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ABSTRACT: This study reports the effects of natural solar radiation on production and growth rates of 
bacterial assemblages in coastal surface water of the Atlantic Barrier Coral Reef off Belize, Central 
America. Bacterial production rates measured in the late afternoon were significantly lower than rates 
measured in the morning. There were also significant differences in the specific growth rates of bacte- 
rial assemblages between water samples: bacteria grew faster, i.e. displayed shorter doubling times, in 
the early morning. Bioassay experiments showed a significant increase in rates of bacterial secondary 
production in water samples exposed in situ to ambient solar radiation at the water surface. There was 
also a pronounced increase in the growth rates and cell volumes of bacteria grown in sunlight-irradi- 
ated water samples. We suggest that enhanced metabolism of bacteria grown in water samples that 
were previously exposed to solar radiation was due mainly to photodegradation of dissolved organic 
matter and subsequent enrichment of water with easily utilizable substrates. The results of these stud- 
ies indicate that solar radiation can directly alter bacterial production and growth over die1 cycles in 
subtropical waters. These physico-chemical and biolog~cal interactions between solar radiation and 
heterotrophic bacteria in subtropical coastal water may have important biogeochernical implications at 
both the ecosystem and global levels. 
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INTRODUCTION 

Solar radiation is the primary source of energy in 
most aquatic and terrestrial ecosystems. It plays a piv- 
otal role in regulating the rate of inorganic nutrient 
uptake and in the synthesis of organic matter in all 
phototrophic organisms, as well as controlling their 
distribution and abundance on our planet (Larchar 
1995). It also controls the allocation, behavior and 
metabolic activity of a variety of non-photosynthetic 
macroorganisms (Luecke & O'Brien 198 1, Lampert 
1989, Siebeck & Bohm 1994) and microorganisms in 
natural environments (Sieracki & Sieburth 1986, Lin- 
dell & Edling 1996). Moreover, the potential for high 
levels of solar radiation in surface waters to suppress or 
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damage aquatic microorganisms has been recognized 
for some time (Holm-Hansen et al. 1993b). Environ- 
mental exposure to solar radiation has been an essen- 
tial and integral part of the evolution of many species 
and communities of terrestrial and aquatic organisms. 
In aquatic ecosystems, solar radiation sets up a pro- 
nounced vertical habitat gradient along which the 
activity and abundance of aquatic microorganisms 
(algae, cyanobacteria, bacteria, protozoans) vary accord- 
ing to fluctuations in light spectrum and intensity, 
nutrients and food supply, grazers, viruses, and other 
environmental factors (Bailey et al. 1983, Riemann & 
Ssndergaard 1984, Suttle et al. 1993, Jeffrey et al. 
1996, Sommaruga et al. 1996, Bergeron & Vincent 
1997, Weinbauer et al. 1997, Pakulski et al. 1998). 

Solar radiation is highly variable over a range of 
scales, from minutes and hours to days and weeks. At 
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the surface of aquatic ecosystems, these fluctuations 
are due to changes in a variety of factors, including 
solar zenith angle, atmospheric aerosols, amount of 
ozone in the stratosphere, density of cloud cover, and 
elevation above the sea level (Madronich 1992, &rk 
1994). In the water column, the penetration of solar 
radiation, particularly UV-B (280 to 320 nm) and UV-A 
(320 to 400 nm) wavelengths, depends strongly on 
absorption and scattering of dissolved and particulate 
organic matter and water itself (Smith & Baker 1981, 
Scully & Lean 1994, Williamson et al. 1996). Several 
studies have shown that UV wavelengths of the sun- 
light spectrum can penetrate into much deeper layers 
of the photic zone of marine and freshwater ecosys- 
tems than previously thought (Jerlov 1950, Smith & 
Baker 1979, Fleischman 1989, Karentz & Lutze 1990). 

In the last decade, interest in the role of solar radia- 
tion spectra in aquatic ecosystems has grown due to 
the steady decline in straiospheric ozone content ihdl 

results in significant increases of biologically harmful 
UV-B radiation, of up to 10 to 20% per decade, reach- 
ing the earth's surface (Tevini 1993, Madronich 1994). 
This is now known to be due  to the anthropogenic 
effects of chemical pollutants accelerating the natural 
photolysis of stratospheric ozone. Because little radia- 
tion with wavelengths below 300 nm penetrates the 
atmosphere, most of the UV radiation of biological sig- 
nificance is within the UV-B (300 to 320 nm) waveband 
(Kirk 1994). 

