafford 1991, Graham 1993).Therefore we expect that
effects of or adaptations to UVB radiation of charophycean algae might be in
line with their evolutionary position: more close to higher land plants than to
other algal groups.As far as we know, no literature is available on the effects of
UVB radiation on these algae.

Here we report results of a greenhouse experiment on the effects of UVB
radiation on charophycean algae. This study focuses on morphological and



CHAPTER 2

20

Wavelength (nm)

280 290 300 310 320

0.00

0.01

0.02

0.03

0.04

0.05

0.06

chemical changes and reproductive characteristics in the charophyte, Chara as-
pera, in response to UVB radiation.
Methods
Experimental set-up
The effects of UVB radiation on Chara aspera Deth. Ex Wild. were investigated
in a greenhouse experiment. Sediment containing spores and bulbils was collec-
ted from Lake Veluwe,The Netherlands, on 29 April 1998 and stored dark at
4ºC until the start of the experiment. Natural water of this Lake Veluwe was
collected on 17 June 1998 and stored dark at 4ºC as well. Lake Veluwe is a de-
eutrophicated shallow lake with a dense charophyte vegetation, where C. aspera
is the dominant species. For a detailed description of the Lake Veluwe see Van
den Berg (1999).The experiment was conducted from 3 July till 14 September
1998.

Aquaria (length 39 cm, width 21 cm, and height 25 cm) were filled with a
4  cm thick layer of sediment. Natural lake water was added to a height of
17 cm above the sediment.Adding demineralised water compensated for evap-
oration during the experiment.Air temperature in the greenhouse was around
24ºC (day) and 16ºC (night).The aquaria were wrapped in black plastic to pre-
vent algal growth on the sides of the aquaria. In addition to natural light,

Figure 2.1: The average above water spectrum (280-320 nm) of the treatments; solid
line is the ‘No UVB’ treatment; dotted line is the ‘Ambient’ treatment and dashed line is
the ‘Enhanced UVB’ treatment.
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170 mol m-2 s-1 PAR was supplied by Philips HPI/T lamps (400 W) to the middle
of each aquarium.The light:dark cycle was 14:10 hours.

In the middle of the light period the charophycean algae were exposed to
UV radiation for 6 hours. Philips TL 40 UV tubes provided UV radiation.Three
UV treatments were applied: No UVB, Ambient UVB and Enhanced UVB (Fig-
ure 2.1). The ‘No UVB’ treatment had a biologically effective dose (UVbe) of
1.9  (±0.7) kJ m-2 day-1, calculated using the generalized plant action spectrum
(Caldwell 1971) normalized at 300 nm. In this treatment, UVB radiated by the
UV tubes was filtered out with 0.13 mm thick polyester foil (mylar, Dupont In-
dustries, USA), which absorbs radiation < 313 nm.The ‘Ambient’ treatment had
a UVbe of 6.4 (±0.5) kJ m-2 day-1 reflecting ambient plus up to 4-7% ozone re-
duction levels around the end of June in The Netherlands (52ºN), calculated us-
ing the model of Green (1980) and assuming cloudless sky conditions. The
‘Enhanced UVB’ treatment, which simulated 30% ozone reduction, correspon-
ded to a UVbe of 10.5 (±1.2) kJ m-2 day-1. In both the ‘Ambient’ and the ‘En-
hanced UVB’ treatment the UV tubes were covered with 0.1 mm thick
cellulose acetate foil (Tamboer and Co. Chemie B.V., Haarlem, The Nether-
lands), which absorbs radiation with wavelengths < 290 nm. Differences
between the treatments were obtained by adjusting the height of the UVB
tubes above the aquaria. Both the mylar and the cellulose acetate foils were
changed weekly to avoid changes in the radiation regimes due to photodegrad-
ation of the foils.The UVA irradiance emitted by the Philips HPI/T lamps and
the Philips TL 40 UV tubes and the natural light was on average 1.64 W m-2 for
the ‘No UVB’ treatment and 1.93 and 1.91 W m-2 for the ‘Ambient UVB’ and
‘Enhanced UVB’ treatment, respectively. Four aquaria were used in every treat-
ment.

