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ABSTRACT: The effects of ultraviolet-B radiation (UVBR) on the bacterivory of a natural marine proto- 
zoan community were examined as part of a 7 d experiment designed to study the effects of different 
UVBR intensities on the summer planktonic assemblage of the lower St. Lawrence Estuary. Quebec, 
Canada. The experiment was conducted in large containers (mesocosms) subjected to 1 of the follow- 
ing UVBR regimes: excluded UVBR (WWB), natural UVBR (NUVB), and natural UVBR enhanced with 
either 2 lamps (LUVB) or 3 lamps (HUVB). Incubations with fluorescently labeled bacteria were con- 
ducted daily as a tool to understand the interaction between the potential bacterivores (heterotrophic 
ciliates and nanoflagellates) and bacteria within the studied system. UVBR intensities had no signi- 
ficant effects on the estimated clearance and ingestion rates (CR and IR, respectively) until Day 5 of the 
experiment. During the following 2 d, characterized by low nutrient concentration, both CR and IR 
decreased with the increase of the daily UVBR (at 305 and 320 nm) doses received. The maximum dif- 
ference between treatments was observed on Day 7,  where both clearance and ingestion rate values in 
the NUVB, LUVB and HUVB treatments were significantly lower than the WUVB treatment. Our data 
suggest that over a 1 d period and under conditions of high nutrient concentrations, protozoan bac- 
terivory is not affected by W B R  increases. When nutrient concentrations become low, bacterivores 
become more susceptible to damaging UVBR effects. We think that the deterioration of food quality, 
itself resulting from the synergistic action of nutrients and UVBR stresses, is responsible for the 
increased sensitivity of bacterivores to UVBR. UVBR-induced decreases in bacterivory would represent 
a considerable loss to the higher tropic levels that feed upon bacterivores. 
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INTRODUCTION 

The significant contribution of heterotrophic bacteri- 
oplankton and protozooplankton to the flux of organic 
matter in marine and freshwater ecosystems has now 
been established (Porter et al. 1985, Cole et al. 1988, 
Berninger et al. 1991, Azam 1998). Heterotrophic bac- 
teria utilize dissolved organic matter (DOM) to build 
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up their cellular material (Ammerman et al. 1984, 
Moran & Hodson 1990, Tranvik et al. 1993). The newly 
formed bacterial biomass is transferred to metazoans 
either directly, via predation by filter-feeding zoo- 
plankton (appendicularians; King et al. 1980, cope- 
pods; Pedr6s-Ali6 & Brock 1983, rotifers; Sanders et al. 
1989, cladocerans; Pace et al. 1990, Vaque & Pace 
1992) or indirectly, via protozoan bacterivory (mainly 
heterotrophic ciliates and nanoflagellates c20 pm: HCF) 
(Azam et al. 1983) and subsequent metazoan predation 
on protozoa. Because HNAN are generally considered 
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the most efficient organisms in capturing bacteria 
(Fenchel 1982a,b, Bloem & Bar-Gilissen 1989, Capriulo 
1991), the indirect pathway is more likely to occur in 
both marine and freshwater environments (Gude 1986, 
Nagata 1988, Sanders et al. 1989, Carlough & Meyer 
1990, Wikner et al. 1990, Sanders et al. 1992). Thus, 
protozoan bacterivory, by regulating standing stocks, 
species composition and metabolic activity of the bac- 
terial community, is believed to indirectly impact car- 
bon flux dynamics (Taylor et al. 1985, Chrzanowski & 
~ i m e k  1990). In addition, since part of the DOM avail- 
able to bacterial consumption is released by phyto- 
plankton, either directly through normal leaking or 
aging (Linley et al. 1983, Obernosterer & Herndl 1995) 
or indirectly through the grazing activity of herbivores 
(Jumars et al. 1989), bacterivory may be considered as 
a key process in recovering a considerable part of the 
primary production that would otherwise be lost to 
aquatic food webs (Ducklow et al. 1986). Given these 
significant roles, protozoan bacterivory has been a 
topic of keen interest to aquatic microbiologists during 
the last 2 decades. 

Previous investigations have focused mainly on 
developing methods to measure protozoan bacterivory 
rates (Sherr & Sherr 1983, Davis & Sieburth 1984, Sherr 
et al. 1987, Bernard & Rassoulzadegan 1990, Vrba et al. 
1993, 1996) and on studying the importance of bac- 
terivory in the modeling of carbon fluxes in specific 
water bodies (Weisse & Scheffel-Moser 1991, Bara- 
novic et al. 1993, Laurion et al. 1995, Stabell 1996, Bec- 
quevort 1997, Hadas et al. 1998). Studies addressing 
the effects of environmental stresses, such as ultravio- 
let-B radiation (UVBR; 280 to 320 nm) on protozoan 
bacterivory, are scarce (Sommaruga et al. 1996, Wick- 
ham & Carstens 1998). 

In recent years, significant increases of UVBR fluxes 
reaching the earth's surface have been attributed to 
the increasing, but cyclic, depletion of the stratos- 
pheric ozone layer (Crutzen 1992). Despite the fact that 
ozone destruction due to reactions involving chloroflu- 
orocarbons was believed to be stimulated by condi- 
tions specific to the region of Antarctica (Anderson et 
al. 1991), levels of stratospheric ozone measured dur- 
ing the past few years over the Arctic region have 
dropped, on a percentage basis, to values comparable 
to those recorded in Antarctica (Rex et al. 1997). Lower 
levels of ozone depletion have also been measured 
over more southerly regions including the United King- 
dom (Pearce 1996) and midlatitude areas of Canada 
(Tarasick & Fioletov 1997). These reported decreases 
stress the need to quantify the effects of UVBR on the 
aquatic ecosystems of the northern hemisphere. 

Although representing a minor portion of the solar 
spectrum (less than 1 % of total energy), UVBR is a 
highly active radiation that can penetrate to biologi- 

cally significant depths in lakes and oceans (Bergeron 
& Vincent 1997). Depending upon the nature of the 
organism, the light regime, and the exposure time, 
UVBR effects on aquatic lives range from no conse- 
quence (Jokiel & York 1984) to long-term depression of 
key physiological processes and/or acute physiological 
stress, to death via mutagenesis (Vincent & Roy 1993). 
Indeed, it has been repeatedly shown that UVBR 
inhibits growth, photosynthesis, and cell division (Cal- 
kins & Thordardottir 1980, Vosjan et al. 1990, Karentz 
et al. 1994) and alters the biochemical composition 
(Dohler 1992 and references cited therein) of primary 
producers. The few studies focusing on UVBR effects 
on heterotrophic organisms have shown that zoo- 
plankton (Zagarese et al. 1997), bacteria (Herndl et al. 
1993, Miiller-Niklas et al. 1995, Pakulski et al. 1998) 
and viruses (Suttle & Chen 1992) are adversely af- 
fected by UVBR as well. For bacterivores, Sommaruga 
et al. (1996) reported a loss of motility and, conse- 
quently, a decrease of the bacterivory of the hetero- 
trophic nanoflagellate Bodo saltans following its expo- 
sure to UVBR. Ochs (1997) described the grazing of an 
autotrophic picoplankton by 2 marine heterotrophic 
nanoflagellates exposed to ultraviolet (UV) light 
mainly enhanced at 354 nm (ultraviolet-A radiation; 
UVAR, 320 to 400 nm). He reported an inverse rela- 
tionship between prey mortality due to grazing and 
UV irradiance. This was attributed to a UV-induced 
decrease of both grazer survival and swimming capacity. 
In a recent study, grazing rates of the marine het- 
erotrophic nanoflagellate Paraphysomonas bandaiensis 
upon 2 strains of the cyanobacteria Synechococcus 
spp, were found to be reduced upon UVBR exposure 
(Ochs & Eddy 1998). 