There is a large base of literature indicating that UV 
radiation, particularly UV-B, imposes stress on a vari- 
ety of aquatic organisms (e.g. Herndl et  al. 1993, Holm- 
Hansen et  al. 1993a,b, Cullen & Neale 1994, William- 
son 1995, Aas et al. 1996, Lesser 1996, Wilhelm et al. 
1998). Most of these studies have focused on algal pho- 
tosynthesis and primary production in marine environ- 
ments. These studies demonstrate severe inhibition of 
these processes by UV-B radiation (Helbling et  al. 
1992, Holm-Hansen et al. 1993a, Nielsen & Ekelund 
1995, Hader 1996, Sundback et al. 1996). However, rel- 
atively little work has been devoted to the effects of 
natural solar radiation on natural bacterial communi- 
ties and their in situ metabolic activities, growth rates, 
and secondary production in aquatic ecosystems. 
Existing studies suggest that these microbial het- 
erotrophic communities and their metabolic rates can 
be significantly altered, negatively or positively, by 
short-wavelength solar radiation (Bailey et al. 1983, 
Sieracki & Sieburth 1986, Herndl et al. 1993, Lindell et 
al. 1995, 1996, Miiller-Niklas et al. 1995, Wetzel et al. 
1995, Aas et al. 1996, Jeffrey et al. 1996, Lindell & 

Edling 1996, Pakul.ski et al. 1998). 
It is now commonly accepted that heterotrophic bac- 

teria are important to the functioning of all aquatic 
ecosystems (Williams 1981, Azam et al. 1983). Bacteria 

are the predominant decomposers and consumers of 
dissolved organic substances in waters and sediments 
(Azam & Ammerman 1984, Miinster & Chrost 1990, 
Chrost 1993, 1994) and mediate the flux of organic and 
inorganic matter in aquatic ecosystems (Cho & Azam 
1990, Chr6st 1991, Alongi 1994). The production of 
bacterial biomass represents an  important link be- 
tween dissolved organic carbon (DOC) and higher 
trophic levels in aquatic ecosystems. By virtue of their 
abundance, low substrate affinities and potentially 
rapid growth rates, bacteria are capable of rapidly con- 
verting energetically low labile DOC into their bio- 
mass, i.e. high-quality bacterial particulate organic 
matter that is efficiently utilized by bacterivorous pro- 
tozoans and other aquatic organisms (Ducklow & Carl- 
son 1992, Sanders et  al. 1992, Chrost 91 Rai 1994). 

Because the transformation of organic substances 
from the DOC pool into bacterial biomass is the crucial 
slep in organic maiier processing and directly affects 
its flux to higher trophic levels in aquatic ecosystems, 
we studied the impact of natural high solar radiation 
on bacterial secondary production (BP) and growth 
rates of bacterial assemblages in subtropical coastal 
surface waters. The possible effects of solar irradiance 
on bacterial carbon cycling in aquatic ecosystems are 
discussed. 

MATERIALS AND METHODS 

Sampling site. We conducted our studies at the 
Atlantic Barrier Coral Reef off Belize, Central America 
(16"48'N, 88O05'W) in May 1996 and May 1997. Sur- 
face (0 to 0.5 m layer) water samples (2 1) were col- 
lected from the coastal lagoon waters around Carrie 
Bow Cay, and from The Lair, an embayment of Twin 
Cays (Fig. 1). Carrie Bow Cay and Twin Cays are 
small, undisturbed islands located just inside the 
Tobacco Reef section of the barrier reef of Belize. This 
feature is the longest barrier reef of the northern hemi- 
sphere. The sampling sites represented 2 distinct envi- 
ronments: the 10 to 12 m deep lagoon at Carrie Bow 
Cay contained clear and oligotrophic oceanic water, 
while The Lair (2 to 3 m deep) was an eutrophic site 
with inputs of organic matter from the red mangrove 
Rhizophora mangle (Ruetzler & Feller 1988, Faust & 