The spectral irradiance of the UVB lamps was measured with a double-
monochromator spectroradiometer (Optronics Model OL 752, Orlando, FL,
USA).With a portable UV-X radiometer with a UV-X 31 sensor (San Gabriel,
CA, USA), prepared for underwater measurements, UV measurements in the
aquaria at various depths were performed after the vegetation was collected
and the sediment stabilised (Figure 2.2).
Harvest and morphological measurements
After four days charophycean algae started emerging above the sediment in all
aquaria. Electric conductivity (EC), a measure for total dissolved salts in the wa-
ter, and pH were measured weekly.After 73 days the charophycean algae in the
aquaria were harvested from 187 cm2 of the soil surface for measurements of
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morphological characteristics.The other part of the aquaria was harvested and
used for chemical analysis. Two species occurred in the aquaria: Chara aspera
and Chara contraria A. Braun ex Kützing. About 94% belonged to the species
C. aspera and 6% to the species C. contraria.The two species were separated to
measure characteristics of individuals of the species C. aspera. Length was only
measured for charophytes longer than 25 mm. Charophytes shorter than
25 mm were counted. Furthermore, the number of branch whorls was meas-
ured. Dry weight of the harvested algal material was determined after drying
for 4 days at 70ºC.The following reproductive characteristics were measured:
generative reproduction by the presence of branch whorls containing oospores
and/or spores, and vegetative reproduction by the number of bulbils, which are
vegetative starch-rich organs (Moore 1986).
Chemical analysis of photosynthetic and UV absorbing pigments
Chlorophyll content was measured according to the method of Arnon (1949).
For the extractions 100 mg of fresh C. aspera material was put in test tubes.
After adding 5 ml of 80% acetone (Fluka, Germany), test tubes were sonicated
for 15 minutes to break the cell walls. After 3 hours of extraction at 4ºC in
dark, test tubes were centrifuged for 10 minutes at 2500 rev. min-1.The absorb-
ance of the solution was then measured with a spectrophotometer (Perkin-
Elmer Lambda UV-Vis) at 645, 652 and 663 nm.

For the determination of methanol soluble UVB absorbing compounds
10 mg of lyophilised C. aspera was added to test tubes containing 6 ml extract-
ant.The extractant was composed of 100% CH3OH (J.T. Baker, Deventer,The
Netherlands), demineralised water and 37% HCl (Riedel-de Haen, Germany) in
the ratio 79:20:1 (v:v:v).After closing the test tube to prevent evaporation, test
tubes were sonicated for 10 minutes after which they were placed in a water
bath at 90ºC for 1 hour. Cooled test tubes were then centrifuged for
10  minutes at 2500 rev. min-1. The absorbance of the resulting solution was
measured at 280, 300, 320, 340, 360, 380 and 400 nm (Perkin-Elmer Lambda
UV-Vis spectrophotometer) (Meijkamp et al. 2001,Visser 1997).
Data analysis
For statistical analysis of treatment effects on the length of the charophycean
algae, only plants longer than 25 mm were used. A Kolmogorov-Smirnov test
was performed to test for normality.The data were logarithmically transformed.
Although the variances of the data were not homogeneous (tested by a Bartlett
Box), the most suitable statistical test was a nested ANOVA to analyse these
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data. The different aquaria were nested within the UVB treatments. Length
measurements were taken as replicates within an aquarium.

For data on dry weight, charophycean algal density, both chlorophyll a and b
concentrations and number of bulbils, a one-way ANOVA was used, after test-
ing for normality and homogeneity of variance of the data with the tests men-
tioned above.The data on generative reproduction were first transformed using
the arcsinus square root transformation, after which a one-way ANOVA was
done. For the average number of branch whorls a Kruskal-Wallis test was per-
formed. Significance level in all statistical tests was 0.05.All statistical tests were
performed using the program SPSS (SPSS Inc., Chicago).
Results
Experimental conditions
There was no significant difference in pH between the applied treatments. At
the start of the experiment the average pH in the aquaria was 8.5 (± 0.1). Dur-
ing the course of the experiment the average pH increased to 9.4 (± 0.1) at the
day of the harvest.The electric conductivity (EC) decreased from 877 ±10 to
770 ±16 µS cm-1.There was also no significant difference in EC between the
aquaria in all treatments. The radiation profile measured with the UV-X ra-
diometer (Figure 2.2) shows that UV is attenuated by the water column.
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Figure 2.2: Below water UV conditions of
the different treatments. Attenuation of UV
radiation within the water column, measured
with a broad band sensor; line with closed
circles represents the ‘No UVB’ treatment;
the line with open circles represents the
‘Ambient’ treatment and line with closed
triangles represents the ‘Enhanced UVB’
treatment; errors bars are shown (n=4).
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Figure 2.3: Average length of C. aspera per treatment (wide bars) and the average length
(+ SE) of C. aspera per aquarium within a treatment (small bars; n varies from 91 to 232).
Different capital letters indicate significant difference between treatments; different lower-
case letters indicate significant difference within a treatment.

Table 2.1:ANOVA table of the statistics of length of C. aspera
Sig.Sum of Squares df Mean Square F

Between UVB
treatment =0.012.140 2 1.070 7.810
Within UVB
treatment 1.237 9 0.137 4.496 < 0.001
Error 59.33 1941 0.030

Table 2.2: Average (± SE) plant density, average number of branch whorls and average
biomass per treatment (n=4).

