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ABSTRACT

The impact of UV-B radiation (UVBR; 280-320 nm) on lower
levels of a natural plankton assemblage (bacteria, phytoplank-
ton and microzooplankton) from the St. Lawrence Estuary
was studied during 9 days using several immersed outdoor
mesocosms. Two exposure treatments were used in triplicate
mesocosms: natural UVBR (N treatment, considered as the
control treatment) and lamp-enhanced UVBR (H treatment,
simulating 60% depletion of the ozone layer). A phytoplankton
bloom developed after day 3, but no significant differences
were found between treatments during the entire experiment
for phytoplankton biomass (chlorophyll a and cell carbon)
nor for phytoplankton cell abundances from flow cytometry
and optical microscopy of three phytoplankton size classes
(picoplankton, nanoplankton and microplankton). In contrast,
bacterial abundances showed significantly higher values in the
H treatment, attributed to a decrease in predation pressure
due to a dramatic reduction in ciliate biomass (~70-80%) in
the H treatment relative to the N treatment. The most
abundant ciliate species were Strombidinium sp., Prorodon
ovum and Tintinnopsis sp.; all showed significantly lower
abundances under the H treatment. P. ovum was the less-
affected species (50% reduction in the H treatment compared
with that of the N control), contrasting with ~90% for the
other ones. Total specific phytoplanktonic and bacterial
production were not affected by enhanced UVBR. However,
both the ratio of primary to bacterial biomass and production
decreased markedly under the H treatment. In contrast, the
ratio of phytoplankton to bacterial plus ciliate carbon biomass
showed an opposite trend than the previous results, with
higher values in the H treatment at the end of the experiment.
These results are explained by the changes in the ciliate
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biomass and suggest that UVBR can alter the structure of
the lower levels of the planktonic community by selectively
affecting key species. On the other hand, linearity between
particulate organic carbon (POC) and estimated planktonic
carbon was lost during the postbloom period in both
treatments. On the basis of previous studies, our results can
be attributed to the aggregation of carbon released by cells
to the water column in the form of transparent exopolymer
particles (TEPs) under nutrient limiting conditions. Un-
expectedly, POC during such a period was higher in the H
treatment than in controls. We hypothesize a decrease in the
ingestion of TEPs by ciliates, in coincidence with increased
DOC release by phytoplankton cells under enhanced UVBR.
The consequences of such results for the carbon cycle in the
ocean are discussed.

INTRODUCTION

UV-B radiation (UVBR, 280-320 nm) is strongly absorbed by the
stratospheric ozone layer, contrasting with most UV-A radiation
(UVAR, 320400 nm) and photosynthetically active radiation
(PAR, 400-700 nm). The biological effects of enhanced UVBR,
resulting from the breakdown of stratospheric ozone by chloro-
fluorocarbons (CFCs) and halons, has been a main scientific
concern since the late 1970s (1). A significant quantity of
information has accumulated since then. The literature shows
both direct and indirect damaging effects of UV radiation (UVR,
280-400 nm) on almost all levels of the marine plankton com-
munity, with UVBR being one of the most harmful for aquatic
organisms (2,3). Many of these studies focused on Antarctica,
due to the presence of the so-called ozone hole. However, recent
increases in ozone depletion in the Northemn hemisphere (20-40%),
related to combined effects of CFCs, climate warming and volcanic
eruptions (4,5), focused interest on UVBR effects in other regions.
Such studies predict that these factors acting together could result
in a more severe ozone depletion in the Arctic than previously
believed (4,5), similar to levels reported for Antarctica (~60%).
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Within this context, the lower Saint Lawrence Estuary area
represents a midlatitude boreal region susceptible to ozone
depletion (6).