Gulledge 1996). 
Bacterial production. BP (3H-thymidine incorpora- 

tion method, Chrost & Rai 1994) was measured twice a 
day, between 06:OO and 07:OO h and 1 h before sunset 
(-17:30 h) from May 17 to May 30, 1996. Incorporation 
of [3H-methyl]thymidine (TdR; DuPont NEN, specific 
activity 97.5 Ci mmol-l; 15.4 nM final concentration in 
assay) into the ice-cold TCA precipitate was measured 
in triplicate 10 m1 samples corrected for formalin-fixed 
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Incorporation of [3~-methyl]thymidine 
and [3~]leucine in water samples con- 
tinuously exposed to solar radiation. We 
determined rates of TdR and [3H]leucine 
incorporation in the lagoon and Lair wa- 
ter samples that were continuously ex- 
posed to natural high solar radiation in 
quartz and polystyrene vessels. Water 
samples (0 to 0.25 m surface layer) were 
taken 2 h after sunrise. Samples were 
gravity filtered (0.8 pm pore size, diame- 
ter 47 mm, polycarbonate membrane fil- 
ters, Nuclepore, prerinsed with deion- 
ized water) to eliminate bacterivores. 
Duplicate subsamples were distributed 
into a series of sterile polystyrene 100 m1 
tissue culture flasks (Becton Dickinson 
Labware, NJ) and 10 m1 quartz cuvettes. 
Flasks and cuvettes were exposed hori- 
zontally in situ for 6 h to natural solar ra- 
diation at the water surface (0.25 m). Du- 
plicate control vessels were covered with 
aluminum foil and incubated in situ. TdR 
(as described above) and 13H]leucine in- 
corporation (15 nM final concentration, 
specific activity 50 Ci mmol-', DuPont 
NEN; Simon & Azam 1989) was deter- 
mined in samples after 6 h of sunlight ex- 

Fig. 1. Location of study site: Carrie Bow Cay and Twin Cays. Black arrows posure. 
show sampling sites Growth of bacteria in water samples 

previously exposed to solar radiation. 
To avoid the use of highly expensive 

blanks (4 % final concentration) in 20 m1 glass scintilla- quartz vessels for solar exposure of water samples we 
tion vials (0.1 N HC1-cleaned and pre-rinsed with used polystyrene tissue culture flasks. Surface (0.25 m) 
water from the respective sampling sites) at in situ water samples, taken 0.5 h after sunrise, were filter- 
temperature (30 to 32°C). Samples were incubated in sterilized using polycarbonate membrane filters (0.2 
the dark for 0.5 h. Radioactivity of TCA precipitate, pore size, diameter 47 mm, pre-rinsed with deionized 
collected on 0.2 pm pore size polycarbonate filters water, Poretics). Subsamples (85 rnl) were distributed 
(Poretics), was determined using the external standard into a series of sterile 100 m1 polystyrene (0.1 N HCl- 
channels ratio method with a 1215 RackBeta I1 (LKB cleaned and pre-rinsed with water from the respective 
Wallac) liquid scintillation counter. sampling sites) tissue culture flasks (Becton Dickinson 

Experimentally derived conversion factors were cal- Labware). Triplicate flasks were horizontally exposed 
culated from simultaneous determinations in the for 3 and 6 h (from 10:OO to 16:00 h) to natural solar 
increase in bacterial cell numbers and integrated radiation at the water surface (0.25 m). Triplicate con- 
thyrnidine incorporation rates at 6 to 8 h intervals in 1 1 trols were covered with aluminum foil. During expo- 
0.8 pm (polycarbonate membrane filters, Poretics) fil- sure of water samples, total solar radiation (300 to 
tered samples over a 32 h incubation period. These 700 nm) and UV (300 to 400 nm) were monitored at 
were applied to convert pmoles of incorporated thymi- 0.5 h intervals (2 nm wavelength scan range) with 
dine to cell BP (Chrost & Rai 1994). Mean conversion LI-1800 UV underwater spectroradiometer (LI-COR). 
factors for BP in lagoon and Lair samples were 1.15 * The light sensor (at 0.25 m depth) was covered with a 
0.06 X 106 cells pmol-' TdR (n = 5) and 1.38 + 0.12 X 106 polystyrene flask wall to measure actual radiation 
cells pmol-' TdR (n = 5), respectively. Cell BP was con- passing to exposed samples. 
verted to biomass production by means of cell-to-bio- After exposure, water samples were re-inoculated 
mass conversion factor 19.8 fg C cell-' (Lee & Fuhrman with 15 m1 of gravity-filtered (0.8 pm pore-size, poly- 
1987). carbonate membrane filters, Nuclepore) water con- 
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taining natural bacteria from the respective sampling 
sites. Microscopic examination of 0.8 pm filtered fixed 
samples revealed that prefiltration of water inoculum 
eliminated about 92 to 96% of bacterial grazers natu- 
rally present in the lagoon and Lair water. BP and 
abundance (DAPI counts, see below) in water samples 
during 24 h growth of bacteria in the dark were deter- 
mined at selected intervals. Specific growth rates (p) of 
bacteria were calculated from the slope of linear 
regression of natural logarithms of TdR incorporation 
and bacterial numbers versus incubation time, deter- 
mined simultaneously during growth experiments 
(Chr6st et al. 1988). Assuming exponential growth of 
bacteria during experiments, the doubling times were 
calculated from ln2/p. 

