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Abstract

Measurements of chlorophyl fluorescence accompanied by solar radiation measires
were carried out during two spring cruises in thgion of the Gdéask Basin. Chlorophyla fluo-
rescence, similarly to that of chlorophglconcentration in the seawater, showed considerable
diurnal variability. The measurements providedistiggally significant negative correlation coef-
ficients that indicated that chlorophwglfluorescence is inhibited as solar PAR and UV tiatia
intensity increases. The approximate range of tiadiantensity that corresponded to a clearly
marked decline in chlorophydl fluorescence and chlorophylconcentration was determined. It
was revealed that the decline in chloroplayltoncentration in the surface water layer resulted
from the photodegradation of chlorophsllas well as phytoplankton grazing. In both cades, t
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resulting observation was an increase of pheopbwiooncentration. The vertical migration of
phytoplankton was identified as an additional pssdaduced by high radiation levels.

INTRODUCTION

Solar radiation exerts a considerable influenceaamumber of biological
and chemical processes that take place in the enanmironment. Although it
stimulates the development of marine organismsipitibn is also possible.
Solar radiation plays a particular role in the aoef layer of the sea where or-
ganic matter is being transformed (Wangbetgl 1998; Mopper and Kieber
2000; Falkowska 2001; Kumat al 2003).

Many authors have indicated that intense UV ragliatiauses the degrada-
tion of intercellular structures and molecules dadreases the rate of photosyn-
thesis  (Cullen and Lesser 1991; Brachner anen®&e 2000). UV-B radia-
tion induces changes in many intercellular procesdgeautothrophic and het-
erothrophic organisms (Hadet al. 1998; Neale 2001). It can cause the bleach-
ing of chlorophylla (Renk 1997; Holm-Hanseset al. 2000; Vernet 2000;
Falkowska 2001). Phytoplankton is equipped withialde photo-protecting
mechanisms that guard against the negative efééctslar radiation, especially
within the UV-B band. An important role is attriledgt to the ability of phyto-
plankton to produce carotenoid pigments of the grB®C (photo-protecting
carotenoids), which protect cells against excessadiation. Phytoplankton
organisms are also capable of migrating in the m@ikimn to avoid exposition
to harmful radiation (Sinhet al 1998; Vernet 2000).

The aim of the present project was to confirm theeovation that chloro-
phyll a fluorescence, similarly to chlorophydl concentration, presents a good
measure of phenomena relating to phytoplankton &ssnn the surface water
layer. An additional aim was to identify the paraems which are decisive as
regards the short—term fluctuations of chloroplayfluorescence in the marine
environment.

MATERIAL AND METHODS

Measurements of chemical and physical parameters eanducted during
two cruises aboard the navy vessel OR#pernik The measurements were
carried out within the area of the Gd& Deep at station P = 54°52'N, A =
19°10'E) located about 80 km from the mouth of thetMis River over the
deepest spot in the Gk Basin.

In 2001 the measurements were carried out betwéeduhe, and in 2003
from 9 to 14 May. Surface water samples used terdwhe chlorophylha con-
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centration and pheophytirewere collected every two or four hours. Chloro-
phyll a concentration was determined using the spectrophattic method
(Edler 1979). Seawater samples were filtered ticadsF/F fiberglass filter,
followed by filter extraction with 90% acetone. Gtdphyll a concentration
was calculated from the measurement of absorbante eesulting extract in a
Beckman DU 530 and Cadas 200 spectrophotometerestlected light wave-
lengths.

Pheophytinea concentration was determined in the same extrathé ad-
ditional measurement of absorbance after the sahmgudebeen acidified with
0.4 M HCI (Parsonst al. 1985). Both methods are recommended by HELCOM
for routine measurements within the HELCOM Baltiomitoring Programme.
The standard error of the average486.

Chlorophyll a fluorescence was measured every 10 min with athick
fluorimeter (serial number 175089), which was dgetbpermanently at a depth
of 0.5 m. The level of solar radiation on the sadatze was measured with
equal frequency at a height of 10 m above sea.léwveSKP 210/l 0896 13595
Eijkelkamp probe was used to measure photosyn#iltiactive radiation
(PAR; 400-700 nm), and an SKU 430 0497 14854 phpbthe same manufac-
turer was used to measure UV-B radiation (280-31%. On 4 June 2001 the
registering unit malfunctioned, so irradiation m@&asnents were not begun
until the afternoon.