Apart from being limited in number, previous re- 
search in the field of protozoan UVBR photobiology 
has drawn conclusions from short temporal-scale in- 
vestigations that employed pure cultures of laboratory 
grown organisms (Sommaruga et al. 1996, Ochs 1997). 
Although these studies constitute a fundamental step 
in the comprehension of the mechanisms by which 
UVBR affects phagotrophic protozoa, such conclusions 
cannot be readily extended to natural aquatic environ- 
ments without prior in situ investigations (Sommaruga 
et al. 1996, Ochs 1997). Evidence indicates that, in gen- 
eral, species isolated from aquatic habitats experienc- 
ing high levels of UVBR have higher tolerance to this 
radiation than those growing in UVBR shielded envi- 
ronments (Calkins & Thordardottir 1980). Given the 
species-specific differences in the degree of tolerance 
to UVBR, selected experimental organisms may not 
reflect the response of a diversified community of pro- 
tozoa. Yet, in this respect it is believed that one of the 
main long-term effects of UVBR on aquatic ecosystems 
could be a change in community composition (Both- 
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well et al. 1993). In addition, physical factors prevailing 
in real systems (e.g. vertical mixing; Neale et al. 1998) 
can modulate the overall influence of UVBR on its 
inhabitants. 

The purpose of the present work is to evaluate the 
impact of natural and artificially enhanced UVBR on 
the bactenvory of a natural assemblage of bactenvo- 
rous protozoans. To do this, a natural planktonic com- 
munity comprised of organisms <240 pm was isolated 
in large containers (mesocosms) and exposed to differ- 
ent UVBR levels for ? consecutive days. Abundances 
of both potential bacterivorous protozoans (HCF) and 
their prey (heterotrophic bacteria) were determined 
daily. Some tintinnids and other unidentified species 
were present in the experimental water but were 
excluded from further analysis because their concen- 
trations remained very low and relatively constant 
during the experiment with no significant differences 
between treatments (Mostajir et al. unpubl. data). 
Surface incubations with fluorescently labeled bacte- 
ria were conducted in parallel as a tool to explain the 
interactions between bacteria and their grazers under 
the tested UVBR levels. Other variables related to bio- 
logical activity (either directly, e.g. phytoplankton 
abundance, chlorophyll a,  or indirectly, e.g. nutrient 
concentrations) were monitored throughout the ex- 
periment as well. The potential effects of UVBR on 
protozoan consumption of bacteria are discussed in a 
broad context of food web dynamics. 

MATERIALS AND METHODS 

Experimental protocol. A 7 d experiment ( l ?  to 
23 July 1996) was conducted to characterize the effects 
of different intensities of UVBR (280 to 320 nm) on var- 
ious characteristics of the natural summer planktonic 
community of the St. Lawrence Estuary. The investiga- 
tion was carried out in four 3500 1 capacity double- 
walled tanks (Fig. 1). The tanks are located outdoors at 
the aquaculture station of the Universite du Quebec 
a Rimouski, situated on the south shore of the St. 
Lawrence Estuary (Pointe-au-Pere, Quebec, Canada: 
48.30" N, 68.29" W).  The experimental setup and light 
regimes have been described in detail in Belzile et al. 
(1998). Briefly, 2 polyethylene mesocosms (1500 1 each) 
were fitted in each tank in order to create replicates of 
4 experimental UVBR treatments (Fig. 1A). Water was 
pumped from ca 1 to 2 m depth at the pier of Maurice 
Lamontagne Institute (Mont-Joli, Quebec, Canada: 
48.36" N, 68.13" W) and was distributed evenly among 
the experimental mesocosms following its gravity fil- 
tration through a 240 pm Nitex@ screen. Water inside 
the mesocosms was continuously mixed using a pump 
(Little Giant@, model 2-MD-HC) at a rate of 25 1 min-', 

yielding 1 turnover of the entire mesocosm water every 
hour. During periods of rain, polyethylene screens 
were installed on top of the tanks. Water temperature 
in the mesocosms was maintained at in situ water 
temperature by circulating local estuary water through 
the inner cavity of the double-walled tanks. Water 
removed from the mesocosms while sampling was not 
replaced. However, water was introduced between the 
mesocosms and the tank walls after each sampling. 
This added water lifted the mesocosms, therefore 
keeping the water level in the mesocosm constant in 
relation to the top of the tanks (Fig. 1B). Each of the 4 
tanks was exposed to one of the following UVBR treat- 
ments: UVBR excluded with a 0.13 mm Mylar@ sheet 
(WUVB), natural UVBR (NUVB) and natural UVBR 

the rnesocosms after - 
each sampling 1.30m 

Fig. 1. Schematic view of an experimental tank in (A) top view 
showing the lamp configuration above the mesocosms and in 
(B) vertical view showing the fitted pair of mesocosms acting 
as replicates for a given treatment, the distance from the 
lamps to the water surface, the cooling system and the way 

mesocosms were lifted up following each sampling 
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enhanced either with 2 lamps (LUVB) or with 3 lamps 
(HUVB). The lamps (emission peak at 312 nm, pre- 
burned for 100 h) were purchased from Spectronics 
Corporation (model XXISB). They were installed 0.4 m 
above the mesocosms' water surface (Fig. 1B) and were 
turned on from 09:OO to 17:30 h each day. In order to 
attenuate wavelengths not encountered in nature but 
emitted by the lamps (ultraviolet-C radiation: UVCR, 
250 to 280 nm), the lamps were filtered with aged (1 h 
at 1 cm from the lamps) 0.13 mm cellulose acetate 
sheets (Cadillac Plastics) which were changed daily. In 
preliminary experiments, aged cellulose acetate sheets 
were found to be effective in the elimination of UVCR 
(Belzile et al. 1998). To ensure the same shading condi- 
tions in all treatments, 3 dummies (wooden cutouts 
with dimensions similar to the UVBR lamps) were 
installed over the NUVB mesocosms and a dummy was 
added to the lamps over the LUVB mesocosms. No 
dummies were installed over the W U V B  mesocosms 
because the ~ ~ l a r @  sheet already somewhat reduced 
UVAR (320 to 400 nm) and photosynthetically active 
radiation (PAR, 400 to 700 nm). For 7 consecutive days, 
various parameters (e.g. temperature, incident irra- 
diance, nutrients, chlorophyll a [chl a]  and different 
organism abundances) were measured at least once 
per day (09:OO h). In relation to the present study, the 
following measurements were accomplished. 