Bacterial abundance and ceIl volume. Epifluores- 
cence microscopy was used to determine bacterial cell 
numbers and biovolume. Glutaraldehyde preserved 
(2 O/'o final concentration), and 4,6-diamidin0-2-phenyl- 
indole (DAPI) stained samples were counted for bacte- 
rial abundance (Porter & Feig 1980). Epifluorescence 
photomicrography was used to examine cell size (Lee 
& Fuhrman 1987). Photographs (Kodak Ektachrome 
400 ASA) were taken from 5 randomly selected fields 
of each microscope slide within 0.5 h of its preparation. 
Photographic images were projected onto a screen 
(final magnification -20000) and 250 to 300 cells per 
photographic slide were measured to determine bacte- 
rial cell size and to calculate cell volume. 

Turnover time of bacterial biomass. The turnover 
time of bacterial biomass was determined as bacterial 
biomass (pg C I-') divided by BP (pg C 1-' h-'). Biomass 
of bacteria in the lagoon and the Lair water samples 
was calculated by multiplying bacterial cell numbers 
(DAPI counts) by the cell-to-biomass conversion factor 
of 18.7 and 23.3 fg C cell-', respectively (Simon & 
Azam 1989). 

Statistical analysis. Experimental data were statisti- 
cally analyzed (multiple regression analysis and 
ANOVA) according to Helsel & Hirsch (1992) using 
computer software (Statistix, Analytical Software, 
USA). 

RESULTS 

Bacterial production 

Bacterial secondary production (BP) varied markedly 
between the sampling sites during the study period 
(Fig. 2). In the oligotrophic lagoon (Fig. 2A), daily 
mean BP (0.41 * 0.08 pg C 1-' h-') was -4.2 times lower 
than in the eutrophic Lair (1.78 5 0.32 pg C 1-' h-'; 
Fig. 2B). At both sites, the rates of BP measured in the 
late afternoon were significantly lower (ANOVA, p = 

A Lagoon 
0.64 * 

-m- Lagoon 
o -0- Lair 

a 

.-.-.\.-.-.-m-. 

0 . 8 J 1 . r , 1 , 8 , 8 8 , 8 . 1 .  

16 18 20 22 24 26 28 30 

May 1996 

Fig. 2. Rates of bacterial secondary production (BP) in surface 
waters of (A) the oligotrophic lagoon and (B) the eutrophic 
Lair; (C) the ratio between bacterial production during early 
morning (AM) and late afternoon (PM) samples; vertical lines 
show *SD of triplicate measurements. Note that there were 
no significant differences in BP between morning and after- 
noon samples on May 19 to 20, when there was very heavy 

rainfall (precipitation -275 mm d-') and lots of clouds 

0.001) than those determined on samples taken in the 
morning (Fig. 2C). This was especially the case in sam- 
ples taken from the eutrophic Lair, where mean rates 
of BP (1.27 * 0.12 pg C I-' h-') in the afternoon were 
1.81 times lower in comparison to morning samples 
(2.30 * 0.53 pg C 1-' h-'). In the lagoon we found that 
afternoon rates of BP (mean 0.36 * 0.06 g C 1-' h-') 
were on average 1.25 times lower (Fig. 2C) than in 
the morning (mean 0.45 k0.10 g C 1-' h-'). BP rates 
determined in the lagoon varied between 0.22 and 
0.56 g C 1-' h-' and from 0.24 to 0.43 g C 1-' h-' in the 
morning and afternoon, respectively (Fig. 2A). BP 
determined in The Lair fluctuated between 1.21 and 
2.90 pg C 1-' h-' in the morning and between 1.08 and 
1.56 pg C 1-' h-' in the afternoon (Fig. 2B). 
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Table 1. Bacterial number (BN) and turnover time of biomass (TB) in the lagoon and Lair surface water samples in the morning 
and late afternoon (* SD) 

Date Lagoon Lair 
(May 1996) Morning Afternoon Morning Afternoon 

BN TB BN TB BN TB BN TB 
(xl o8 I-') (h) (x108 I-') (h) (x108 1-l) (h)  (x108 I- ' )  (h)  

