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Abstract

The effects of solar radiation on photosynthetic oxygen production and pulse amplitude modulated (PAM) fluorescence
were measured in the marine brown macroalga Padina pavonia harvested from different depths from the Greek coast near
Korinth. In fluence rate-response curves the light compensation point for photosynthetic oxygen production increased and
the saturation level decreased with increasing exposure time to solar radiation. Cutting off the UV-B wavelength range
(280-315 nm) from solar radiation reduced the inhibition of photosynthesis, and the organisms were less affected when all
of the UV radiation was filtered out. Algae collected from 7 m depth were much more prone to photoinhibition than those
harvested from rock pools exposed to unfiltered solar radiation. During continuous exposure to solar radiation, rock pool
algae showed photoinhibition after longer periods of time than specimens from 7 m or from dark adapted habltats When
subjected to unfiltered solar radiation the ratio of the variable fluorescence to the maximal fluorescence F, /F,, (F,=F, — F,)
rapidly declined with increasing exposure time. However, again algae from 7 m depth were more prone to photomhlbmon
than rock pool algae. The differences between the two ecological strains were less obvious when UV-B or total UV was
removed from solar radiation. Only in the latter case a complete recovery was observed after 2 h'while, when exposed to
unfiltered sunlight, only the rock pool algae recovered completely within that time.

Keywords: Clark electrode; Oxygen measurements; Padina pavonia; Pulse amplitude modulated fluorescence; Phaeophyta; Photoinhibition;
Solar radiation; Ultraviolet radiation

1. Introduction their habitat [1]. While some organisms inhabit the
' area above the tidal zone (supralittoral) exposed only
to the spray from the surf, others populate the zone
which is characterized by the regular temporal change
) in the tides (eulittoral or midlittoral). Still others are
" Corresponding author. Tel: +49 (9131) 858216; Fax: +49 restricted to the range below the tidal zone (sublit-
(9131) 858215. ‘ toral).

In contrast to phytoplankton, macroalgae show a
distinct and fixed pattern of vertical distribution in
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In addition to the degree of exposure to air,
another important factor controlling the abundance
and species distribution of algae is sunlight exposure.
While some algae are adapted to the bright solar
radiation at the surface by, for example, being ex-
posed in rock pools, the other extreme is represented
by algae which thrive only in crevices or under
overhanging rocks where light exposure is limited to
a small fraction of diffuse radiation. The difference
between the various exposures can be substantial,
ranging from over 1000 W m ™2 on clear days at the
surface to a few percent of this radiation which
reaches, for exdample, the understorey of a kelp
forest. The record lowest occurrence of algae was
found in some rhodophyta at a depth of 268 m in the
Bahamas (0.001% of the surface light), but report-
edly growth in these organisms is extremely slow
being in the order of a few cells per year [1].

In recent years there has been increasing interest
in the ecology of macroalgae being adapted to such
extremes in irradiance [2]. Another area of interest is
how an organism can adapt to the rapidly changing
light conditions in its environment. Experiments by
Hanelt and co-workers [3-5] have shown that in
many macroalgae net photosynthesis is limited to a
specific range of irradiances. Under suboptimal irra-
diances photosynthetic activity decreases and may
fall below the light compensation point where respi-
ration dominates the oxygen exchange. At the other
extreme, excessive radiation may damage the photo-
synthetic apparatus of the cells [6-8].

Under excessive radiation in both higher plants
and macroalgac photoinhibition can be observed
which can be measured as a decrease in photo-
synthetic activity [4-6,9-12]. The DI protein is one
of the key targets of excessive radiation [13,14]; it is
thought to be altered in its secondary structure which
is recognized by a protease. One of the recovery
mechanisms of the photoinhibitory damage is the
replacement of the degraded D1 protein by newly
synthesized protein. Photoinhibition has been con-
firmed by PAM (pulse amplitude modulated) fluo-
rescence measurements [15]; this method uses tran-
sient changes of chlorophyll fluorescence [16,17].
The photosynthetic apparatus can be protected from
excessive irradiation by relaxation of excited chloro-
phyll states via carotenoids [18] and by inactivation
of photosystem II reaction centers [19,20].