Physical variables. The natural incident intensities 
of UVBR, UVAR, and PAR were measured every 
10 min using an IL 1700 radiometer (International 
Light Inc.) equipped with broadband, flat sensors 
designed for UVBR (SUD240/SPS300 filter/W diffuser), 
UVAR (SUDO33/UVA filter/W diffuser) and PAR 
(SUD033/PAR filter/QNDSl/W diffuser) that provided 
a cosine-corrected irradiance. Peak wavelengths were 
at 275,365, and 556 nm for the UVBR, UVAR, and PAR 
sensors, respectively. A PUV-500 underwater radiome- 
ter (Biospherical Instruments) provided measurements 
of cosine-corrected downwelling irradiance at 305, 
320, 340, and 380 nm wavelengths (full bandwidth of 
8 to 10 nm at half maximum) and a measurement of 
cosine-corrected downwelling PAR just below the 
water surface. To compensate for the underestimation 
caused by the PUV systems calibration method, the 
absolute irradiances at 305 nm were corrected using a 
factor of 2.6 (Grk et al. 1994). The enhancement pro- 
vided by the use of 2 or 3 lamps was calculated through 
the substract~on of 305 nm irradiance in the NUVB 
treatment from the corresponding value under the 
LUVB and HUVB treatments, respectively. By repeat- 
ing this on 4 consecutive days (20 to 23 July 19961, 
absolute enhancements by the lamps in the LUVB and 
HUVB treatments were found to be reasonably con- 
stant (for details see Belzile et al. 1998). An average 
absolute enhancement at 305 nm was calculated from 

the 4 d enhancement values in each UVBR enhanced 
treatment. Using the UVBR lamp spectra, the absolute 
enhancements at other wavelengths were deduced 
(Belzile et al. 1998) for every treatment. The integra- 
tion of absolute enhancements at wavelengths from 
280 to 320 nm yielded an average UVBR absolute 
enhancement in both the LUVB and HUVB treatments. 
These average UVBR enhancements were further trans- 
formed into doses provided by the lamps during the 
artificial UVBR exposure period (from 09:OO to 17:30 h; 
At = 8.5 h). An Optronic Laboratories OL 752 spectro- 
radiometer that was available only during a part of the 
experiment was used to obtain the irradiance spectra 
just below the water surface of the different treat- 
ments. 

In order to evaluate the magnitude and the biologi- 
cal importance of the experimental UVBR treatments, 
the relative increases in irradiance (irradiance in en- 
hanced treatments divided by irradiance in natural 
treatment) were weighted with the DNA action spec- 
trum of Setlow (1974) and compared to increases 
associated with ozone depletion in Antarctica. The 
lamps provided a constant UVBR intensity through- 
out their illumination period while the ambient 
UVBR was highly variable. This resulted in a consi- 
derably larger increase in the daily integrated UVBR 
dose in enhanced treatments than would be expected 
for projected decreases in stratosphenc ozone. The 
constant lamp irradiance also resulted in unnatural 
UVBR:UVAR:PAR ratios in enhanced treatments, espe- 
cially during the early and late hours of the artificial 
illumination period (data not shown). 

Water temperature was measured every hour using 
type J thermocouples connected to a 21X datalogger 
(Campbell Scientific) and located between the 2 meso- 
cosms in each tank. 

Nutrients. Nitrate (NO3) and ammonium (NH,) con- 
centrations were determined in the different meso- 
cosms in the 09:OO h sample. To this end, 50 m1 aliquots 
were filtered through Whatman@ GF/F (glass fiber) 
filters. A part of the filtrate was used immediately to 
analyze NH4 following the method of Solorzano (1969) 
described by Parsons et al. (1984). The remaining 
filtrate was then frozen at -20°C for later determina- 
tion of NO3 concentration using an Alpkem FS 111 Auto 
Analyzer. 

Chlorophyll a. Chl a was determined every 4 h dur- 
ing the first 4 d and 3 times a day (09:00, 13:OO and 
17:OO h) during the final 3 d of the experiment accord- 
ing to the fluorometric method of Yentsch & Menzel 
(1963) as described by Parsons et al. (1984). To this 
end, a 100 m1 sample was fi.ltered in duplicate on 
25 mm diameter Whatmanm GF/F filters. Filters were 
frozen in liquid nitrogen and then stored at -80°C. 
Following a 24 h extraction of the filters in 90% ace- 
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tone at 4"C, chl a concentrations were determined with 
a 10-005R Turner Designs fluorometer. Readings were 
further corrected for phaeopigments. 

Phytoplankton abundance. Immediately after the 
09:OO h sampling, samples for phytoplankton abun- 
dance analysis (2 mesocosm-') were stored at 4OC in 
the dark for a maximum of 2 h. Cells belonging to 
either one of the 2 phytoplankton size classes (small: 
<5  pm; large: 5 to 20 pm) were enumerated using a 
FACSORT Analyzer flow cytometer (Becton Dickin- 
son) equipped with a 488 nm laser. The flow rate was 
adjusted to 12 p1 min-' and the acquisition time was at 
least 5 min. As an internal standard, 10 pm beads 
(Immunocheck, Coulter) were added to samples. Cell 
Quest and Attractors software (Becton Dickinson) was 
used for data logging and analysis, respectively. Due to 
the relevance of <5  pm phytoplankton to the present 
study, their abundance over the entire experiment will 
be shown. Aspects of the abundance and taxonomy 
of the larger phytoplankton (5 to 20 pm) have been 
discussed in detail elsewhere (Villegas 1999). 

Bacterial abundance. Samples for the determination 
of bacterial abundance were collected at 09:OO h, fixed 
immediately with formaldehyde (3.7 % final concentra- 
tion) and then stored at 4°C. Sample processing started 
with applying DAPI stain (4', 6-diamidino-2 phenylin- 
dole, Sigma, 2.5 pg ml-' final concentration) for 1 h 
at 4°C (Porter & Feig 1980). Enumeration of cells 
was achieved using an ACR 1400SP flow cytometer 
(Bruker, Wissembourg) according to Monfort & Baleux 
(1992). 

Heterotrophic ciliates and nanoflagellates. In the 
present study, ciliates (15 to 35 pm) and heterotrophic 
nanoflagellates (HNF; 2 to 10 pm) were identified col- 
lectively as potential bacterivores (HCF). Their respec- 
tive abundances were determined in the 09:OO h sam- 
ple. For ciliates, a 100 m1 aliquot was preserved with 
acid Lugol (0.4 % final concentration), sedirnented 
for 24 h and subsequently exanlined using a ZeissB 
inverted microscope. HNF were enumerated following 
the method of Booth (1993), which consisted of fixing a 
25 m1 water sample with glutaraldehyde (1.0 % final 
concentration) for 10 min in the dark. Following this, 
the sample was filtered onto a 25 mm black Nuclepore 
polycarbonate membrane (0.2 pm pore size) using low 
vacuum (100 mm Hg). The filter was then mounted on 
a glass slide over a drop of Cargille type DF low-fluo- 
rescence immersion oil and a cover slip was placed on 
top. Enumeration was done using a Leitz@ epifluores- 
cence microscope. 