17 4.7 * 0.2 17.3 4.1 * 0.2 20.5 16.9 * 0.2 16.5 13.9 2 0.3 19.1 
20 3.1 * 0.2 16.9 3.2 * 0.3 16.6 11.4 * 0.3 16.8 11.5 k 0.4 16.5 
2 2 4.0 * 0.1 17.5 3.3 i 0.1 19.4 14.7 i 0.2 15.2 12.7 * 0.7 18.8 
25 4.4 i 0.1 16.1 3.0 i 0.2 20.9 16.6 i 0.3 15.6 13.8 * 0 5 21.2 
28 5.1 i 0.2 18.3 4.2 i 0.2 19.6 17.1 i 0.3 15.5 14.5 * 0.5 18.5 
29 5.4 i 0.2 19.4 4.3 i 0.1 20.5 17.7 * 0.2 15.3 15.2 ~t 0.3 19.2 
30 4.9 * 0.1 18.3 3.9 i 0.3 20.1 17.5 + 0.1 14.1 15.1 * 0.7 17.5 

Mean 4.5 i 0.8a 17.7 + 1.1" 3.7 i 0.5' 19.6 * 01.4a 16.0 i 2.2a 15.6 * O.gb 13.8 + 1.3a 18.7 f 1 . 5 ~  

'ANOVA, p = 0.05 
b ~ ~ ~ ~ ~ ,  p = 0.01 

Note that there were no significant differences in BP 
rates between morning and afternoon samples at both 
sampling sites during very heavy rainfall and cloudy 
days on May 19 to 20, 1996 (Fig. 2A,B). 

Bacterial abundance and turnover time of biomass 

There were significant differences in the specific 
growth rates of bacterial assemblages between water 
samples taken in the morning and afternoon at both 
sites. Bacteria grew faster, i.e. displayed shorter 
turnover times of their biomass, during early morning 
(Table 1). Lagoon bacterial biomass in the morning 
doubled on average every 17.7 * 1.1 h, whereas during 
late afternoon their mean turnover times of biomass 
were noticeably longer (19.6 * 1.4 h). Turnover times of 
bacterial biomass estimated for morning and afternoon 
samples from The Lair varied between 14.1 and 16.8 
(mean 15.6 * 0.9) and 16.5 and 21.2 (mean 18.7 * 1.5) h, 
respectively. 

Average total number of bacteria in lagoon water 
determined in morning samples (4.5 * 0.8 X 10' cells 
I-') was -21 % higher than during late afternoon (3.7 + 
0.5 X 108 cells I-', Table 1). Bacterial abundance in The 
Lair also varied significantly between morning (aver- 
age 16.0 i 2.2 X 10' cells 1-') and afternoon (13.8 * 1.3 X 

108 cells l?') samples. During the day the average num- 
ber of bacteria in The Lair decreased 15.9 % in com- 
parison to the abundance found in the afternoon. 

We observed that bacteria in the oligotrophic 
lagoon samples were significantly smaller (ANOVA, 
p = 0.05) than in the eutrophic Lair. Bacteria in the 
lagoon had an average cell volume of 0.066 + 0.011 
pm3 (n = 552, 5 samples), whereas cell volume of Lair 
bacteria was almost double (0.107 * 0.032 pm3, n = 

584, 6 samples). 

Effect of solar radiation on [3H-methyl]thymidine 
and [=H]leucine incorporation 

Our field observations indicated that after the day- 
light period, rates of BP (Fig. 2) and number of bacteria 
(Table 1) markedly decreased. These variations in BP 
rates and number of bacteria may be due to changes in 
DNA and protein synthesis rates in bacteria that were 
exposed to harmful UV in solar radiation. 

We aetermined rates of TdR and leucine incorpora- 
tion into bacterial DNA and protein, respectively, in 
surface water samples that were exposed for 6 h to nat- 
ural solar radiation. The results of these experiments 
are presented in Table 2. There were enormous differ- 
ences in DNA and protein synthesis by bactena in 
sunlight-exposed samples in comparison to control 
samples incubated in the dark, not exposed to solar 
radiation, from both sampling sites. Exposure of bacte- 
ria to solar radiation resulted in a significant decrease 
in their rates of DNA and protein synthesis (ANOVA, 
p = 0.001). 

TdR incorporation rates were on average 22 and 
46% lower in comparison to dark controls in the 
lagoon and Lair, respectively. We found also severe 
inhibition of leucine incorporation into bacterial pro- 
tein in samples that were exposed to solar radiation. 
Leucine incorporation rates in irradiated samples 
were on average 36 (lagoon) and 49% (Lair) lower 
than in controls. 

We did not find significant differences in TdR and 
[3H]leucine incorporation rates between dark control 
water samples in quartz and polystyrene incubation 
devices at both sampling sites (ANOVA, p = 0.001; 
Table 2). Polystyrene flasks did not significantly 
change the spectrum of visible light and UV radiation 
(ANOVA, p = 0.01). They transmitted from 71 to 79 % 
and 76 to 83 % of UV (300 to 400 nm wavelength) and 
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Table 2. Mean ( i S D  of duplicates) rates of ['H-methyllthymidine and [3H]leucine incorporation by bacteria in the lagoon and 
Lalr water samples irradiated in quartz tubes and polystyrene flasks for 6 h with ambient solar radiation at the water surface. 