Table 1

Statistical characteristics of chlorophyll a and pheophytine a concentration [mg
m'3], chlorophyll a fluorescence [V] in surface seawater between 1-5 June 2001
and 9-14 May 2003

chlorophylla chlorophylla fluorescence pheophytire

N 131 1437 121

X 1,339 0,388 0,289
SD 0,784 0,140 0,197
Min 0,047 0,035 0,010
Max 3,822 0,833 0,946
25% 0,724 0,275 0,142
75% 1,908 0,476 0,408

N — number of data, X-mean value, SD — standard deviation, Min — minimum value, Max — maxi-
mum value, 25% - lower quartile, 75% - upper quartile
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RESULTS

During the measurements conducted in thenSkldeep region in spring
2001 and 2003, considerable variability of chlongpla concentrations were
observed and confirmed by the calculated standewdhtion (Table 1). Diurnal
amplitudes of chlorophyt concentrations reached maximal values of the order
of 3.7 mg ¥, although at the beginning of June 2001 the viitiabf concen-
trations was more intense than in May 2003. Onrs¢eecasions in June 2001,
a 2 dni seawater sample was insufficient to detect chloyty@ and the sample
volume had to be increased. In May 2003 chloropaydbncentration did not
fall below such a low level. In both measurementqaks the diurnal minimum
of chlorophylla concentrations was observed during intense satiiation. In
general, the maximal diurnal concentrations of @pbyll a occurred during
periods of low solar radiation (sunrise or suneegven at night.

Pheophytinea concentrations were characterized by lower vdiigbas
compared to chlorophyth (Table 1). In 2001, the maximal concentration of
pheophytinea was 0.822 mg M while in 2003 it was 0.946 mg In both
measurement periods pheophytame&oncentrations showed considerable vari-
ability (SD»0i=0.156 mg 1it; SD,00s=0.190 mg ri1), and, similarly to chloro-
phyll a concentrations, they indicated the complexity micesses influencing
the variability of organic suspensions in the stefaea layer.

Chlorophylla fluorescence was measured at high frequency, so ewall
changes that occurred were registered. The fluenesc of chlorophylla
showed considerable fluctuations, as did the vaitiabf chlorophyll a concen-
tration (Table 1). The maximal diurnal amplitudé<lolorophyll a fluorescence
were up to 0.7 V. In 2001, the maximal level ofabphyll a fluorescence
reached 0.833 V and was recorded in the late egefiihe minimal value,
0.035 V, was registered in the afternoon. The nikamescence value in 2001
was 0.4180.15 V, while in 2003 it was only slightly lowe®.875:0.12V) and
less variable.

The solar radiation that reached the sea surfasemvemsured at two wave
bands: UV-B (280-315 nm) and PAR (photosynthetycatitive radiation - 400-
700 nm). In 2001, the maximal value of PAR intgnsis 1757umol m? s*,
which was registered at noon on 3 June 2001, whdemaximal intensity of
UV-B at 1053 mW rif was recorded in the afternoon two days later.

The 2003 measurements were carried out three wesker than those in
2001. This meant that there was two hours fewetigtgythan in 2001, and
daytime lasted for fourteen hours. The maximal llefePAR radiation was
1515 umol m?s*, while that of UV-B was 946 mW Ta Solar radiation was
characterized by high, short-term fluctuations (Eigin one hour, the ampli
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Fig. 1. Changes in radiation coming into the sea
surface between: a) 15 June 2001 b) 9-14 May

2003.
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tude of radiation intensity
in the PAR band could
change within 150Qumol
m?s* and within the UV-
B band up to 800 mW

Radiation fluctuations
in the PAR band were
frequently at the level of
500-600umol m?s?, and,
correspondingly, the most
frequent UV-B changes
were found to be within
the range of 300-400 mwW
m?. However, there were
periods when radiation
intensity increased or de-
creased systematically
without strong fluctua-
tions.