Bacterivory incubations. Despite the numerous 
technical protocols available for estimating bacterivory 
of phagotrophic protists (reviewed by McManus & 

Fuhrman 1988, Landry 1994), each of these techniques 
has its own shortcomings (Landry 1994). The use of a 

specific technique will largely depend, therefore, on 
the logistics of the experiment. All bacterivory esti- 
mates reported in the present study are based on the 
disappearance of fluorescently labeled bacteria (FLB) 
over 24 h incubations, as developed by Marrase et al. 
(1992) and as later used by Laurion et al. (1995). The 
alteration of bacterivory rates resulting from increased 
prey concentrations and the egestion of bacterivore 
food vacuoles upon preservation (Landry 1994) are 
viewed as important limitations of this technique. In 
order to avoid such complications, the added prey con- 
centration ranged from 25 to 30% of natural bacteria 
concentrations (Sherr & Sherr 19931, and samples 
for FLB enumeration were preserved following the 
method recommended by Sherr et al. (1989) to mini- 
mize egestion problems. However, the major problem 
of selective bacterivory on labeled or non-labeled bac- 
teria (Landry 1994) remains unresolved and all our 
estimates are, therefore, based on the assumption that 
bacterivores graze equally upon FLB and natural bac- 
teria. The starting hypothesis for the bacterivory in- 
cubations in the present study stipulated that, upon 
UVBR exposure, the protozoan removal of FLB will 
decrease with an increase in the daily UVBR dose 
received in each treatment as a consequence of the 
bacterivores' susceptibility to UVBR. 

FLB were prepared from the natural bacterial assem- 
blage of the St. Lawrence Estuary according to the pro- 
cedure of Sherr et al. (1987), concentrated and frozen 
as 5 m1 aliquots in 7 m1 plastic tubes about 10 d prior to 
the beginning of the study. Incubations were started 
every morning using the 5 ml aliquot of FLB prepara- 
tion that was thawed shortly before the start of the 
incubation and gently sonicated to reduce cell clump- 
ing. Five hundred m1 aliquots of the 09:OO h samples 
were dispensed into Whirl-pak@ bags, and a specific 
volume of the FLB preparation was added. This added 
volume was calculated so as to yield a final concentra- 
tion of ca 2 X 105 FLB ml-' sample. This concentration 
represented 25 to 30% of the abundance of natural 
bacteria, a good compromise between accuracy of mea- 
surements and the potential for altering the feeding 
activity of the natural bacterivorous protists (Sherr et 
al. 1989, Sherr & Sherr 1993). Control incubations con- 
taining 0.2 pm filtered, autoclaved seawater and FLB 
were included with the live incubations in order 
to investigate losses of FLB that were not related to 
grazing activity. All whirl-pak" bags (1 bag meso- 
cosm-l, i.e. 2 treatment-') were incubated on the sur- 
face of the mesocosms. Two 15 m1 subsamples were 
drawn from each whirl-pakB, one immediately after 
the FLB addition (0 h) and another after ' t '  hours (24 h), 
transferred into a 50 ml Falcona tube and preserved 
with alkaline Lugol solution (0.5 % final concentration) 
and borate buffered formaldehyde (3% final concen- 
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tration), and then stored in the dark at 4°C. FLB abun- 
dances were determined by epifluorescence micro- 
scopy (LeitzB) using 10 m1 of the fixed subsamples that 
were filtered onto black Nuclepore filters (0.2 pm pore 
size). At least 400 FLB were counted on each slide. The 
bacterivory rate (g), expressed in h-', was estimated 
according to the equation reported by Marasse et al. 
(1992): 

where F. and F, are the initial (at 0 h) and final (at 24 h) 
concentrations of FLB, respectively, and t is the incu- 
bation time in hours (24 h). 

The bacterivory rate, g, was divided by the abun- 
dance of potential bacterivores (HCF nl-l) at the begin- 
ning of the incubation to obtain the clearance rate (CR: 
nl HCF-' h-', Fenchel 1984): 

This expression of protozoan clearance rates has previ- 
ously been used by other authors (e.g. Laurion et al. 
1995). 

Ingestion rates (IR; bacteria HCF1  h-') were calcu- 
lated from clearance rate values as: 

IR = CR X bacterial concentration 

The bacterial concentration used for calculations is 
the sum of the FLB and the natural bacteria concen- 
trations at the beginning of each bacterivory experi- 
ment. 

Statistical analysis. Prior to the statistical analysis 
of the data, the normality of distribution (test of con- 
formity of Kolmogorov-Smirnov; Zar 1984) and the 
homogeneity of variance (test of Hartley; ibid) were 
tested. Because repeated measurements were made 
during several days on the same experimental units 
(mesocosms), analysis of variance (ANOVA) with 
repeated measures (following a multivariate ANOVA 
approach or profile analysis; Scheiner & Gurevitch 
1993) was used in order to test UVBR effect (between 
subject factor or mesocosms), time effect (or 'flatness' 
of the variable in relation to time) and UVBR treat- 
ment by time interaction (or 'parallelism' within sub- 
ject factor or mesocosms). In addition, an ANOVA 
was performed to elucidate UVBR effect by testing 
mean differences between mesocosms for a given day 
(independently of time). The null hypothesis (Ho) stip- 
ulated that means of a measured variable remained 
equal under different treatments, e.g. variations in 
incident UVBR radiation have no effect on a given 
variable. When significant differences occurred, a post 
hoc test such as Dunnett's test, with NUVB treatment 
acting as the control group, was used. The probability 
values (p) given hereafter are the results of these 
statistical tests. 

RESULTS 

Physical variables 

Light measurements 

Over the week-long duration of the present study, 
different meteorological conditions were encountered, 
resulting, therefore, in variable incident irradiances 
(Fig. 2). During the sunny Days 1, 2, 6 and 7, the maximum 
recorded irradiances were 1.58 W m-?, 35.81 W m-*, and 
2080 pE m-2 S-' for UVBR (Fig. 2A), UVAR (Fig. 2B) and 
PAR (Fig. 2C), respectively. Cloudy skies that persisted 
during Days 3, 4, and 5 reduced these maximums to 
0.53 W m-2, 14.31 W m-2, and 600 pE m-' S-', respec- 
tively. A fraction of incident irradiance (20 to 40% on 
sunny days and 37% on cloudy days) did not reach 
the mesocosms' water surface because of the shading 
induced by the  tan^ wails and the UVBR iamps or the 
wooden lamp dummies. Details of shading effects on the 

Day of experiment 

Fig. 2.  Temporal va~iations of incident (A)  UVBR (280 to 
320 nm), (B) UVAR (320 to 400 nm), and (C) PAR (400 to 
700 nm) measured with an IL 1700 radiometer (International 
Light) at the study site (Pointe-au-Pere, Quebec. Canada: 
48.6" N, 68.2" W) from Day 1 ( l?  July) to Day 7 (23 July) of the 

experiment 
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percentages of incident irradiances reaching Table 1. Surface daily doses at 305 and 320 nm in the UVBR exposed 

the water surface are discussed in ~ ~ l ~ i l ~  et al, meSOcOSms during the present study. For details on calculations, see 