Most of the previous experimental research on UVBR effects
on aquatic organisms has been conducted using single taxon
microcosm controlled experiments. These results are useful to
define potential effects on specific targets and are essential for
modeling processes, but are difficult to extrapolate to the natural
environment. An alternative experimental approach is the use of
outdoor mesocosms (containers >1 m>; [7]), which are more
representative  of environmental physicochemical conditions.
Several series of mesocosm experiments were performed in the
lower Saint Lawrence Estuary during the last few years, and a wide
range of results has been obtained. In general, vertical mixing in
the mesocosms attenuated photoinhibition or damage by UVR
(or both) as compared to fixed incubations at the surface (8).
Nutrient kinetics were negatively affected by enhanced UVBR
only under slow mixing regimes in the water column (9).
Furthermore, surface incubation of phytoplankton preacclimated
to mixing conditions in the mesocosms showed disparate results.
Limited effects were found on phytoplankton photosynthetic
activity and on the photosystem II (PSII)-associated D1 protein
cycle under enhanced UVBR (8,10). Studies from the same
community showed nonsynergistic effects of UVBR and some
contaminants (polycyclic aromatic hydrocarbons) on both phyto-
plankton and bacteria, whereas others (tributylin) showed a syner-
gic response, highlighting the importance of considering multiple
stressors (11,12). Significant effects of enhanced UVBR on
bacteria were also found in mesocosms with a natural plankton
community of the St. Lawrence Estuary (13). The effects of UVBR
were studied on bacteria, phytoplankton (two size classes) and
protozooplankton (heterotrophic flagellates and ciliates) during the
same experiment (14). The authors found a dramatic reduction
in the abundance of large phytoplankton and ciliates. In turn, the
decrease in ciliates resulted in a significant increase of their prey
(i.e. bacteria, heterotrophic flagellates and small phytoplankton).
Those authors (14) concluded that the community exposed to
enhanced UVBR showed a trend toward a microbial food web (i.e.
relative dominance of small microorganisms in relation to larger
ones), instead of the more autotrophic herbivorous food web (15).
These results highlight the importance of examining UVBR effects
on the lower levels of the planktonic food web, because the observed
changes may drastically reduce transfer of energy and matter toward
higher trophic levels, as well as carbon export. In the context
of carbon cycle dynamics in the ocean it is necessary to gain a
more comprehensive understanding of the relative contribution
of autotrophs and heterotrophs to carbon production and transfer.
This information is essential for modeling future scenarios of global
change and the biogeochemistry of the ocean. Therefore, the
objective of this work was to simultaneously study the structure
(composition and biomass) and processes (production) at the lower
levels of a natural plankton community of the Saint Lawrence
Estuary exposed to actual and enhanced UVBR, simulating worse
ozone conditions (60% reduction), using outdoor mesocosms.

MATERIALS AND METHODS

Experimental design. The results presented in this paper are part of a larger
study on the effects of enhanced UVBR on the lower levels of the plankton
community. The experiment was performed 18-26 June 2000 at the south
shore of the St. Lawrence Estuary (Rimouski, Quebec, Canada; 48.6°N,
68.2°W). A natural plankton community isolated from the lower St.

Lawrence Estuary was exposed during 9 days to natural and enhanced
levels of UVBR in clear mesocosms (2.3 m depth, 2000 L volume)
immersed in the water column (see [13-15] for a detailed description of the
structure of the mesocosms and experimental setup). Mesocosms were
made of polyethylene transmitting 85-93% of light in the 280 to 750 nm
wavelengths. These bags were attached to a wharf and filled simultaneously
with water collected from a depth of 5 m off the coast of Rimouski 1 day
prior to the start of the experiment. Large zooplankton were excluded by
screening the water through 500 pm Nitex mesh. It has been shown that
these organisms present avoidance responses to UVBR, and that their
density decreases in surface waters during the hours of highest solar
exposure (16). Consequently, this work focuses on the more exposed lower
trophic levels of the community, which can evade harmful effects of UVBR
only by passive vertical transport. To ensure a homogeneous distribution of
organisms, the water column in the mesocosms was mixed continuously
with Little Giant pumps (model 2-MD-HC) at a flow rate of 25 L min~".