Density (nr of plants cm-2)
Average number of branch whorls

Biomass (g DW cm-2)

No UVB Ambient Enhanced UVB
3.8 ± 0.5 4.3 ± 0.2 3.6 ± 0.1
3.3 ± 0.3 3.4 ± 0.2 3.1 ± 0.2

0.80 ± 0.06 0.75 ± 0.02 0.83 ± 0.04
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Morphology
There was a significant effect of UVB radiation on length of C. aspera (P=0.01)
at the end of the experiment.The ‘No UVB’ treatment resulted in the largest
charophycean algae, followed by the ambient treatment. Under enhanced UVB
the charophycean algae were the shortest. Besides this effect between the UV
treatments, there was also a significant difference between aquaria within some
of the treatments (P<0.001; Figure 2.3,Table 2.1).This might be related to differ-
ences in irradiance, as the aquaria could not be rotated in order not to disturb
the growth of the charophycean algae.Although there was some variation with-
in the treatments, the effect of UVB radiation is clear.

Biomass of the charophycean algae was not affected by the different UV
treatments, nor was there a significant difference in charophycean algal density.
There was also no difference in average number of branches per plant (Table
2.2).

Figure 2.4: Average number of bulbils collected per aquarium per treatment (n=3).
Standard errors are shown; significant differences of number of bulbils between
treatments are indicated with different lower-case letters.
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No UVB
Ambient
Enhanced UVB

Chlorophyll a Chlorophyll b
6.16 ± 0.10 2.38 ± 0.08
6.01 ± 0.77 2.41 ± 0.31
6.38 ± 0.82 2.57 ± 0.32

Table 2.3: The average (±SE) chlorophyll concentration (mg l-1) in the charophyte
samples per treatment (n=4).
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Reproduction
The ambient and enhanced UVB treatment had more bulbils (vegetative repro-
ductive structures) than the treatment without UVB (P<0.01; Figure 2.4).
However, in the no UVB treatment the number of branches containing generat-
ive reproductive organs was significantly higher than in the ambient and en-
hanced UVB treatments (P<0.01; Figure 2.5).
Photosynthetic and UVB absorbing compounds

For the chemical analysis the charophyte samples comprised both C. aspera
and C. contraria.There was no effect of UVB on the chlorophyll a and chloro-
phyll b concentrations in the samples (Table 2.3), neither was there a significant
difference in the absorption of the methanol soluble UVB absorbing com-
pounds between the treatments at the wavelengths measured (Figure 2.6).
Discussion
Experimental conditions
The pH and electric conductivity did not differ between aquaria during the ex-
periment.Therefore, there were no differences in growth conditions between

Figure 2.5: Percentage (+SE; n=4) of C. aspera plants that contain generative reproduct-
ive structures on the branch whorls as antheridia and/or oogonia (solid bars) or spores
(dashed bars). Significant differences of percentages of plants with antheridia and oogonia
between treatments are indicated with different capitals; different lower-case letters indic-
ate significant difference in percentages of plants containing spores between treatments.
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the UV treatments. C. aspera grows under natural conditions at a pH of 6-9
(Nat et al. 1994). In the aquaria, the pH increased from 8.5 (±0.1) to 9.4 (±0.1),
which slightly exceeds the range of natural occurrence. However, under cultiv-
ated conditions a higher pH than under natural conditions may be observed
(Van den Berg 1999, J. Simons personal comment).
Morphology
Charophytes, like C. aspera, are composed of multicellular nodes, from which
branch whorls are formed, and single celled internodes.These internodes can
be surrounded by modified laterals (e.g. in C. aspera), forming a one cell layer
thick cortex (Moore 1986).There was a negative effect of UVB radiation on the
length of C. aspera plants.As there was no effect of UVB on plant density and
on total biomass or on the average number of branch whorls per algae, it
seems that UVB negatively affects cell elongation of the internodes.This is in
contrast with the way in which growth reduction under the influence of UVB
occurs in unicellular marine algae. In these organisms cells become larger, be-
cause cell division is inhibited by UVB radiation (Karentz 1994, Buma et al.
1995). However, in higher land plants internode length (Meijkamp et al. 2001) or
shoot elongation can be reduced as well, e.g. by changes in phytohormones
(Ros and Tevini 1995).Thus changes in morphology can result in avoidance of
UVB radiation (Tevini and Teramura 1989).