In addition to visible radiation, solar ultraviolet
radiation is a strong environmental stress factor which
modifies the photosynthetic activity of both terres-
trial and aquatic plants [21-24]. In several species of
marine benthic algae and phytoplankton, inhibitory
effects of UV-B (280-315 nm) on photosynthesis
and chlorophyll fluorescence have been documented
[25-27]. UV-B seems to affect several targets in
photosynthesis: it impairs the D1 protein associated
with photosystem II, which results in a decrease of
the noncyclic photosynthetic electron transport
[28,29]. The water splitting site of photosystem II
and the reaction center of photosystem II are dam-
aged by ultraviolet radiation [30,31] and, finally, the
integrity of the membranes is affected, caused by a
decrease in the lipid content and that of membrane
transport systems [32].

The aim of this paper is to describe the effects of
Mediterranean solar radiation on photosynthetic oxy-
gen production, photoinhibitory events and their re-
covery under dim-light conditions in the brown alga,
Padina pavonia.

2. Materials and methods

2.1. Plant material

Padina pavonia was collected from east-exposed
rocky shores on the coast of Saronikos Gulf, near
Korinth, Greece (37° 58’ N, 23° 0’ E). Two ecologi-
cally different populations were identified: one grew
in rock pools exposed to full solar radiation only a
few centimeters below the water surface. The other
population was harvested by diving to a depth of
about 7 m where it was exposed to lower irradiances
(Secchi disk depth was about 11 m; ca. 34% of
surface visible light). The thalli were harvested on
the evening before the measurements and kept in a
large quantity of seawater overnight outside the labo-
ratory. Until the algae were subjected to the mea-
surements they were kept in the shade.

72.2. Exposure to light

Whole Padina thalli were exposed in open glass
Petri dishes {(diam. 5 cm) which were kept in a water
bath at a constant temperature of about 26°C. The
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algae were covered with one of three long pass
filters: WG 295 cut-off filter, which hardly removes
any wavelengths from solar radiation (% transmis-
sion: UV-B: 74%, UV-A: 89%, PAR: 91%); this was
done to warrant similar conditions as in the case of
the other filters (see below). WG 335 absorbs wave-
lengths shorter than 335 nm (UV-B: 0%, UV-A:
70%, PAR: 91%) and GG 400 absorbs wavelengths
shorter than 400 nm (UV-B: 0%, UV-A: 1%, PAR:
86%); all filters were 3 mm thick (Schott and Gen.,
Mainz, Germany).

The plant material was exposed to solar radiation
between 11.30 a.m. and 3.30 p.m. (local noon was at
about 1.35 p.m.) in June and August/September
1994. The fluence rates for the components of solar
radiation (UV-A, UV-B and visible) were deter-
mined with a bandpass radiometer (RM-10, Dr. M.
Grobel, Karlsruhe, Germany) previously calibrated
against a spectroradiometer (Optronic 752; Orlando,
Florida). During noon time the measurements yielded
about 418 W m~? PAR (=105 klx) in the visible
range, 54 W m™~? in the UV-A band and about 2.14
W m 2 in the UV-B band (representative data,
measured on 8 August, 1994). On cloudless days the
daily variation of irradiation was less than 10% at
noon.

2.3. Measurements of oxygen exchange

Photosynthetic oxygen exchange was measured
before and after regular intervals of solar radiation
using a Clark type electrode [33]. Samples of the
algae were selected and transferred into a closed
chamber filled with filtered sea water (2 ml volume)
which was agitated with a magnetic stirrer. The
samples were irradiated with actinic white light pro-
duced from a 250 W slide projector (Prado, Leitz,
Wetzlar, Germany) equipped with a quartz halogen
lamp (Xenophot, Osram, Berlin, Germany). The irra-
diance was adjusted by inserting neutral density fil-
ters (Schott and Gen., Mainz, Germany). After a
pre-irradiation of 2 min with the respective irradi-
ances the photosynthetic activity of the algal samples
was recorded over a time-period of about 4 min and
calculated in terms of mol O, per cell and min.
Respiration was nearly not affected under all irradia-
tion conditions. The absolute oxygen concentrations
were within the range of 70 to 90% oxygen satura-

tion. The area of the thallus piece irradiated in the

chamber was measured and the number of cells per
unit area was determined with a light microscope
and an image analysis system connected to it [34,35].