The plankton community was exposed to two UVBR treatments: (1)
natural UVBR (N), which was considered as the control treatment; and (2)
naiural plus enhanced UVBR (H), simulating 60% ozone depletion in the
study area (17). Increased UVBR in the H treatment was supplied by four
UVB fluorescent tubes (Philips TL4A0W-12RS, emission peak at 313 nm)
positioned 40 cm above the water surface after preburning for 100 h. The
tubes were covered with 0.13 mm cellulose diacetate sheets to screen out
UV-C radiation (<280 nm) emitted by the lamps, and changed daily to
avoid changes in spectral transmittance. Shading by the tube lamp holders
in the N mesocosms was simulated by suspending wooden dummy lamps of
the same size and position, which were placed at the same height from the
water surface than the lamp holders. Fluorescent tube lamps were turned on
daily from 1000 to 1500 h (see [17] for a detailed description of the lamps
setup). Averaged 305 to 380 nm ratios for the period corresponding to
the lamps turned on were 0.24 and 2.49 for the N and H treatments,
respectively. Most of the days were sunny, with the exception of days 4 and
8, which were partially cloudy. Because lamps provided constant UV-B,
potentially less DNA repair occurred during these days in the H treatment
due to higher values in the above ratio (>4). Three replicate mesocosms
were considered for each treatment. However, only data from two of the
three N treatment replicates are shown in this paper, because the third one
was excluded due to marked differences in the smaller cells detected by
flow cytometry (two orders of magnitude higher than the other treatments
from day 3), as well as in chlorophyll @ (Chl @). Cells in the excluded
mesocosm grew faster than in the other treatments and nutrients,
particularly nitrate, and were exhausted more rapidly. This could be related
to an input from surrounding waters into this mesocosm during the first
days of the experiment, which changed the composition of the community
as well as the nutrient load.

Light measurements. Incident UVR (305, 313, 320, 340 and 380 nm) and
PAR were recorded every minute with a GUV-510 surface radiometer
(Biospherical Instruments, Inc., San Diego, CA). Iradiance in the water
column was measured three times every day (at 1000, 1230 and 1430 h
local time) throughout the experiment with a PUV-542T profiling
radiometer (Biospherical Instruments, Inc.) at the same wavelengths as
incident UVR. Each set of profiles included two downcast and two upcast
data records, Both instruments were intercalibrated after calibration by the
manufacturer. Average daily incident light below the surface (Io, kJ m™>
nm™") and the vertical attenuation coefficient of light (Kg, m™") for UVR
and PAR were calculated to estimate light penetration in the water column.
Tp and K4 PAR, together with PAR incident irradiance, were used to
calculate daily PAR in the water column of mesocosms. To describe the
spectral light penetration in the water column we considered the depth of
the photoactive zone (Z,y,, 10% of incident [18]), instead of the frequently
used euphotic zone (Zy,, 1% of incident). It was suggested that Zpy 18 more
representative of the potential degree of exposure of planktonic cells,
because most of the photobiological processes take place through optical
depths >10% of incident light at the water surface of the mesocosm (18).

Water column sampling and analyses. Daily sampling in the water
column was performed between 0700 and 0730 h (local time) at 15-25 cm
below the surface using the circulating pumps. Water samples were
immediately transported to the laboratory in opaque polyethylene con-
tainers (20 L). At armrival at the laboratory (~15 min after sampling),
subsamples were taken from the containers for analyses of nutrients (nitrate,
nitrite, ammonia, phosphate and silicate), salinity, Chl a, particulate organic
carbon and nitrogen (POC and PON, respectively), bacterial counts and
activity, phytoplankton composition, abundance and photosynthesis, and
microzooplankton identification and abundance. Water temperature in the



mesocosms was measured continuously with thermocouples (type ““J”’)
linked to a data logger (21X, Campbell Scientific, Inc., Edmonton, AB,
Canada), and salinity was measured daily with an AutoSal salinometer
(medel 8400, Guildline Instruments, Inc., Lake Mary, FL).

Water subsamples (100 mL) for nutrient analyses (nitrate, nitrite,
ammonia, phosphate and silicate) were filtered through precombusted
Whatman GF/F filters and kept frozen (—80°C) until analyses with a
Technicon IITM autoanalyzer system following the protocols described
by the Joint Global Ocean Flux Study (19).