Control samples were not exposed to solar radiation. nd. not determined 

Sampling site (1997) [3H-methyl]thymidine (nmol 1-' h-') [3H]leucine (nmol 1" h-') 
Quartz Polystyrene Quartz Polystyrene 

Control Sunlight Control Sunlight Control Sunlight Control Sunlight 

Lagoon (May 17) 0.112 * 0.011 0.086 * 0 008 0.117 i 0.013 0.092 i 0.007 4.216 * 0.025 2.985 i 0.022 4.228 i 0.024 3.005 * 0.021 
Lagoon (May 19) 0.105 i 0.008 0.082 i 0.005 0.1 11 i 0.004 0.088 * 0.007 nd nd nd nd 
Lagoon (May 20) nd nd nd nd 3.995 * 0.025 2.125 i 0.027 3.935 i 0.033 2.237 * 0.016 
Lagoon (May 21) 0.110 i 0.005 0.088 i 0.008 0.108 i 0.004 0.087 i 0.007 nd nd nd nd 
Lair (May 18) 0.445 i 0.012 0.234 * 0.009 0.452 * 0.008 0.231 i 0.011 nd nd nd nd 
Lair (May 19) nd nd nd nd 5.937 + 0.045 3.027 i 0.035 6.006 * 0.023 3.045 + 0.015 
Lair (May 23) 0.428 i 0.012 0.241 * 0.007 0.415 * 0.009 0.238 i 0.008 nd nd nd nd 
Lair (May 24) nd nd nd nd 5.238 + 0.022 2.875 i 0.020 5.325 i 0.015 2.945 + 0.012 
Lair (May 25) 0 440 i 0.010 0.235 rt 0.014 0.437 i 0.009 0.238 i 0.012 nd nd nd nd 
Lair (May 27) nd nd nd nd 5.775 * 0.014 2.756 t 0.009 5.812 i 0.011 2.650 + 0.021 

PAR, respectively (Fig. 3). Similar observations were 
reported by Herndi et al. (i993). 

Bacterial production and growth in water samples 
previously exposed to natural solar radiation 

Filter-sterilized water samples were exposed to nat- 
ural solar radiation between 10:OO and 13:OO h and 
10:OO and 16:OO h (local time). Table 3 presents total 
solar radiation (300 to 700 nrn) and UV radiation (300 to 
400 nm) in polystyrene vessels during the experiment. 
UV radiation constituted 10.9 to 13.7% (mean 12.5 
* 1.2%) and 10.9 to 14.5% (mean 12.8 & 1.2%) of the 
total solar radiation between 10:OO and 13:OO h and 
10:OO and 16:00 h, respectively. 

We observed a significant increase in rates of bacte- 
rial production in water samples in situ exposed to 
ambient sunlight (Fig. 4). After 24 h growth, the bac- 
teria in the lagoon samples exposed to sunlight in- 
creased their production rates -3 times in comparison 
to dark control samples. More dramatic changes in BP 
were observed in the eutrophic water samples from 
The Lair previously exposed to sunlight (Fig. 4).  BP in 
The Lair samples was 2.4 and 4.4 times higher than in 
dark controls when exposed to solar radiation over 3 
and 6 h, respectively. 

r ambient m 
P- 

Fig. 3. Comparison of irradiance of ambient sunlight and irra- 
diance passing through polystyrene flasks 

There were also pronounced changes in the growth 
rates of bacteria inoculated into samples previously ra- 
diated with sunlight (Table 4). Exposure of water sam- 
ples from the lagoon and Lair to ambient solar radiation 
at the water surface resulted in acceleration of bacterial 
divisions; bacterial growth rates were on average 2 
times higher in comparison to the untreated control 
samples. Doubling time of bacteria significantly short- 
ened from 18.8 (lagoon) and 14.5 (Lair) h in control 
samples to 8.5 and 7.1 h, respectively, in samples that 
were previously exposed to solar radiation (Table 4). 