(1998). Just below the water surface, the un- 'Materials and methods'. NUVB: natural UVBR. LUVB and HUVB: natural 
UVBR enhanced with 2 and 3 lamps, respectively 

weiqhted ultraviolet radiation spectra (280 to 

most of the enhancement provided by the I - - - - -  I 

400) conducted for the different treatments on 
a sunny day around noon (Fig. 3) indicated that 

Date NUVB (kJ m-' d-l) LUVB (kJ d-l) HUVB (kJ m-"-') 
305 nm 320 nm 305 nm 320 nm 305 nm 320 nm 

280 300 320 340 360 380 400 

Wavelength (nni) 

lamps was for the shorter wavelengths. Indeed, 
enhancement at the 305 nm just below the wa- 
ter surface ranged from 4.6 to 6.1 pW cm-2 nrn-' 
(average 5.62 pW cm-2 nm-'1 and from 6.9 to 
10.3 p~ cm-' nm-' (average 8.22 p~ cm-2 
nm-') in the LUVB and HUVB treatments, re- 

Fig. 3. Unweighted ultraviolet radiation intensities just below 
the water surface calculated for a sunny day at noon for dif- 
ferent treatments. WUVB: excluded UVBR; NUVB: natural 
UVBR; LUVB and HUVB: natural UVBR enhanced with 2 and 
3 lamps, respectively. It should be noted that the irradiance in 
the WUVB treatment was calculated by multiplying the irra- 
diance in NUVB by the transmission spectra of the Mylar 
sheet as measured by a spectrophotometer. Contrary to the 
NUVB treatment, no dummy lamps were installed over the 
WUVB mesocosrns to compensate for the *10% reduction of 
UVAR and PAR (not measured) by the Mylar sheet Conse- 
quently, 11 % was added to the Mylar transmission spectra for 
wavelengths between 320 and 700 nm in order to obtain a 

transmission of 1 at 700 mn (Mostajir et al. 1999b) 

17 July 0 15 0.18 1.86 3.27 2.66 3.98 
0.28 2.60 2.00 4.12 2.79 4.82 

19 July 0.03 0.49 1.75 2.01 
20 July 0.04 0,64 2.16 

2.55 2.71 
2.55 2.86 

21 July 0.06 0.83 1.38 2.35 2.58 3.06 
22 ~ u l y  0.29 2.70 2.01 4.22 2.80 4.92 
23 July 0.24 2.26 1.95 3-79 2.75 4.49 

Nutrients 

spectively. At 320 nm, the increases in irradi- 
ance ranged from 2.33 to 3.98 pW cm-' nm-l 
(average 3.1 pW cm-2 nm-l) and from 3.92 to 4.30 pW and 1.15-fold greater in the LUVB and HUVB treat- 
cm-2 nm-' (average 4.30 pW cm-2 nm-') in the LUVB and ments, respectively (Table 2).  When weighted with the 
HUVB treatments, respectively. Based on the local me- DNA action spectrum of Setlow (1974), these relative 
teorological conditions and the 305 nm average en- increases would be far more important than the 
hancement values, the daily integrated doses at  305 nm weighted relative increase of UVBR associated with 
ranged from 0.03 to 0.29 kJ m-', 1.75 to 2.01 kJ m-2, and the ozone hole event over Antarctica (Table 2). 
2.55 to 2.80 kJ m-2 in the NUVB, LUVB and HUVB treat- 
ments, respectively (Table 1). At 320 nm, the daily doses 
ranged from 0.49 to 2.70 kJ m-2, 2.01 to 4.22 kJ m-2, and Water temperature 
2.71 to 4.92 kJ n r 2  in the NUVB, LUVB and HUVB treat- 
ments, respectively. Integration over the entire wave The circulation of local estuary water in the inner 
band from 280 to 320 nm yielded an average UVBR en- cavities of the double-walled tanks provided similar 
hancement over ambient of 40.39 and 59.36 kJ m-2 d-' at temperatures within all experimental mesocosms. Dur- 
the water surface in the LUVB and HUVB treatments, ing the 7 d of the experiment, temperature varied very 
respectively. little between the tanks. Recorded minimum and max- 

Compared to UVBR levels measured on a sunny day imum values were 8.5 and 11.3"C, respectively. Statis- 
around noon just below the water surface of the NUVB tical analyses revealed that differences between treat- 
treatment, the unweighted UVBR irradiance was 1.10- ments were not significant (Belzile et al. 1998). 

Nitrate (NO3) 

Concentration decreased from Day 1 (10 pm01 1-l) to 
Day 3 (<0.9 pm01 1-l) in all treatments (Fig. 4A). Start- 

Table 2. Relative irradiance increases provided by the lamps 
lust below the water surface on a sunny day around noon 
compared to relative increases associated with the ozone 
depletion event over Antarctica. Data for McMurdo (Antarc- 
tica) are from Cullen & Neale (1997) and correspond to a 
decrease of ozone thickness from 350 to l75 Dobson Units. 
Relative increases were also weighted with the DNA action 

spectrum of Setlow (1974) normalized to 1 at 300 nm 

Incident solar irradiance LUVB HUVB 
at McMurdo 

Unweighted ultraviolet 1.06 1.10 1.15 
DNA action spectrum 4.81 19.23 27.67 
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Chlorophyll a 

LUVB Temporal variation of chl a concentrations in the 
different treatments is shown in Fig. 4C. Values 
increased in all treatments from Day 1 to Day 3 from ca 
5 pg 1-' to ca 18 pg 1-l with no significant Mference 
between treatments (p > 0.1). Following this, cN a con- 
centrations leveled off in all treatments until Day 5. On 
Days 6 and 7, a decrease was observed in all treat- 
ments. The decrease was more pronounced in the 
WUVB treatment (down to -5 pg 1-l) compared to 
the treatments including UVBR (down to -10 pg I-'). 
Statistical tests showed that WBR exclusion did 
indeed result in a significant decrease of chl a concen- 
tration compared to N W B  (p < 0.05). 

0 L I I I I I I l 

0 1 2 3 4 5 6 7 
Day of experiment 

Fig. 4 .  Temporal variations in the concentrations of (A) nitrate, 
(B) ammonium, and (C) chlorophyll a in the experimental 
treatments. Vertical bars represent the range of data from 
duplicate mesocosms exposed to a given UVBR treatment 

ing from Day 4 and until the end of the experiment, 
all treatments were depleted in NO3. ANOVA with 
repeated measures showed no significant effects of 
UVBR treatments on NO3 concentration (p > 0.05). 

Ammonium (NH4) 

Throughout the experiment, NH4 concentrations 
varied similarly in the different treatments (test of 
parallelism; p > 0.05) with no significant effect of treat- 
ment (p > 0.05). During the first 3 d, concentrations 
decreased from values around 0.3 pm01 1-' (Fig. 4B) to 
ca 0.10 pm01 1-l. On the fourth day, however, NH, 
increased in all treatments yielding a marked peak. 
The peak value ranged from 0.2 to 0.3 pm01 1-' in the 
different treatments. Following this peak, values oscil- 
lated slightly but the general trend was a decrease. At 
the end of the experiment, values ranged from 0.04 to 
0.12 nmol 1-' in the different treatments. 