Subsamples (200 mL) were filtered onto precombusted Whatman GF/F
filters and kept frozen (—20°C) until analysis of POC and PON with a
Perkin-Elmer CHN analyzer (model 2400).

Bacteria. Water subsamples (10 mL) were filtered onto black
polycarbonate membrane filters (Poretics; 0.2 um pore size) for bacterial
counts. Cells were stained with 4,6-diamidino-2-phenolindole (DAPI;
Sigma Chemical Company, St. Louis, MO; 50 pg L' [20]), mounted
onto slides and enumerated with a Zeiss epifluorescence microscope. To
convert cell numbers to bacterial carbon biomass the factor of 20 fg C
bacterium ™' was used (14,21). Bacterial incorporation of *H-thymidine
(*H-TdR, Sigma; concentration 1.0 mCi mL™' or 3.7 X 107 Bq mL™!) was
also measured (13,22). Three replicate 1.3 mL samples and two
formaldehyde-killed controls (2% final concentration) were incubated at
in situ temperature during | h, after addition of SH-TdR to a final
concentration of 20 nM. Incubations were terminated by the addition of
formaldehyde (2% final concentration) and extracted by microcentrifuga-
tion. Activity 1n the samples was measured using a Beckman LS 5801
scintillation counter. Rates of thymidine incorporation (total activity, TA:
pmol *H-TdR L™ h™") were calculated from DPM counts (22). TA was
normalized to bacterial concentration to estimate cell-specific incorpora-
tion of thymidine (specific activity [SA]; fmol TdR cell™ h™"). For
the estimation of secondary bacterial production an empirical factor of
2% 10" cells produced per mole of >H-TdR was used, which represents
the average of 97 studies (23,24).

Phytoplankton. Chl a concentration corrected for phaeopigments was
measured fluorometrically according to the method described by the Joint
Global Ocean Flux Study (25). One-hundred milliliter water subsamples
were filtered onto Whatman GF/F filters immediately after arrival at the
laboratory, followed by extraction with 100% acetone. Readings were
performed with a Turner Designs fluorometer (model 10-005R) calibrated
with standard Chl ¢ (Sigma).

Phytoplankton <20 um was enumerated by flow cytometry, whereas
cells >20 um were counted by optical microscopy. Two-hundred microliter
subsampies were fixed with acid Lugol and kept in darkness at 4°C until
further phytoplankton analysis. Cells were identified and measured for
biovolume and cell carbon calculations using optical and scanning electron
microscopy techniques (26,27). Phytoplankton enumeration was performed
with an inverted microscope using the Utermohl technique (28). Cell
biovolume (p.m") was calculated from cell measurements using the nearest
matching geometric forms (29). Cell carbon estimations were made on the
basis of calculated biovolumes (30).

Nanoplankton and picoplankton abundance was determined by flow
cytometry. Duplicate 2 mL subsamples were analyzed immediately after
arrival of mesocosm water samples to the laboratory with a FACSORT flow
cytometer (FCM, Becton-Dickinson, NJ) equipped with a 488 nm laser. The
flow rate was set to 60 uL min~! and fluorescent beads (Polyscience Inc.}
were used as an internal standard. Natural cellular fluorescence (red FL3,
>650 nm, attributed to Chl a) was used to determine cell concentration (cells
<20 pm). Data logging and analyses were performed using Becton-
Dickinson Cell Quest and Attractor software programs, respectively.