2.4. Measurements of fluorescence induction

In vivo chlorophyll fluorescence was measured at
room temperature with a pulse amplitude modulated
fluorometer (PAM 100, Waltz, Effeltrich, Germany)
as described by [15]. Before and after predetermined
periods of exposure to solar radiation the initial
fluorescence F, and the maximal fluorescence F,
were measured and the ratio F, /F, were determined,
where F, is E, —F,. Before the measurements the
thalli were dark-adapted for 10 min to guarantee an
oxidized electron transport chain. Prolonged dark
adaptation to 30 min showed no change in F, (data
not shown). The ground fluorescence F, was induced
by 1 us, low irradiance red light pulses (11 mW
m~?; emission peak at 650 nm, applied at a fre-
quency of 1.6 kHz) emitted from a LED (type USBR,
Stanley). Maximal fluorescence E was induced by a
saturating pulse of white light (800 ms; 770 W m~?)
transmitted by a fiber optic connected to a halogen
cold light lamp (KL 1500 electronic, Schott).

2.5. Photosynthesis measurements in the water col-

umn

Photosynthetic activity of the algae on site, above
and in the water column, was assayed using an
instrument described recently [36,37]. The device is
water tight, so that it can be lowered into the water
column. It is made from PVC with a screwed-on
solid Plexiglas top which allows the penetration of
solar UV-B irradiation (GS 2458, R6hm and Haas,
Darmstadt, Germany). The sample cuvette is inte-
grated into the top and has a volume of 20 ml. The
alga thallus is contained in the top half of the cuvette
separated from the bottom half by a grid to allow
water exchange. The medium in the bottom half is
agitated by a magnetic stirrer, and the oxygen elec-
trode is inserted into the cuvette from below avoid-
ing enclosed bubbles. The preamplifier and polariza-
tion source for the electrode [38] are cast into
polyester resin, and all connectors are water tight to
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prevent shorting by salt water bridges which may be
caused by unintentional seawater spills. Integrated
into the top of the device there is a silicon photodi-
ode (type BPW 21, Siemens, Germany) which mea-
sures in the PAR wavelength band (400—-700 nm) as
well as an NTC resistor for temperature measure-
ments.

The analog signals from the electronics are routed
via a control unit, which includes an amplifier, to an
A /D converter card (Kolter electronic ADC12L.C)
housed in the extension box of a laptop computer
(Vobis Highscreen 486 DX33). A computer program
allows the experimental data to be displayed on the
computer screen in graphical and numerical form
and to be stored in disk files. Furthermore, the
program calculates the slopes of the oxygen concen-
tration curve versus time, thus determining the oxy-
gen production. Oxygen concentrations in the cham-
ber were in the same range as for the laboratory
measurements. The samples were freshly collected
and transferred to the measurement chamber. First
dark respiration was measured and then the samples
were exposed to solar radiation between 11.30 and
3.30 p.m.

3. Results

Fluence rate-response curves of photosynthetic
oxygen exchange in P. pavonia were measured for
algae harvested from 7 m depth after increasing
times of exposure to solar radiation (WG 295, Fig.
1). The control curve (before exposure) showed a
steep increase in oxygen production with increasing
irradiance, and the compensation point was found at
5 W m™ 2. Saturation was reached at an irradiance
which corresponds to about 25% of solar radiation.
When a fluence rate-response curve was measured
after 10 min of exposure to solar radiation the com-
pensation point was shifted to higher irradiances and
the saturation level was lower than in the control
curve. This trend continued with increasing exposure
time and, after 40 min of solar radiation, no net
photosynthetic oxygen production could be induced
by any irradiance. When the cells were left in dim
light for 2 h, oxygen production had partially recov-
ered. The experiment was repeated with thalli ex-
posed under a WG 335 filter (which essentially
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7 Fig. 1. Fluence rate-response curves of photosynthetic O, produc-

tion in Padina pavonia harvested from 7 m depth in white light
before (control, O) and after exposure to solar radiation for
different time intervals (10 min, A; 20 min, v; 40, min O) as
well as recovery (@) of photosynthetic O, production from a 40
min exposure measured after 2 h in dim light. Solar radiation was
filtered through a WG 295, WG 335 or GG 400 filter, respec-
tively.

7removes all UV-B radiation). In this case the 10 min

curve saturated slightly above the control curve and
the 20 min curve was even higher (Fig. 1). Also in
contrast to the thalli exposed under the WG 295
filter, 40 min of exposure did not completely block
photosynthetic oxygen production. A similar result
was obtained when exposing the thalli under a GG
400 filter which removes most of the UV (UV-A and

'UV-B) radiation (Fig. 1).