Abundance of phytoplankton c5 pm 

At the beginning of the experiment, small phyto- 
plankton (<S pm) abundance was around 9 X 103 cells 
ml-l. During the following 2 d, abundances increased 
in all treatments to reach values around 17 X 103 cells 
ml-' on Day 3 (Fig. SA), with no significant difference 
between treatments (p > 0.5). From Day 4 to Day 6, 
abundances increased slightly in the UVBR enhanced 
treatments compared to the NUVB and W W B  treat- 
ments, where cell numbers remained quasi constant. 
On Day 7, abundances decreased significantly in 
the WUVB and NUVB treatments (p < 0.05) conversely 
to LUVB and HUVB treatments, which showed non- 
significant differences compared to their respective 
values on Day 6 (p > 0.1). Relative to NWB,  abun- 
dances in the LUVB and H W B  treatments were 
almost 1.3-fold greater. A parallel study revealed that 
almost 94 % of the phytoplankton <5  pm were Prymne- 
siophyceae ranging in size from 2.7 to 4 pm (Mosta- 
jir et al. 199913). 

Abundance of bacteria 

Averaged for the 4 experimental treatments, the 
starting bacterial abundance was 0.9 X 106 cells ml-l. 
Afterwards, all treatments showed the following evo- 
lution (test for parallelism; p < 0.01): an increase up to 
Day 3, a plateau from Day 3 to Day 4 then a decrease 
until Day 7 (Fig. 5B). With the exception of Day 3, 
where the exclusion of UVBR (WUVB treatment) 
significantly reduced the bacterial abundance in com- 
parison to the NUVB treatment (Dunnett's post hoc 
test, p 0.01), bacterial abundance was not signifi- 
cantly affected by WBR during the first 4 d of 
the study. Significant difference between treatments 
(p < 0.01) was apparent during the following 3 d, with 
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L W B  

' r B) Bacteria 

C) ~eterotro~hlc nanoflagellates 

4 H 

0 1 2 3 4 5 6 7 

Day of experiment 

Fig. 5. Temporal variations of abundances of (A) small (c5 pm) 
phytoplankton. (B) bacteria, (C) heterotrophic nanoflagel- 
lates, and (D) ciliates in the experimental treatments. Vertical 
bars represent the range of data from duplicate mesocosms 

exposed to a given UVBR treatment 

the HUVB and WUVB treatments always showing the 
highest and the lowest cell abundance, respectively. 
As an average during this period, the abundance of 
bacteria in the HUVB, LUVB, and NUVB treatments 
were 73, 39 and 17% higher than the WUVB treat- 
ment, respectively. 

The HNF belonged mainly to the genera Bodo and 
Monosjga (Mostajir et al. 1999a). In general, HNF 
abundances increased in all treatments (test of flat- 
ness; p < 0.005) from Day 1 (-0.53 X 103 cells ml-') to 
Day 5 (-1.8 X 103 cells ml-l) with no significant dif- 
ference (p > 0.1) between treatments (Fig. 5C). From 
Day 5 on, a significant increase in HNF abundance 
(p < 0.01) was observed in the LUVB and HUVB treat- 
ments, which showed almost the same counts 
(-4 X 103 cells ml-') on Day 7. Regarding the NUVB and 
WUVB treatments, abundances declined to reach val- 
ues around 1 X 103 cells ml-l on Day 7. On that day, sig- 
nificant difference between treatments (p c 0.05) was 
attributable to the LUVB and HUVB treatments, which 
were significantly different from the control NUVB 
(Dunnett's post hoc test; p < 0.01). 

The ciliates were identified as Strobilidium spiralis, 
Strobilidium epacrum, Strombidium acutum, Lohman- 
iella oviformis, Uronema marinum, Laboea sp., and 
Askenasia sp. (Mostajir et al. 1999a). In all treatments, 
ciliate abundance was approximately 1.25 cells ml-' 
until Day 4.  From Day 4 on, increases were observed in 
all treatments. The magnitude of these increases dif- 
fered from one treatment to the other following a pat- 
tern that suggests a negative effect of UVBR on cili- 
ates. On Day 7 ,  the greatest cell count was observed in 
the WUVB treatment (19 cells ml-l), followed by NUVB 
(16 cells ml-l), LUVB (10 cells ml-l) and finally HUVB 
(5 cells ml-l) (Fig. 5D). Thus, compared to the WUVB 
treatment, ciliate abundances were reduced by ca 17, 
44 and 72% in the NUVB, LUVB and HUVB treat- 
ments, respectively. Relative to the NUVB treatment, 
the decreases in ciliate abundances in the LUVB and 
HUVB treatments were 66 and 33 %, respectively. The 
differences between treatments were highly signifi- 
cant during the last 3 d (p < 0.001). Post hoc test results 
indicated that on Day 7, LUVB, HUVB and WUVB 
treatments were all significantly different from the 
control NUVB treatment (p < 0.05). 

Bacterivory incubations 

The variation in gover the course of the present study 
is presented in Fig. 6A. From Day 1 through Day 5, g 
varied very little in all treatments (average 0.067 h-') 
with no significant effect of UVBR (p > 0.05). During the 

Composition and dynamics of heterotrophic ciliates final 2 d ,  gtended to increase in the WUVB treatment to 
and nanoflagellates reach a value of 0.09 h-' on Day 7. This value was found 

to be significantly higher than its corresponding one es- 
As mentioned earlier, the potential bacterivores timated in the control treatment NUVB (Dunnett's post 

(HCF) in the studied system included heterotrophic hoc test; p < 0.05). In respect to the N W B ,  LUVB and 
ciliates (15 to 35 pm, mainly oligotrichs, with the large HUVB treatments, gvalues did not show any significant 
majority being <20 pm) and HNF ranging in size from increase during the final 2 d, either in relation to time 
2 to 10 pm. (flatness test; p > 0.1) or UVBR treatment (p > 0.1). 



68 Aquat Microb Ecol20: 59-74, 1999 

F! 0 HUVB 

0 1 2 3 4 5 6 7  
Day of experiment 

Fig. 6 .  Temporal variations in (A) bacterivory, (B) clearance 
rates, and (C) ingestion rates ( g ,  CR, and IR, respectively) 
from Day 1 to Day 7 in the experimental treatments. Vertical 
bars represent the range of data from duplicate mesocosms 

exposed to a given UVBR treatment 

Over the whole period of the experiment, the aver- 
age CR was 94.7 nl HCF '  h-'. Values ranged from 112 
to 296 and from 16 to 100 nl HCF-' h-' on Days 1 and 7, 
respectively. CR tended to decrease towards the end 
of the present investigation (Fig. 6B). This decrease 
occurred mainly during the transition from Day 3 to 
Day 4 (test of flatness: p < 0.01). From Day 4 on, CR 
estimates remained almost constant in all treatments 
except for the WUVB treatment, which tended to 
increase during the period from Day 5 to Day 6 and 
then remained constant on the next day. In respect to 
the UVBR treatment, the only significant difference 
between treatments was observed on Days 6 and 7 
(p < 0.01). Dunnett's post hoc test indicated that, in- 
deed, the CR in the WUVB treatment was significantly 
different from that in the NUVB treatment (p < 0.05) on 
both final days. The enhanced UVBR treatments were 
not significantly different from NUVB during these 
same days (p > 0.1). 