To estimate carbon assimilation by phytoplankton, photosynthesis-
irradiance relationships (P-E) were measured in each mesocosm (31). In
dim light, a 13 mL subsample was poured into a 50 mL flask to which
13 uCi of NaH'*CO,~ was added (final activity of 37 KBq mL™"). After
a gentle homogenization. 1 mL aliquots were dispensed into 10 clean 20
mL borosilicate scintillation vials. The vials were then placed under a PAR
gradient ranging from 6 to 800 uE m™? s™' in a linear incubator. These
values were coincident with the PAR measurements performed in the water
column of the mesocosms (maximum surface PAR observed at noon: ~700
pE m™ s™'). One scintiliation vial was incubated in the dark. Total activity
was determined by adding 50 pL of the inoculated water subsample into
10 mL of Fisherbrand ScintiVerse scintillation fluid containing 50 pL of
6 N NaOH. Nonincorporated '*C was removed after 20 to 30 min of
incubation by adding 500 pL of 6 N HCIL. After 20 min, 500 pL of 6 N
NaOH was added to the samples. Ten milliliters of scintillation cocktail was
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then added and the samples were counted using a Beckman LS 5801
scintilation counter. No photoinhibition was observed and hence the P-E
relationships were fitted as described by the following equation (32):

P=Pm[l—exp(—aE/P,,,)] (”

where P (ug C L™ h™') is the photosynthetic rate; P,,, (ug C L™' h™") is the
maximum photosynthetic rate in the absence of photoinhibition; o (ug C
L™ b [WE m™ s7'T™") is the initial slope of the photosynthetic light curve,
which describes the photosynthetic efficiency and £ (uE m ™2 s™') represents
the PAR. These parameters were used to estimate the daily integrated depth-
average photosynthesis in the mesocosms. For doing this, every minute
PAR at depths of 0.00, 0.25, 0.40, 0.75, 1.00 and 1.50 m was estimated
from ambient GUV and PUV profiling measurements using the I, and Ky
values obtained for each day. These values were introduced in the above
equation as E, together with the corresponding photosynthetic parameters
computed for each day. Daily photosynthesis was computed by time
integration and water column averages of these integrated values were used
for analysis.

Microzooplankion. To study microzooplankton composition and bio-
mass, 250 mL samples were taken daily and preserved with acid Lugol
(0.4% final concentration). Taxonomic identification (21,27,33), counts
and measurements (length and diameter of all individuals in the ana-
lyzed subsamples) of loricae tintinnids and naked ciliates were made on
100 mL sedimented samples analyzed with an inverted microscope.
Biovolumes were calculated as described for phytoplankion. Biovolumes
of species were converted to biomass using a specific carbon ratio of
0.216 X VO (34),

Suatistical analyses. Repeated-measures multivariate analysis of variance
(MANOVA) was used to test for differences between treatments with
Statistica 5.5 software. The primary constraint for MANOVA is that the
difference between the number of samples (subjects) and the between-
subjects treatment levels (groups) should be higher than the number of
dependent variables (35). However, this condition is satisfied by the experi-
mental design used in this study. Homogeneity of vartances and normality
were tested with Cochran C and Kolmogorov-Smirnov tests, respectively.
Relationships between pairs of variables were fitted by model II regres-
sions, because both dependent and independent variables were subjected to
variability. Confidence intervals for the regressions were calculated (36). To
test for the differences between treatments (categorical factors) controlling
for continuous descriptors and dependent variables, a test of homogeneity
of slopes was used (35). Then, a post hoc Tukey test was applied when
significant differences between slopes were found.

RESULTS

UVBR exposure and temperature in the mesocosms

Light conditions were previously described in published papers
from the same experiment (8,10-12). Consequently, here we report
only complementary information. Z,, for UVBR and UVAR
(ZZVBR and Z3YAR) were ~0.5 and 1 m, respectively, and were
above the maximum depth of the water column in the mesocosms
(2.3 m; Fig. 1a). To compare with Z,, average UVBR and UVAR
corresponding 10 the N treatment were added to Fig. 1, showing that
only UVR in the 380 nm band reached the maximum depth in the
mesocosms. In contrast, 10% PAR reached a depth of ~4 m,
suggesting that cells were subjected to more variable UVR condi-
tions than to PAR. The depth variability of Z}}* and Z23 (corre-
sponding here to 313 and 380 nm, respectively) is shown in Fig.
1b,c. A significant shallowing of these variables was observed from
the start to the end of the experiment (~20%; P < 0.01). Significant
differences between treatments were found only for Zg”, and this
from days 2 to 5 and for day 8 (Fig. 1b). During these days, Z " was
deeper in N controls than in the H treatment.