The results of meas-
urements of chlorophyla
concentration and chloro-
phyll a fluorescence were
analyzed to establish a
relation between the two
parameters. It was re-
vealed that they are related
by a linear correlation that
is statistically significant at
a confidence level p<0.05.
Chlorophyll a measure-
ments performed using
classic immersible fluori-
meters comprised the total

fluorescence within the red section of the spectrwhere the fluorescence
from chlorophylla plays the dominant role. Holm-Hansehal (2000) used
934 data pairs from depths ranging from 5 to 10 @nalyze the linear regres-
sion between chlorophydl concentration and chlorophydlfluorescence in the
coastal zone of the Antarctic. The correlation tioeint of the order of r=0.88
indicated that there was highly statistically sfipaint correlation between
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Fig. 2. Changes in chlorophyll a concentration and
chlorophyll a fluorescence between a) 1-5 June
2001and b) 9-14 May 2003.

them. In the current
study the correlation
coefficient was much
lower, but this could be a
reflection of the consid-
erable contribution of
heterothrophs in the
suspended matter as well
as the negative effect of
natural radiation. Solar
radiation (natural back-
ground) causes the clo-
sure of a certain amount
of photosynthetic traps
in the phytoplankton,
and they do not assimi-
late the energy of excita-
tion (Ostrowska 2001).
To analyze the effect of
natural irradiation on
chlorophyll a fluores-
cence measurements, the
data were divided into
two groups - night sam-
ples (measurements per-
formed between 22:00
and 6:00) and daylight
samples (between 8:00
and 20:00). In the first
group the correlation
coefficient was r=0.68,
N=38 and p<0.05. In the
daylight sample group
the correlation coeffi-
cient was lower at

r=0.56, N=69 and p<0.05. In both cases the coroelatoefficients were statis-
tically significant, and this confirmed that chlptyll a fluorescence as well as
chlorophyll a concentration can be used as good indicators gfoplankton

biomass fluctuations.
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DISCUSSION

The chlorophylla concentration and chlorophylfluorescence determined
in the two measurement periods showed significanability (Fig.2). On the
majority of days, decreases in chlorophgliconcentration and chlorophydl
fluorescence in the surface water layer was obdeav¢he peak of solar radia-
tion. At night, at sunrise or sunset, an incredsehtorophyll pigment concen-
tration and its fluorescence was noted. Earliedistiindicated that solar radia-
tion exerts a decisive impact on chloroptgyBoncentration in the surface layer
of the sea (Falkowska and Latata 1995; Renk 198lkpkvska 2001).

40 Changes in chlorophyt con-

o - centration in the surface sea layer
and at a depth of 5 m were com-
pared, and some of the fluctuations
noted were indicative of vertical
phytoplankton migrations (Fig. 3).
The migrations took place within
the time span of several hours. A
decrease in chlorophyld concen-
tration in the surface water layer
occurred between 8:00 and 12:000,
while at a depth of 5 m an increase
in chlorophyll a concentration
occurred around 16:00. In the sea-
water of the Gulf of Gdesk, Renk

et al (1985) estimated that phyto-
plankton cells are capable of covering a distari@bout 1 m in one hour, thus
the results obtained in the present study seene gedlistic. This is also sup-
ported by Sinket al (1998), who expressed the opinion that certaiqutank-
ton species are able to migrate vertically in thetew column and that these
phototactic movements are a protective measuresigexcessive solar radia-
tion.

Solar energy definitely stimulates living processemnetheless, it can also
have inhibitory effects. Both PAR and UV radiatiexert inhibitory effects on
photosynthesis or phytoplankton biomass incremdntense solar radiation
can cause decreased chloroplayioncentrations and fluorescence (Cullen and
Lesser 1991; Nealet al 1998; Bracher and Wiencke 2000; Neale 2001). The
inhibition of chlorophylla fluorescence was observed in Antarctic regionsieve
at depths of 30-40 m (Holm-Hansehal 2000). This inhibitory effect is con-
firmed by a close relation between chlorophylfluorescence and PAR and

chla[mg m3

time [hour]

Fig. 3. Changes in chlorophyll a concen-
tration at depths of 0.5 and 5 m.
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UV-B radiation (Fig.4). On the basis of the negat(statistically significant)
correlation coefficients, it was found that incre@ssolar radiation resulted in
decreased chlorophyd fluorescence. Additionally, an increase of radiatin
both bands resulted in the results scattering TEss.observed inhibitory effect
in the sea surface layer was the result of thedpéictrum influence of solar
radiation; however, numerous authors are of thaeiopithat the UV-B band is

the most effective inhibitor.
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Fig. 4. Relation between chlorophyll a fluores-
cence and solar radiation in the band: a) PAR
and b) UV-B at a probability level of p<0.05.