This series of experiments was repeated with

‘algae collected from a rock pool just below the water

surface (Fig. 2). In contrast to algae harvested from 7
m depth, in rock pool algae solar radiation passed
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through the WG 295 filter induced a higher satura-
tion level than in the control after 10 min of expo-
sure (Fig. 2). In addition, the compensation point of
the control was found at 13 W m 2. Also the 40 min
curve saturated above the compensation level. Val-
ues were closer together in the samples irradiated
under the WG 335 filter (Fig. 2) and the GG 400
filter (Fig. 2). Small differences in the absolute
saturation levels are due to biological scattering be-
tween individual thalli.

Photosynthesis in Padina was measured in a
submersible device using solar radiation as actinic
light. A thallus harvested from a rock pool was
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Fig. 2. Fluence rate-response curves of photosynthetic O, produc-
tion in Padina pavonia harvested from a rock pool in white light
before (control, O) and after exposure to solar radiation for
different time intervals (10 min, A; 20 min, v; 40 min, O) as
well as recovery (@) of photosynthetic O, production from a 40
min exposure measured after 2 h in dim light, Solar radiation was
filtered through a WG 295, WG 335 or GG 400 filter, respec-
tively.
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Fig. 3. Oxygen exchange of Padina pavonia harvested from a
rock pool (A), 7 m depth (B) and from under an overhanging rock
(C) measured at the water surface under unfiltered solar radiation
in dependence of the exposure time. In the first 5 min of the
experiment the algae were kept in darkness and respiration rate
was determined. The temperature was 27°C.

transferred to the instrument and oxygen exchange
was determined immediately afterwards. For the first
5 min the alga was kept in darkness and the respira-
tion rate was measured (Fig. 3A). Subsequently, the
sample was exposed to solar radiation at the water
surface. Photosyathetic oxygen production com-
menced shortly after exposure. After an initial peak
oxygen production decreased and net respiration is
evident after about 36 min. In an alga harvested from
7 m photosynthesis stopped after about 22 min and
the thallus showed respiration (Fig. 3B). This behav-
ior was even more pronounced in a Padina thallus
harvested from under an overhanging rock where
solar irradiance was less than 10% of direct sunlight.
In this sample net oxygen production ceased after
only 14 min of solar exposure (Fig. 3C).

When exposed to solar radiation both F, and F,
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Table 1
Effects of solar radiation (WG 295 filter) on F, and F,, in an alga
harvested from 7 m

Exposure time (min) F, E,

0 : ) 0.181 0.498
10 0.139 0.164
20 0.137 0.156
40 0.117 0.129
Recovery (2 h) 0.154 0.295

decreased with exposure time (Table 1). The photo-
synthetic quantum efficiency, as determined by
F,/F_ in PAM measurements [12], of Padina thalli
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Fig. 4. Ratio of chlorophyll fluorescence F, /E_ in Padina pavo-
nia harvested from a rock pool (open bars) and 7 m depth
(hatched bars), respectively, before and after increasing times of
exposure to solar radiation passed through a WG 295, WG 335 or
GG 400 filter, respectively. The absolute value of F, /F, of the
control of Padina pavonia from the rockpool was 0.66 and from 7
m depth 0.72.

before and after different exposure times to solar
radiation are shown in Fig. 4. Exposure of 10 min
under a WG 295 filter caused a significant decrease
in F, /F, which remained about constant with expo-
sure up to 40 min. Rock pool algae showed a
consistently higher value than algae harvested from 7
m. After 2 h in dim light, rock pool algae showed a
complete recovery while 7 m algae had only partially
recovered. After 5 min of exposure the inhibition
was about 50% of the control (data were from a
different experiment and therefore not shown). When
exposed under the WG 335 filter, the inhibition was
less dramatic than in the algae exposed under the
WG 295 filter and the differences between rock pool
and 7 m algac were not significant. When exposed
under the GG 400 filter, inhibition was even less
pronounced, especially after short exposure times
and recovery was complete for both ecological strains
from different depths.

4. Discussion

Previous investigations have demonstrated that
exposure of macroalgae to solar radiation of high
fluence rates causes photoinhibition which is charac-
terized by a reduction in the quantum yield and in
the capacity of photosynthetic O, evolution
[3,4,7,39]. Similar results were obtained in phyto-
plankton [8,40). In the present work photoinhibition
of photosynthesis in Padina pavonia induced by
high levels of solar radiation was investigated mea-
suring chlorophylil fluorescence parameters and the
measurement of oxygen evolution, both of which
yielded comparable results. The extent of photo-
inhibition depends on the fluence rate and the dura-
tion of exposure as well as on the spectral distribu-
tion of solar radiation. Algae adapted to different
levels of solar exposure in their habitat showed
different degrees of photoinhibition. ‘