Average temperature in the mesocosms for the entire experi-
mental period was 11 = 0.80°C (minimum = 9.0°C; maximum =
12.8°C), which was in the range of surface values typical of coastal
waters in the area at the time of the study (www.osl.gc.ca/
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Figure 1. Photoactive zone depth (Z,, m) in the mesocosms. (a): Average
of all data corresponding to the different UVR wavelengths measured and
PAR for the N (natural UVBR, open bars) treatment and H (natural plus
enhanced UVBR, grey bars) treatment. The dashed line represents the
bottom depth of the mesocosms, and open circles correspond to the depth of
the euphotic zone (Z,,) for UVBR and UVAR in the N treatment. Vertical
lines are standard deviations. (b and c): Daily variability of the photoactive
zone depth (Z;,, 10% incident light) corresponding to UVR irradiance at
313 and 380 nm within the N (open circles and dashed lines) and H (filled
circles and continuous line) treatments, respectively. Open and filled stars
denote significant differences between treatments at P < 0.05 and P < 0.01
probability levels, respectively. Vertical lines are standard deviations.

sl_monitore/en/data/st_riki.html). Salinity was nearly constant
(~26) during the entire experiment.

Nutrients and total particulate organic material

Nutrient concentrations at the start of the experiment were ~15,
0.6, 1 and 19 pM for nitrate + nitrite, ammonium, phosphate and
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Figure 2. Daily variability in the concentration of nutrients (pM): (a)
Nitrate + nitrite; (b) ammonia; (c) phosphate; (d) silicate. Open circles—
dashed lines and filled circles—continuous lines correspond to the N (natural
UVBR) and H (natural plus enhanced UVBR) treatments, respectively.
Vertical lines are standard deviations.
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Figure 3. Particulate organic nitrogen (ug L™) as a function of external
nitrogen concentration (ug L.™'): Open and filled circles correspond to the
N (natural UVBR) and H (natural plus enhanced UVBR) treatments,
respectively. Fitted regression lines (dashed and continuous for N and H
treatments, respectively) were added to the figure, together with the cor-
responding equations and regression coefficients. Vertical and horizontal
lines are standard deviations for both variables.

silicate, respectively. The initial molar N:P ratio was 15.5:1, which
is similar to the expected Redfield ratio (16:1 [37]). These con-
centrations decreased sharply in all mesocosms during days 4 to 7,
matching with the development of a phytoplankton bloom, until
nearly total nutrient exhaustion (Fig. 2a—d). A lag was observed in
the time at which the different nutrients reached exhaustion.
Ammonium was the first to be consumed, reaching minimum
concentrations at days 3-4 (Fig. 2b). Minimum concentrations of
the other nutrients were observed from day 7, with silicate being
consumed at a Jower rate than nitrate and phosphate (Fig. 2d). To
study the relation between external dissolved nitrogen and PON, the
sum of nitrate, nitrite and ammonium was converted to ug N L™,
Regression analysis shows that most of the initial external nitrogen
(195 £ 16 pg N L") was transferred to organic particles (204 * 1
ug N L™) (Fig. 3). No significant differences were found between
the slopes of H and control treatments (P > 0.05). POC increased
from ~200 to 2500-3000 pg L™, and reached significantly higher
values in the H treatment than in controls on days 8 and 9 (Fig. 4a; P
<< 0.05). This coincided with an increase in the particulate C:N ratio
from ~5 to 15 between days 6 to 8 (data not shown). POC as
a function of PON showed a linear relationship only until day 6
(Fig. 4b), which was also consistent with the relationship between
POC and external nitrogen exhaustion (null values of external
nitrogen corresponded to ~1000 pg L™ in POC; Fig. 4c).