The solar radiation ob-
served during both measure-
ment periods showed consid-
erably high, though extremely
variable, intensity levels (Fig.
1a,b; 5a,b). The results of daily
measurements were used to
estimate the approximate range
of radiation that corresponded
to marked decreases in chloro-
phyll a concentration and fluo-
rescence; in the PAR band it
was 350 to 550pmol mi’s?,
and in the UV-B band it was
200-400 mW 1. Therefore,
wide radiation ranges are in-
dicative of the complexity of
the studied processes. In the
natural environment  the
phytoplankton community is
composed of many different
species, and the common reac-
tion of phytoplankton to light
intensity is the result of the
reactions of particular organ-
isms. Additionally, it has to be
taken into account that the
phytoplankton as a mass was

in a defined physiological state and also thatdlganisms were in different
developmental stages. All of these factors havieet@accounted for; therefore,
the radiation levels that caused decreases inaghgil a concentration and
fluorescence in the current study have to be tdeatth caution.
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Fig. 5. Changes in solar radiation and chlorophyll a concentration and fluores-
cence a) at relatively high radiation levels and b) at relatively low radiation lev-
els.

When radiation reached low levels, no marked deean chlorophyla
concentration or fluorescence were observed (Fjg-Bhis situation was noted
in the morning of 10 May 2003. Living processesiahébited in phytoplankton
by absorbed doses of radiatiore( as a result of radiation intensity and irradia
tion duration). Some authors believe that markedtyre negative effects are
observed when an organism is exposed to lowersitjeradiation for a longer
period than to high intensity radiation for a sherte (Cullen and Lesser 1991,
Nealeet al 1998;). A decrease in chlorophgliconcentration occurred in the
second part of the day (10 May 2003), shortly befot:00 when PAR and UV-
B radiation were characterized by slight but sigfitly large increments that
exceeded in a short time the range of critical @mslpresented above (Fig. 5).
Although the increased radiation intensity lastaly @ few hours, the response
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of the phytoplankton was
immediate and was mani-
fested in a decrease of chlo-
rophyll a concentration by
about 2 mg .

During increased irradia-
tion between 08:00 and
12:00 on 11 May 2003, a
gradual increase in pheo-
phytine a concentration was
observed (Fig.1, 6a). The
phaeal/chl a ratio was con-
siderably high under intense
radiation and reached nearly
2.5. This was the maximal
value recorded during the
daily series of measure-
ments. A relatively high
concentration of pheophytine
a in comparison to chloro-
phyll a was also observed
before and at sunrise be-
tween 02:00 and 06:00
(Fig.6b). The phaea/chl a
ratios at 02:00, 04:00 and
06:00 were 0.58, 0.91, and
0.48, respectively. In the first
case, this could be the effect

of chlorophylla degradation, as has been suggested in works bgehirand
Neale (2000) and Falkowska (2001). In the secosd,dhese ratio values could
have been indicative of zooplankton grazing consioly on phytoplankton.
This is another process that influences chlorophyliiorescence. Zooplankton
is known for its markedly cyclic appearance; theximal abundance of zoo-
plankton in the surface waters of the @slaDeep is usually observed at sunrise
and at twilight before sunset (Ciszewskial 1983; Renk 1997).

CONCLUSIONS

Changes in chlorophylh concentration and chlorophy# fluorescence
were strongly correlated to changes in PAR and Ukadiation. Intense solar
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radiation that reached the surface water layerezhegher a loss of pigmenta-
tion or pigment bleaching. While short-term fludioas of chlorophylla fluo-
rescence registered in the sea surface layer Wwerditect effect of solar radia-
tion; they also resulted from the occurrence ofptakton in this water layer at
defined times of the day. In both cases, increasgmheophytinea concentra-
tion were observed as a result of phytoplanktontatity. Enhanced levels of
radiation could have induced phototactic migratiohghytoplanktonic organ-
isms.
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