Judging from the exposure under different filters
all wavelength bands of solar radiation (UV-B, UV-A
and visible) impaired the photosynthetic capacity ‘in
Padina pavonia. Exposure to unfiltered solar radia-
tion resulted in a fast decrease in oxygen production
in algae adapted to greater depth in the water column
or shaded habitats while algae harvested from the
surface were less affected. Though belonging to the



D.-P. Hiider et al. / FEMS Microbiology Ecology 19 (1996) 53-61 59

same species, the samples collected from different
habitats differed considerably in their morphology.
Thalli from the rock pool are smaller than thalli from
7 m depth and show more calcification.

The physiological differences between the two
strains were further stressed by the fact that the
compensation points as well as the saturation values
were differently affected by previous exposure to
solar radiation. Also the degree of inhibition of the
photosynthetic capacity was markedly different in
the two strains. Also in other algae, such as Hal-
imeda tuna, different ecological strains have been
described which are adapted to different depths [41].
Comparative studies on the red alga Porphyra perfo-
rata which grows in the high-intertidal zone and the
shade-adapted, subtidal Porphyra nereocystis
showed that the rate of photodamage was much
higher in P. nereocystis than in P. perforata. Photo-
inhibition resistance in P. perforata appears to be
due to a reduced rate of photoinhibition damage
rather than to a higher rate of photoinhibition repair
[42].

Visible radiation represents the major part of sun-
light and causes a significant effect on photo-
synthetic oxygen production. In addition, UV-B,
which only amounts to 0.3% in solar radiation, had a
pronounced effect. Grobe and Murphy [43] showed
that the growth rate of the intertidal alga Ulva
expansa was inhibited significantly under solar radi-
ation with enhanced UV-B. A quantitatively compa-
rable inhibition by UV-B has been obtained by Hel-
bling et al. [8] and Larkum and Wood {27]. However,
the effect of short wavelength UV radiation is more
obvious in oxygen measurements than in PAM fluo-
rescence measurements.

The fast decrease in the ratio F,/F_ after the
onset of solar irradiation indicates a sharp drop in
photosynthetic quantum yield. The effects of expo-
sure to solar radiation were observed even after
shorter exposure times than in the oxygen measure-
ments. In the PAM experiments the differences be-
tween the two different strains were not as pro-
nounced as in photosynthetic oxygen production
measurements. These data are in agreement with
investigations carried out with red algae [4], green
algae [40], as well as with willow leaves [44]. Bjork-
man [45] and Demmig and Bjérkman {46] reported
that the decrease in F,/F, is linearly related to the

decrease in the optimal quantum yield of photo-
synthesis. In the present experiments the quenching
of F, and the decrease in F, /F, was basically caused
by a decrease of F, while E slightly decreased. In
contrast, in the shade-grown green alga, Ulva rotun-
data, F, increased after exposure to high fluence
rates of solar light [47,7]. They assumed that the
decrease in F,/F, and the increase in F, indicates
damage of PS II, which might be plausible because
the duration of exposure lasted for several hours and
the effect was only partially reversible. This result
was confirmed in higher plants by Demmig and
Bjorkman [46] and Demmig-Adams [48]. However,
after longer exposure F, resumed the level of the
control which might indicate a reversible regulatory
mechanism such as photoprotection via thermal dis-
sipation [46].

Several mechanisms have been reported for the
inhibition of photosynthesis. In addition to damage
of the water splitting site of photosystem II recently
a significant role of the D1/D2 complex in photo-
inhibition was discussed [49]. Some experiments in-
dicate that excessive radiation causes a small confor-
mational change in the proteins which are subse-
quently degraded by a protease of unknown origin
[50]. Whether or not UV radiation and visible radia-
tion affect the same sites in the D1 protein has not
yet been revealed. The ecological relevance of this
mechanism under natural conditions is debated by
Baker [49]. In any case, a decline of the D1 protein
band was demonstrated after prolonged irradiation
[14] by using specific antibodies produced against
the protein [51].

Depending on the length of solar exposure a
complete or partial recovery can be observed both in
the PAM and the oxygen measurements. This indi-
cates that at least part of the observed effects is due
to reversible photoinhibition. However, longer expo-
sure, especially to shorter wavelengths, causes non-
reversible effects which can be interpreted as photo-
damage. Similar effects have been described in other
aquatic systems; in some cases the degree of damage
increases even after the actual exposure time [52-54].
Future experiments including time kinetics and selec-
tive short wavelength irradiation are necessary to
determine the individual components of the complex
response of the algae upon exposure to solar radia-
tion.