Plankton community dynamics

Phytoplankton abundance, composition, biomass and photosyn-
thesis. The time series evolution of cell density showed three well-
defined intervals: prebloom (days 1 to 3), bloom (days 4 to 7) and
postbloom (days 7 to 9) (Fig. 5a). Flow cytometry results showed
three phytoplankton size classes (1-3, 3-10 and 10-20 pm), which
developed in the mesocosms during the experimental period. In
this paper we considered the smaller fraction (1-3 pum) as pico-
phytoplankton, and the sum of the 3-10 and 10-20 pm phyto-
plankton as nanophytoplankton. Phytoplankton >20 um counted
with the inverted microscope was categorized as microplankton.
The nanophytoplankton fraction was the most abundant in this
study, reaching maximum values of ~25 X 10° cells L™". This
fraction represented 75-95% of total cell number during the bloom
and postbloom periods, respectively. No significant differences
were observed between treatments for each of the three size classes
(P > 0.05).
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Figure 4. (a) Daily variability of particulate organic carbon (ug LY in the
mesocosms. Open circles—dashed lines and filled circles—continuous lines
correspond to the N (natural UVBR) and H (natural plus enhanced UVBR)
treatments, respectively. Open stars denote significant differences between
treatments at the P < 0.05 level. (b) POC (ug L™) as a function of
particulate organic nitrogen (ug L") and (c) POC (ug L") as a function of
external nitrogen concentration (ug L™'). Fitted regression lines (dashed
and continuous for N and H treatments, respectively) corresponding to the
first 6 days of the experiment were added to the figure, together with the
corresponding equations and regression coefficients. Open and filled circles
correspond to the N and H treatments, respectively. Vertical and horizontal
lines are standard deviations for both variables.

Phytoplankton taxonomic composition was characterized by
the presence of diatoms and phytoflagellates. A small Chaefoceros
sp. (57 pm) was the most abundant diatom species, followed
by Thalassiosira pacifica (10-20 pm) and Chaetoceros diadema
(12-15 pm). Phytoflagellates were composed of Chlorophyta
(Chlamydomonas sp.), Buglenophyta (Eutreptia sp. and Eugleno-
morpha sp.) and Prasinophyceae (Pyramimonas sp.).

Highest Chl a concentrations were reached on day 7 of the
experiment (~30 pg Chl @ L), with the H treatment showing
slightly higher but nonsignificant (P > 0.05) values during the
exponential growth phase of the community (Fig. 5b). The
different phytoplankton taxa were grouped within the size classes
identified by flow cytometry for estimation of specific and total
phytoplankton carbon concentration (TPC). The smaller size
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Figure 5. (a) Daily variability of phytoplankton cell density in the
mesocosms (cell L™"). Open symbols—dashed lines and filled symbols—
continuous lines correspond to the N (natural UVBR) and H (natural plus
enhanced UVBR) treatments, respectively. Squares, circles and triangles
denote, respectively, the picophytoplankton, nanophytoplankton and micro-
phytoplankton fractions identified by flow cytometry and optical micros-
copy. (b) Daily variability of chlorophyll @ (itg L™') in the mesocosms. Open
circles—dashed lines and filled circles—continuous lines correspond to the N
and H treatments, respectively. Vertical lines are standard deviations.

fractions determined by flow cytometry (i.e. 1-3 and 3-10 pm)
were essentially constituted by small coccoid phytoflagellates and
Chaetoceros sp. (5-7 pm), respectively. The 8-20 pm size frac-
tion was composed primarily of C. diadema, T. pacifica and
Chlorophyceae. Cells larger than 20 pum were primarily constituted
by T. pacifica (35-50 um, ~55%) and species from the family
Eutreptiaceae (Eutreptia sp. and Euglenomorpha sp., ~38%). The
major contribution to the phytoplankton carbon stock corresponded
to the nanophytoplanktonic fraction (~90%). TPC showed a similar
trend as Chl a throughout the experiment, presenting maximum
values on day 7 (~1000 pg C L") (Fig. 6a). TPC vs PON
correlated positively (R* = 0.94 and R? = 0.98 for the N and H
treatments, respectively), and no significant differences between
treatments were found (P > 0.05) (Fig. 6b).