Variations of IR throughout the experiment are 
shown in Fig. 6C. IR values ranged from 121 to 348 and 
from 34 to 158 bacteria HCF '  h-' during Days 1 and 7, 
respectively. There was, therefore, a tendency for IR 
to decrease in all treatments towards the end of the 
experiment. As an exception to this general pattern, 
IR increased significantly (p < 0.01) on Day 3 in all 
mesocosms. In respect to UVBR effect on IR, no sig- 
nificant differences could be detected between the 
different treatments during the first 6 d of the expen- 
ment. On Day 7, UVBR had a significant effect on IR 
values in the different treatments (p < 0.05). Dunnett's 
post hoc test, employing the NUVB treatment as a 
control, showed that the exclusion of UVBR had a 
significant effect on IR values (p < 0.05). Conversely, 
UVBR enhancement did not significantly affect IR 
values (p > 0.05). 

In order to establish the link between UVBR ex- 
possre an6 bacterivory- in the different treatmeiits, 
the daily integrated doses at 305 (Fig. 7A) and 320 nm 

D Day 6 --------- 

O Day 7 - 

Daily integrated dose at 305 nrn (H m-') 

Daily integrated dose at 320 nm (kJ m-') 

Fig. 7 Linear best fit curves illustrating the relation between 
the CR in the different mesocosms and the corresponding 
daily integrated doses at ( A )  305 nm and (R) 320 nm on Days 

6 and 7 of the experiment 
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(Fig. ?B) were plotted against the respective CR in the 
different experimental mesocosms on Days 6 and 7. 
Indeed, CR tended to decrease with the increase in 
UVBR dose received either at 305 or at 320 nm. Pear- 
son's correlation coefficient obtained for the different 
linear best fits were found to be significant (n  = 8, r0 05 

= 0.707 as critical value). 

DISCUSSION 

In the present study, an attempt was made to eluci- 
date the effects of different UVBR intensities on the 
bacterivory of a natural protozoan conmlunity. This was 
conducted in the presence of protozoans' potential prey 
other than bacteria (small phytoplankton) and along a 
nutrient gradient that was set mainly by phytoplankton 
activity. It is, therefore, the first study to provide such 
information. The tight coupling and interaction which 
exist between the different components of microbial 
food webs determine the net response of a particular 
trophic level to UVBR (Wickham & Carstens 1998). 

Temperature has often been considered an impor- 
tant variable influencing bacterivory rates in aquatic 
systems (White et al. 1991, Marrase et al. 1992, Peters 
1994). In the present study, the cooling system sur- 
rounding the mesocosms allowed a good regulation of 
the temperature. Thus, the possibility of bacterivory 
being influenced by temperature difference between 
treatments was discarded. 

During this investigation, the natural incident UVBR 
intensity attained a maximum of 1.58 W m-' (2.8 pE 
m-2 S-'). This value is ca 2 times greater than the value 
recorded in August 1993 on the southern shore of the 
lower St. Lawrence Estuary by Ferreyra (1995) and the 
one recorded at the same site in August 1994 by Sakka 
et al. (1997) (1 and 0.95 pE m-2 S-', respectively). Con- 
versely, it is much lower than the 10 pE m-2 s-' UVBR 
value reported by Bothwell et al. (1993) for a site of 
similar latitude in July 1991 (South Thompson River, 
British Columbia, Canada; 50" 49' N). Relative to 
the NUVB treatment, the lamps used in the LUVB 
and HUVB treatments provided significant UVBR 
enhancements. When weighted with the DNA action 
spectrum of Setlow (1974), UVBR enhancement in the 
LUVB and HUVB treatments was much higher than 
the weighted increase in UVBR associated with the 
ozone hole in Antarctica (Cullen & Neale 1997). 

Despite the significant enhancements of UVBR above 
ambient levels in both LUVB and HUVB treatments, 
the studied protozoan population, whether in terms of 
abundance or grazing activity upon bacteria, did not 
show any UVBR related effect until Day 6.  In addition, 
UVBR exclusion did not result in any enhancement for 
the measured protozoan variables. This is consistent 

with the findings of Wickham & Carstens (1998), who 
worked with a natural community and found that 
UVBR exclusion did not promote protozoan grazing or 
survival. 

In the present study, the first bacterivory index 
calculated on the basis of FLB disappearance was the 
bacterivory rate (g). Values for g varied from 0.03 to 
0.13 h-', corresponding to removal rates in the range of 
0.1 to 0.22 X 106 FLB ml-l d-l. These estimates are 
above the maximum values reported for bactenvory in 
single protozoan cultures (0.003 to 0.03 h-'; Som- 
maruga et al. 1996). They are, however, within the 
range previously reported for mixed protozoan com- 
munities (0.04 to 2 X 106 FLB ml-l d-l) by Marrase et al. 
(1992). The lack of well-defined differences in y values 
in relation to the received UVBR may be partly due to 
the differences in potential bacterivore abundance 
between the experimental treatments. Therefore, in 
order to extract the influence of bacterivore abundance 
on the specific grazing activities of flagellates and cili- 
ates on bacteria, the CR were calculated. CR provide 
information about the filtering activity, and thus about 
the feeding activity of potential bacterivores on a per 
cell basis. In the present study, the average calculated 
CR (95 nl HCF-' h-') is in good agreement with the CR 
previously reported using disappearance type experi- 
ments, where rates range from 1.5 to 94 nl H C F 1  h-' 
(Bjornsen et  al. 1988, Wikner et  al. 1990). They also fell 
within the range of values (up to 100 nl HCF-' h-') pre- 
viously reported for various aquatic systems (reviewed 
by Berninger et al. 1991). The ciliated protozoa may be 
responsible for the high CR measured during the pre- 
sent study. High CR values due to ciliate bacterivory 
were measured in 2 lakes located in the southeastern 
United States (up to 220 nl ciliate-' h-') by Sanders et 
al. (1989) and in Lake Kinneret, Israel (405 nl ciliate-' 
h-'), by Hadas et al. (1998). Research conducted in 
marine and estuarine systems confirmed that, by anal- 
ogy to their lacustrine counterparts, marine and estuar- 
ine ciliates possess a strong affinity for bacterio- 
plankton (Bird & Kalff 1986, Rassoulzadegan et al. 
1988, Sherr et  al. 1989). Among ciliates, small olig- 
otrichs are known to be voracious bacterivores 
(Christoffersen et  al. 1990, ~ i m e k  et al. 1995). The cili- 
ates within the studied protozoan community were 
mainly oligotrichs 120 pm (Mostajir et al. 1999a), thus 
the high CR reported here may be due to their contri- 
bution to bacterivory. Furthermore, the ciliates' control 
on bacteria was suggested from abundance data on 
Days 6 and 7, where the highest bacterial counts coin- 
cided with the lowest counts of ciliates (HUVB and 
LUVB treatments). Conversely, the lowest bacterial 
counts were observed when ciliate abundances were 
high (NUVB and WUVB treatments). Due to the logis- 
tical constraints and the prolonged duration of bac- 
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terivory incubations during the present study, bacteri- 
vore food vacuoles were not examined for their FLB 
contents. Therefore, it is impossible to determine the 
exact contribution of ciliates to bacterivory within our 
bacterivory data. 