60 D.-P. Hiider et al. / FEMS Microbiology Ecology 19 (1996) 5361

Acknowledgements

This work was supported by financial support
from the Bundesminister fiir Forschung und Tech-
nologie (project KBF 57) and the European Commu-
nity (EV5V-CT91-0026). The authors gratefully ac-
knowledge the skilful technical assistance of B. Hei-
denreich, E. Kamini, C. Lianou, S. Papadodima, J.
Schifer, E. Steinke and A. Thrassyvoulidis.

References

[11 Liining, K. (1985) Meeresbotanik. Thieme, Stuttgart, New
York.

[2] Liining, K. and Dring, M.J. (1979) Continucus underwater
light measurement near Helgoland (North Sea) and its signif-
icance for characteristic light limits in the sublittoral region.
Helgolinder Wiss. Meeresunters. 32, 403-423.

[3] Hanelt, D. (1992) Photoinhibition of photosynthesis in ma-
rine macrophytes of the South China sea. Mar. Ecol. Progr.
Ser. 82, 199-206.

{4] Hanelt, D., Hupperts, K. and Nultsch, W. (1992) Photoinhibi-

tion of photosynthesis and its recovery in red algae. Bot.

Acta 105, 278-284.

Hanelt, D., Huppertz, K. and Nultsch, W. (1993) Daily

course of photosynthesis and photoinhibition in marine

macroalgae investigated in the laboratory and field. Mar.

Ecol. Progr. Ser. 97, 31-37.

[6] Coutinho, R. and Zingmark, R. (1987) Diurnal photo-

synthetic responses to light by macroalgae. J. Phycol. 23,

. 336-343.

[7] Franklin, L.A., Levavasseur, G., Osmond, C.B., Henley,
W.J. and Ramus, J. (1992) Two components of onset and
recovery during photoinhibition of Ulva rotundata. Planta
186, 399-408.

[8] Helbling, E-W., Villafafie, V., Ferrario, M. and Holm-Han-
sen, O. (1992) Impact of natural ultraviolet radiation on rates
of photosynthesis and on specific marine phytoplankton
species. Mar. Ecol. Prog. Ser. 80, 89—100.

[9] Gao, K. (1990) Diurnal photosynthetic performance of Sar-
gassum horneri. Jpn. J. Phycol. 38, 163-165.

[10] du Preez, D.R., Campell, E.E. and Bate, G.C. (1990) Photo-
inhibition of photosynthesis in the surf diatom, Anaulus
australis Drebes et Schulz. Bot. Marina 33, 539-543.

[11] Trebst, A. (1991) A contact site between the two reaction
center polypeptides of photosystem 1II is involved in photo-
inhibition. Z. Naturforsch. 46, 557-562.

[12] Krause, G.H. and Weis, E. (1991) Chlorophyll fluorescence
and photosynthesis: the basics. Ann. Rev. Plant Physiol.
Plant Mol. Biol. 42, 313-349,

[13] Andersson, B., Salter, A.H., Virgin, 1., Vass, L. and Styring,
S. (1992) Photodamage to photosystem II — primary and

[5

—

secondary events. J. Photochem. Photobiol. B: Biol. 15,
15-31.

[14] Gerber, S. and Hider, D.-P. (1995) Effects of artificial UV-B
and simulated solar radiation on the flagellate Euglena gra-
cilis: physiological, spectroscopical and biochemical investi-
gations. Acta Protozool. 34, 13-20.

[15] Schreiber, U., Schliwa, U. and Bilger, W. (1986) Continuous
recording of photochemical and non-photochemical chloro-
phyll fluorescence quenching with a new type of modulation
fluorometer. Photosynth. Res. 10, 51-62.

[16] Kolbowski, J., Reising, H. and Schreiber, U. (1990) Com-
puter-controlled pulse modulation system for analysis of
photoacoustic signals in the time domain. Photosynth. Res.
25, 309-316.

[17] Biichel, C. and Wilhelm, C. (1993) In vivo analysis of slow
chlorophyll fluorescence induction kinetics in algae: progress,
problems and perspective. Photochem. Photobiol. 58, 137-
148.

[18] Adams III, W.W. and Demmig-Adams, B. (1992) Operation
of the xanthophyll cycle in higher plants in response to
diurnal changes in incident sunlight. Planta 186, 390-398.