Figure 2.6: Absorbance of methanol soluble UVB absorbing pigments in C. aspera. Bars
represent average pigment absorbance (+SE) per treatment at different wavelengths
(n=4).
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Reproduction
C. aspera propagates both by the formation of diploid oospores and by forming
vegetative, starch-rich organs, the bulbils (Moore 1986, Krause 1997). There
seemed to be a trade-off in reproduction strategy. Under enhanced UVB radi-
ation C. aspera formed more vegetative reproduction structures than in the ab-
sence of UVB, while the opposite was found for the generative reproduction.
Bulbils can serve as structures for propagation during the growing season, but
also play an important role in wintering (Krause 1997). More bulbils might per-
haps result in a denser vegetation in the next growing season, where competi-
tion with other algae and macrophytes might be influenced. On the other hand
less generative reproductive structures, both antheridia, oogonia and spores,
were formed under enhanced UVB radiation. Spores are important for disper-
sion and recolonisation (Krause 1997).Therefore, enhanced UVB might negat-
ively influence dispersion. This trade-off between generative and vegetative
reproduction in C. aspera under enhanced UVB has not been observed in high-
er terrestrial plants. It is generally known that in higher land plants the invest-
ment in generative reproductive structures might increase under stress
conditions (Grime 1989).
UV absorbing compounds
UV absorbing compounds are important in screening UVB. By lowering UVB
levels within the plant tissues damage to DNA, membranes, proteins and pho-
tosynthetic tissue can be prevented or reduced (Meijkamp et al. 1999). In C. as-
pera no changes were observed in methanol soluble UV absorbing compounds
under enhanced UVB.This makes these algae potentially sensitive to UVB radi-
ation. The absence of increased UVB absorbing compounds under elevated
UVB is remarkable, since both in cyanobacteria, algae and in higher land plants
increased absorbance has been reported under influence of UVB (Büdel et al.
1994, Meijkamp et al. 1999). In algae, both in marine and fresh water, induction
of mycosporine like amino acids (MAAs) has been shown (Garcia-Pichel and
Castenholz 1991, Karentz et al. 1991, Xiong et al. 1997), whereas in higher land
plants, e.g., flavonoid concentrations may be enhanced under elevated UVB
(Meijkamp et al. 1999). Preliminary measurements on the presence of flavonoids
in C. aspera in our experiment did not show these types of secondary metabol-
ites (data not shown). Markham and Porter (1969) reported the presence of
flavonoids in charophytes. However, this finding has not been reproduced since
then (Harborne 1986,Wegner-Hambloch 1983).Thus, the presence of flavon-
oids in charophytes is questionable (cf. Stafford 1990).
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Ecological effects of changes in penetration of UV-radiation
Light is attenuated in the water column (Kirk 1994).The UVB dose received by
the charophycean algae therefore was lower than applied at the water surface
(Figure 2.1, Figure 2.2). Under enhanced UVB charophycean algae were shorter.
As UVB radiation is absorbed much more by water than in air, in aquatic eco-
systems reduced algal length will result in a lower UVB dose at plant level.Thus,
the shorter charophytes received a lower UVB dose. This might be advanta-
geous to avoid UVB radiation, but also photosynthetically active radiation (PAR)
decreases with depth and the growth rate of charophytes may be reduced as
well.

Penetration of UV into the water depends on local water properties and
may be influenced by e.g. the amount of dissolved humic substances and the
amount of particles present in the water (Kirk 1994). De Lange (1999) meas-
ured UVB radiation in Dutch lakes. Measurements in the clearest lake showed
that the depth at which 1% of the UVB radiation was present was 0.5 m, while
the euphotic depth reached to 5.5 m. In Lake Veluwe C. aspera occurs at depths
of 30-80 cm (Van den Berg 1999).Above charophyte meadows in Lake Veluwe
the water transparency for PAR is high (a light attenuation coefficient , Kd (m-1),
< 1). However in unvegetated sites the Kd is > 4, which is due to high detritus,
inorganic suspended solids and chlorophyll a (Van den Berg 1999).Therefore
C. aspera might be exposed to solar UVB under natural conditions as well, de-
pending on the water transparency.

Besides receiving less PAR, another disadvantage for short algae is lower nu-
trient uptake. Charophycean algae take up nutrients both via the rhizoids and
via the shoots (Krause 1997). However, as charophytes were smaller under en-
hanced UVB, the total surface of the charophycean algae was smaller as well
and therefore nutrient uptake can be limited.This might reduce the competition
capacity to algae and macrophytes that do not suffer growth depression.

In general, it can be concluded that charophycean algae show some adapta-
tions to enhanced UVB similar to terrestrial plants. However, charophycean al-
gae are potentially sensitive to UVB radiation, as there seems to be no
induction of UVB absorbing compounds under influence of enhanced UVB
levels. Avoiding UVB by reducing length may be effective (Tevini and Teramura
1989), but reduced length also affects the competitive ability of the species, by
reduced light interception and perhaps lower nutrient uptake. There was a
change in reproduction strategy, which might affect dispersion of the species.
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