A number of interesting observations came out from 
CR data. First, as a common response for all treat- 
ments, the average CR values during the first 3 d were 
substantially higher than those calculated for the sub- 
sequent 4 d (154 vs 50 nl HCF'  h-'). It is possible that 
the increasing bacterial abundances observed during 
the first 3 d stimulated the bacterial removal by bac- 
terivores. According to Choi & Peters (1992), increases 
in bacterial abundances favor a higher protozoan re- 
moval of bacteria. The CR decline may have resulted 
from a shift in the protozoans' diet towards another 
prey. The best alternative prey for protozoans in 
the present study would be small phytoplankton 
(c5 pm). This gioiip showed a rapid increase in abun- 
dance during the first 3 d,  then cell concentrations 
remained almost constant until Day 7. During the 
latter period, abundances in the different treatments 
were in stark contrast to those of ciliates, supporting 
the assumption of ciliate control on small phytoplank- 
ton. It is, therefore, possible that small phytoplankton 
were available for protozoan grazing during the last 
4 d of the experiment, relieving some of the pressure 
exerted by bacterivores on bacteria. In other words, 
protozoa fed mainly on bacteria when suitable size 
algal prey was scarce (Sherr et al. 1991). Behavioral 
flexibility in prey selection, due to the change in the 
concentration of potential food prey, is a well known 
feature of protozoa (Jiirgens & DeMott 1995, Laurion et 
al. 1995). 

The second important observation in the CR data 
concerns the difference observed between the tested 
light regimes. The only significant difference between 
treatments was detected on Days 6 and 7 of the exper- 
iment, where the highest CR were noted in the WUVB 
treatment followed by the NUVB, and finally by 
the LUVB and HUVB treatments. In addition, dose- 
response curves obtained for CR data on these 2 days 
showed that CR decreased significantly (p < 0.05) with 
the increase of the UVBR (at 305 and 320 nm) daily 
doses. The different CR among treatments were reflec- 
ted in the bacterial abundance on these days, which 
showed an enhancement with the increase of UVBR 
intensity. In addition, the CR decrease with the in- 
crease of the received UVBR occurred concomitantly 
with the UVBR-induced decrease in ciliate abun- 
dances, reinforcing, therefore, our hypothesis of a 
bacterivory dominated by ciliates in the present inves- 
tigation. Considering that the observed high abun- 
dance of HNF in UVBR enhanced treatments (LUVB 
and HUVB) represents a feedback mechanism pro- 

voked by the high susceptibility of HNF potential 
grazers (ciliates) to UVBR (Mostajir et al. 1999a), and 
that HNF are potential consumers of bacteria (Pace 
1988), there is reason to hypothesize that HNF were 
not able to feed on bacteria in the presence of WBR. 
UVBR effects on HNF may include a loss of motility 
(Somrnaruga et al. 1996, Ochs 1997) that results from 
UVBR damage to flagellae (Hader & Hader 1989). The 
tubilin sub-units of the flagella microtubules seem to 
be the main targets of UVBR (Hader & Brodhun 1991). 

The CR reported here are based on FLB disappear- 
ance over a 1 d incubation. One of the drawbacks of 
the FLB method is the possible protozoan selection of 
viable bacteria against FLB (Landry 1994). This implies 
that CR based on FLB disappearance do not necessar- 
ily match natural bacteria removal. In order to verify 
that the patterns observed in CR reflected the situation 
of natural bacteria as well, the CR were transformed 
into iR. Assuming a seiective grazing favoring naturai 
bacteria, IR would not have shown the same tendency 
as CR. In the present study, the pattern observed in the 
calculated CR was not altered by their transformations 
into IR, indicating that protozoan selectivity towards 
natural prey, if present, was of negligible importance. 

In support of our calculated bacterivory indices, the 
highest values reached by the CR and the IR data 
on Day 3 were reflected in the concentration of NH4 
which, in turn, peaked the following day. NH4 is a 
by-product of bacterivory or of grazing, in general 
(Andersson et al. 1985, Berman et al. 1987). During this 
experiment, nitrate concentration decreased signifi- 
cantly during the first 3 d, shifting the metabolism of 
phototrophic cells towards a regenerated production 
system based on NH, (Fauchot 1998) in the following 
days. Therefore, changes in NH4 concentration during 
the final 4 d of the experiment will likely be related to 
the NH4 utilization/remineralization balance. 

The question that arises now is why UVBR had a 
significant effect on protozoan bacterivory only during 
Days 6 and 7 of the study despite similar (Days 1 and 
2), if not higher (cloudy days), UVBR enhancement on 
the previous days. The only interpretation that we can 
offer with the available data is that the nutritive qual- 
ity of protozoan food (small phytoplankton and bacte- 
ria) acted in a synergistic way with the direct effects of 
UVBR on protozoans themselves. Firstly, there was a 
rapid phytoplankton-mediated exhaustion of nitrates 
during the first 3 d of the experiment. Nitrate depletion 
could have induced an increased phytoplankton sus- 
ceptibility to UVBR (Cullen & Lesser 1991), leading, 
therefore, to changes in their biochemical composition 
(Goes et al. 1994). Secondly, because phytoplankton 
is considered the ultimate source for bacterial growth 
substrates in closed mesocosm systems (Shiah & Duck- 
low 1997), changes in the biochemical composition of 



Chatila et al.. Protozoan bacterivory and UVBR 7 1 

phytoplankton (e.g.  amino acids; Goes et al. 1995) may 
also affect that of bacteria (Herndl et al. 1993). With the 
deterioration of potential food quality, protozoan nutri- 
tive status is affected (Watanabe et al. 1983), leading 
most probably to an increased protozoan sensitivity to 
UVBR. 

As suggested by our data, all components of an 
ecosystem will act jointly to determine the final out- 
come of UVBR on a given trophic level (Sommaruga et 
al. 1996, Wickham & Carstens 1998, Mostajir et al. 
1999a). Because bacteria depend mainly on phyto- 
plankton release of DOM, the UVBR-induced alter- 
ation of phytoplankton biochemical processes (con- 
sequence of increased sensitivity to UVBR at low 
inorganic nutrient concentrations) may represent a 
considerable loss to bacterial essential growth sub- 
strates. Regarding protozoa, a diet consisting of bacte- 
ria that are deficient in essential nutritive require- 
ments would probably render them more susceptible 
to the direct damaging effects of UVBR. However, 
because large zooplankton were removed during the 
present study, extrapolation of results to natural condi- 
tions cannot be straightforward. Due to the well-known 
trophic cascade effects (Giide 1988, Dolan & Gallegos 
1991), the presence of ciliate grazers may have largely 
modified the final outcome of the present study. 
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