[19] Guenther, J.E. and Melis, A. (1990) The physiological signif-
icance of photosystem II heterogeneity in chloroplasts. Pho-
tosynth. Res. 23, 105-109.

[20] Oquist, G. and Chow, W.S. (1992) On the relationship
between the quantum yield of photosystem II electron trans-
port, as determined by chlorophyll fluorescence and the
quantum yield of CO,-dependent O, evolution. Photosynth.
Res. 33, 51-62.

[21] Polne, M. and Gibor, A. (1982) The effect of high intensity
UV radiation on benthic marine algae. In: The Role of Solar
Ultraviolet Radiation in Marine Ecosystems (Calkins, J.,
Ed.), Nato Conf. Ser., pp 573-579, Plenum Press, New
York.

[22] Wood, W.F. (1987) Effect of solar ultra-violet radiation on
the kelp Ecklonia radiata. Mar. Biol. 96, 143—150.

[23] Wood, W.F. (1989) Photoadaptive responses of the tropical
red alga Eucheuma striatum Schmitz (Gigartinales) to ultra-
violet radiation. Aquat. Bot. 33, 41-51.

[24] Hider, D.-P., Worrest, R.C. and Kumar, H.D. (1994) Aquatic
ecosystems. In: UNEP Environmental Effects Panel Report,
pp. 71-84 United Nations Environmental Programme,
Nairobi, Kenya.

[25] Hader, D.-P. (1993) Risks of enhanced solar ultraviolet
radiation for aquatic ecosystems. In: Progress in Phycological
Research (Round, F.E. and Chapman, D.J., Eds.), Vol. 9, pp.
1-45. Biopress Ltd., Bristol.

[26] Hdder, D.-P. (1993) Effects of enhanced solar ultraviolet
radiation on aquatic ecosystems. In: UV-B Radiation and
Ozone Depletion. Effects on humans, animals, plants, mi-
croorganisms, and materials (Tevini, M. Ed.), pp. 155-192,
Lewis Publ Boca Raton, Ann Arbor, London, Tokyo.

[27] Larkum, A.W.D. and Wood, W.F. (1993) The effect of
UV-B radiation on photosynthesis and respiration of phyto-
plankton, benthic macroalgae and seagrasses. Photosynth.
Res. 36, 17-23.

[28] Renger, G., Vélker, M., Eckert, HJ., Fromme, R., Hohm-



D.-P. Hider et al. / FEMS Microbiology Ecology 19 (1996) 5361 61

Veit, S. and Griber, P, (1989) On the mechanisms of photo-

system II deterioration by UV-B irradiation. Photochem.

Photobiol. 49, 97-105.
[29] Tevini, M., Teramura, A.H., Kulandaivelu, G., Caldwell,
M.M. and Bjorn, L.O. (1994) Terrestrial Plants. In: UNEP
Environmental Effects Panel Report, pp. 25-37, United Na-
tions Environmental Programme, Nairobi, Kenya.
Bhattacharjee, S.K. and David, K.A.V. (1987) UV-sensitivity
of cyanobacterium Anacystis nidulans: Part II — a model
involving photosystem II (PSII) reaction centre as lethal
target and herbicide binding high turnover B protein as
regulator of dark repair. Tnd. I. Exp. Biol. 25, 837-842.

[31] Bhattacharjee, S.K., Mathur, M,. Rane, S.S. and David,
K.A.V. (1987) UV-sensitivity of cyanobacterium Anacystis
nidulans: Part I — evidence for photosystem II (PSII) as a
lethal target and constitutive nature of a dark-repair system
against damage to PSII. Ind. J. Exp. Biol.25, 832—836.

[32] Murphy, T.M. (1983) Membranes as targets of ultraviolet
radiation. Physiol. Plant. 58, 381-388.

[33] Dubinsky, Z., Falkowski, P.G., Post, A.F. and van Hes, UM.
(1987) A system for measuring phytoplankton photosynthesis
in a defined light field with an oxygen electrode. J. Plankton
Res. 9, 607-612,

[34] Hader, D.-P. and Vogel, K. (1992) Simultaneous tracking of
flagellates in real time by image analysis. J. Math. Biol. 30,
63-72.

[35] Tendel, J. and Hider, D.-P. (1994) Effects of ultraviolet
radiation on orientation movements of higher plants. J. Pho-
tochem. Photobiol. B.: Biol., 27, 67-72.