Epifluorescence microscopy revealed that bac- 
teria of sunlight-irradiated water samples from the 

Table 3.  Range values of total solar and UV (300 to 400 nm) radia- 
tion (W m-') reaching water samples in polystyrene flasks incu- lagoon and The Lair increased their 
bated in the lagoon at 0.25 m depth (May 28, 1996). In parentheses: during the 24 h re-growth experiment (ANOVA, 

mean * SD values p = 0.01). The bacterial community was mainly 
composed of large rods (76 to 84 %). The average 

I enlarged their cell size even more dramatically: 

Local time 
10:OO to 13:OO h 10:OO to 16:00 h 

Total solar radiation 178-275 (241 * 35) 178-324 (257 * 41) 
UV radiation 20-36 (30 * 5) 20-45 (33 * 6) 

cell volume of the native lagoon bacteria in- 
creased from 0.058 * 0.011 (n = 320) to 0.075 + 
0.008 I.lm"n = 300), i.e. -1.3 times. Bacteria grown 
in The Lair water exposed to solar radiation for 6 h 
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their average cell volume increased -1.9 times from 
0.105 + 0.023 (n = 340) to 0.195 + 0.024 pm3 (n = 325) 
after 24 h. 

DISCUSSION 

This study shows that bacterial production and 
growth in subtropical coastal surface waters may be 
both directly inhibited and indirectly stimulated by 
solar radiation. Direct inhibition of the studied pro- 
cesses was observed during the daytime, while indi- 
rect stimulation occurred during nighttime, when bac- 
teria were able to recover from solar radiation stress. 
This paradox in impact of solar radiation on bacterial 
metabolism is due to the effects of UV radiation on cel- 
lular components and dissolved organic matter in 
water samples. The major inhibitory effects of UV radi- 
ation at the cellular level results in damage to DNA, 
proteins and enzymes (Swenson & Setlow 1966, Regan 
et al. 1992, Miiller-Niklas et al. 1995, Buma et al. 1996, 
Ekelund 1996, Lindell & Edling 1996). UV radiation 
directly damages DNA by inducing bulky adducts (e.g. 
thymine dimers) that block replication and transcrip- 
tion (Mitchell & Karentz 1993). At the environmental 
level, UV radiation transforms and photo-oxidizes a 
variety of DOC constituents (Mopper et al. 1991). 
These products of UV photodegradation of DOC may 
have inhibitory and/or stimulatory consequences to 
microbial metabolism in aquatic ecosystems (Herndl et 
al. 1993, Lindell et al. 1996, Aas et al. 1996, Bergeron & 
Vincent 1997). 

Several recent studies considered the significant role 
of high solar and UV-B radiation in photooxidation of 
natural dissolved organic compounds in freshwater 
and marine systems (Kieber et al. 1989, Dahlen et al. 
1996). The interactions between DOC and solar radia- 
tion are very complex. Organic molecules of the DOC 
pool are predominant factors attenuating the penetra- 
tion of solar radiation of both visible and UV wave- 
lengths in natural waters (Williamson et al. 1996, 
Morris & Hargreaves 1997). This is extremely 
important because it protects organisms from 
harmful UV-B radiation and limits the depth to 
which phytoplankton photosynthesis can occur. 
DOC photo-oxidized by UV radiation releases a 
number of chemically and biologically reactive 
by-products, including hydrogen peroxide, hydrox- 
ide radials, carbonyl compounds, a-keto acids, 
ammonia and organic nitrogen compounds. Bioas- 
say studies have documented that the photolytic 
by-products of UV-B-DOC interactions are more 
available for bacterial metabolism (than the origi- 
nal molecules) and stimulate bacterial growth and 
production (Lindell et al. 1995, Wetzel et al. 1995). 

Lagoon 

3 hours 
21 D (hours 

l , . , . , . , . , . , .  
0 5 10 l 5  20 25 

Lair 

Re-growth time (hours) 

Fig. 4. Production of bacteria during the bioassay experiment 
in the lagoon and The Lair water samples previously exposed 

to natural solar radiation 

We observed a significant decrease in in situ rates of 
bacterial production and growth in water samples 
taken in the late afternoon in comparison to samples 
collected in the early morning (Fig. 2, Table 1). Bacter- 
ial production and their division rates from both sam- 
pling sites responded similarly to solar irradiance. The 
negative changes in bacterial production and growth 
rates, however, were more drastically pronounced in 
The Lair. One possible explanation of the observed 
negative changes in bacterial metabolism may be 
severe photoinhibition of DNA and protein synthesis in 
microbial cells at the water surface (Table 2; Regan et 

Table 4. Growth rates and doubling times of bacteria re-grown in the la- 
goon and Lair water samples irradiated for 3 and 6 h with ambient solar 
radiation at the water surface (*SD). Growth rates are arithmetic means 
of values resulted from 2 independent methods used for calculation, i.e. 
slopes of linear regressions of natural logarithms of thyrnidine incorpora- 

tion rates and bacterial numbers, determined simultaneously 

Treatment Lagoon Lair 
Growth Doubling Growth Doubling 

rate (h-') time (h) rate (h-') time (h) 

Dark (control) ;::l l8; 1:;: : 1:: r; 1 Solar radiation 
3 h  
6 h  0.081 * 0.021 8.5 0.096 k 0.013 7.1 
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al. 1992, Herndl et a.1. 1993, Buma et a.1. 1996, Jeffrey et 
al. 1996) and/or photoproduction of inhibitory sub- 
stances after photo-oxidation of DOC constituents dur- 
ing the daytime (Mopper et al. 1991). 