[36] Hider, D.-P. and Schifer, J. (1994) Photosynthetic oxygen
production in macroalgae and phytoplankton under solar
irradiation. J. Plant Physiol. 144, 293-299.

[37) Hider, D.-P. and Schifer, J. (1994) In-situ measurement of
photosynthetic oxygen production in the water column. Envi-
ron. Monitor Assessm. 32, 259-268.

[38] Estabrook, R.W. (1967) Mitochondrial respiratory control
and the polarographic measurement of ADP:O, ratios. In:
Methods in Enzymology (Estabrook, R.W. and Pullmann,

. M.E., Eds.), Vol. X., pp. 41-47, Academic Press, New York.

[39] Herrmann, H., Ghetti, F., Scheuerlein, R. and Hader, D.-P.
(1995) Photosynthetic oxygen and fluorescence measure-
ments in Ulva laetevirens affected by solar irradiation. J.

) Plant Physiol. 145, 221-227.

[40] Leverenz, J.W., Falk, S., Pilstrém, . C.-M. and Samuelsson, G.
(1990) The effects of photoinhibition on the photosynthetic
light-response curve of green plant cells (Chlamydomonas
reinhardtii). Planta 182, 161-168.

“[41] Riedl, R. (1970) Fauna und Flora der Adria. Parey, Ham-
burg, Berlin.

[30

[42] Herbert, S.K. (1990) Photoinhibition resistance in the red

alga Porphyra perforata. Plant Physiol. 92, 514-519.

[43] Grobe, C.W. and Murphy, T.M. (1994) Inhibition of growth
of Ulva expansa (chlorophyta) by ultraviolet-B radiation. J. -
Phycol. 30, 783-790.

[44] f)gren, E. and Sjostrom, M. (1990) Estimation of the effect
of photoinhibition on the carbon gain in leaves of a willow
canopy. Planta 181, 560-567. ’

[45] Bjorkman, O. (1987) Low-temperature chlorophyll fluores-
cence in leaves and its relation to photon yield of photo-
synthesis in photoinhibition. In: Topics in Photosynthesis
(Kyle, D.J., Osmond, C.B. and Armtzen, C.J., Eds.), pp.
123-144, Elsevier, Amsterdam. ’

[46] Demmig, B. and Bjorkman, O. (1987) Comparison of the
effect of excessive light on chlorophyll fluorescence (77 K)
and photon yield of O, evolution in leaves of higher plants.
Planta 171, 171-184.

[47] Henley, W.J., Levavaseur, G., Franklin, L.A., Osmond, C.B.
and Ramus, J. (1991) Photoacclimation and photoinhibition
in Ulva rotundata as influenced by nitrogen availability.
Planta 184, 235-243.

[48] Demmig-Adams, B. (1990) Carotenoids and photoprotection
in plants: a role for the xanthophyll zeaxanthin. Biochim.
Biophys. Acta 1020, 1-24.

[49] Baker, N. (1995) Photoinhibition of photosynthesis. In: Light
as Energy Source and Information Carrier in Plant Photo-
physiology (Jennings, R.C., Zucchelli G., Ghetti, F. and
Colombetti, G. Eds.), Springer, Heidelberg, in press.

[50] Andersson, B., Ponticos, M., Barber, J., Koivuniemi, A.,
Aro, E.-M., Hagman, A., Salter, A.H., Dan-Hui, Y. and
Lindahl, M. (1994) Light-induced proteolysis of photosystem
II reaction centre and light-harvesting complex II proteins in
isolated preparations. In: Photoinhibition of Photosynthesis
from Molecular Mechanisms to the Field (Baker, N.R. and
Bowyer, J.R., Eds.), pp. 143-159, Bios Scientific Publ.,
Oxford.

[51] Johanningmeier, U. (1987) Expression of the psbA gene in
E. coli. Z. Naturforsch. 42¢, 755-757.

[52] Hider, D.-P. (1986) Effects of solar and artificial UV irradia-
tion on motility and phototaxis in the flagellate, Euglena
gracilis. Photochem. Photobiol. 44, 651-656.

[53] Donkor, V.A., Damian, HAK. and Hider, D.-P. (1993)
Effects of tropical solar radiation on the motility of filamen-
tous cyanobacteria. FEMS Microbiol. Ecol. 12, 143-148.

[54] Donkor, V.A., Damian, HA.K. and Hider, D.-P. (1993)
Effects of tropical solar radiation on the velocity and photo-
phobic behavior of filamentous gliding cyanobacteria. Acta
Protozool. 32, 67-72.