After sunset, bacteria recovered from UV stress, 
enhanced their metabolism, and markedly increased 
their growth rates and biomass production. We found 
in samples taken from the lagoon and Lair in the early 
morning that bacterial production was on average 1.21 
* 0.13 and 1.88 + 0.52 times higher than in the after- 
noon samples, respectively (Fig. 2C). Similar observa- 
tions were reported by Jeffrey et al. (1996) and Pakul- 
ski et al. (1998) in the Gulf of Mexico. They found that 
bacteria exhibited nighttime repair of DNA damage 
after diurnal exposure to solar radiation. There are 
many DNA repair mechanisms in bacterial cells. 
Repair of bacterial DNA in aquatic ecosystems may be 
either light dependent via the action of photolyase 
(Miicilell & Kdrentz i993) and/or iight independent via 
the SOS response mechanism that includes action of 
proteins such as recA (Miller & Kokjohn 1990). 

We suggest that exposure of natural waters to solar 
radiation resulted not only in inhibition of bacterial 
DNA and protein synthesis, but also in their enrich- 
ment in labile by-products of DOC photo-oxidation 
that consequently enhanced overall bacterial metabo- 
lism during nighttime, after their recovery from UV 
stress. Several studies reported that bacteria may be 
stimulated by the photochemical transformation of 
high-molecular-weight DOC (non-readily utilizable) 
into low-molecular-weight subunits that are easily uti- 
lizable by these microorganisms (Lindell et al. 1995, 
1996, Wetzel et al. 1995, Bano et al. 1998). Results of 
our bioassay experiments are consistent with the 
above suggestion (Table 4, Fig 4) .  We found a large 
increase in cell volume, and also in growth rates and 
production of bacteria in samples previously irradiated 
with sunlight. Similar changes in biomass production 
and cell volume of lake bacteria due to exposure of 
DOC to light irradiance were reported by Lindell et al. 
(1995). It was documented that cell volume of bacteria 
is positively proportional to their metabolic activities 
and nutrient content and availability (Lee & Fuhrman 
1987, Gas01 et al. 1995), and negatively proportional to 
the grazing pressure of bacterivores in aquatic envi- 
ronments (del Giorgio et al. 1996). During our bioassay 
experiments bacter~a grew in water samples in 
absence of grazers, which were excluded by filtration 
from the inoculum. Thus, the observed increase in bac- 
terial cell size could be due to both processes: photoox- 
idation of non-readily utilizable DOC, and subsequent 
release of usable substrates, a.nd absence of grazing. 

This study revealed that solar radiation can directly 
and adversely alter bacterial production and growth 
over die1 cycles in coastal subtropical waters. These 

physico-chemical and biological interactions in coastal 
waters between sunlight + DOC + heterotrophic bac- 
teria may have important implications at both the 
ecosystem and global levels. At the ecosystem level, 
increased bacterial production and growth rates will 
transfer a larger proportion of energy and carbon flow 
into the microbial compartment of the aquatic food 
web. This may increase mineralization of organic mat- 
ter and regeneration of inorganic nutrients, and respi- 
ration rates of bacteria and bacterivores, resulting in 
significant enrichment of natural waters with carbon 
dioxide. Moreover, photooxidation of DOC itself re- 
sults in CO2 production and oxygen consumption in 
natural waters. Decreased concentrations of DOC in 
water may simultaneously increase the penetration of 
biologically harmful UV wavelengths to deeper parts 
of aquatic ecosystems (Morris & Hargreaves 1997), 
thus affecting phytoplankton photosynthesis (Helbling 
et al. 1952) and decreasing their organic matter and 
oxygen production. Finally, these biologically unbal- 
anced concentrations of carbon dioxide and oxygen in 
aquatic ecosystems may significantly influence their 
water-air exchange rates. Clearly, in light of the 
awareness of global ozone depletion and harmful 
effects of UV radiation, the interactions of solar radia- 
tion in aquatic ecosystems urgently deserve further 
study. 
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