Carbon assimilation showed maximum values on day 7 (~400-
500 pg C L' h™") in both treatments (Fig. 7). However, no
significant differences between treatments were found during the
time course of the experiment (P > 0.05).

Bacterial density, biomass and production. Part of the data from
days 1 and 2 were lost, thus no statistical comparisons could be
performed for these dates. Bacterial biomass gradually increased
throughout the experiment until day 7 in the N treatment, and then
decreased sharply on day 9 (Fig. 8a). The same trend was observed
for the H treatment, but in this case the biomass decrease was delayed
by 1 day. Maximum abundances observed were 1.5 X 10° and 2.2 X
10°cellsL™" on days 7 and 8 for the N and H treatments, respectively.
The corresponding bacterial carbon values were ~30 and ~45 pg
L™, respectively. Significant differences were observed only during
the last 2 days of the experiment (P < 0.05), with higher bacterial
biomass in the H treatment. Bacterial production, estimated from
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Figure 6. (a) Daily variability of total plankton carbon (ug L™ in the
mesocosms. Open circles—dashed lines and filled circles—continuous lines
correspond to the N (natural UVBR) and H (natural plus enhanced UVBR)
treatments, respectively. Vertical lines are standard deviations. (b) TPC (ug
L™ as a function of particulate organic nitrogen (ug L™). Open and filled
circles correspond to the N and H treatments, respectively. Fitted regression
lines (dashed and continuous for N and H treatments, respectively) were
added to the figure, together with the corresponding equations and re-
gression coefficients Vertical and horizontal lines are standard deviations
for both variables.

TdR incorporation, varied between 0.5 and 1.5 pg C L™ h™* during
most of the experiment, without differences between treatments (Fig.
8b). The only exception was day 9, when carbon incorporation was
significantly higher in the H treatment. On the other hand, no
significant differences were observed during any day for bacterial
specific activity (P < 0.05; Fig. 8c).

Ciliate composition and biomass. Microzooplankton was
essentially represented by ciliates (Strombidinium sp., Tintinnopsis
sp., Prorodon ovum, S. spiralis, Uronema marinum, Strombidi-
nopsis sp., Ampidisca sp. and Lohmanniella oviformis), and no
other zooplankton categories could be observed with the methods
used. The first three species were dominant in terms of biomass
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Figure 7. Daily variability of the average water-column photosynthesis
in the mesocosms (ug C L™ h™"). Open circles—dashed lines and filled
circles—continuous lines correspond to the N (natural UVBR) and H
{natural plus enhanced UVBR) treatments, respectively. Vertical lines are
standard deviations.
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Figure 8. Daily variability of (a) bacterial cell carbon (ug C L™, ()
bacterial production (ug C L™ h™') and (c) bacterial specific activity in the
mesocosms. Open circles—dashed lines and filled circles—continuous lines
correspond to the N (natural UVBR) and H (natural plus enhanced UVBR)
treatments, respectively. Open stars denote significant differences between
treatments at the P < 0.05 level. Vertical lines are standard deviations.

(>90%). Biovolumes corresponding to Strombidinium sp., Tintin-
nopsis sp., P. ovum and S. spiralis were 51710, 56968 and 41 888
um’, respectively. The biovolume of the remainder of the species
identified ranged between 2000 and 20000 pm®. A significant (P
< 0.01) lower total ciliate carbon biomass was observed in the H
treatment, relative to the N controls, during the bloom and
postbloom periods (by ~70% and 80% on days 5 and 9,
respectively; Fig. 9). Significant changes were also observed in
the abundance of the three dominant species. Carbon biomass was
~3-5 pg C L™ on day 2 of the experiment, primarily from the
contribution of Strombidinium sp. and P. ovum (>90% of total;
Fig. 10a,b). The three species increased their biomass as a function
of time in both treatments (Fig. 10a—), with the exception of
Strombidinium sp., which showed an inverse trend in the H
treatment (Fig. 10a). On day 9, the biomass in the H treatment was
significantly lower than that measured in the N one for the three
species (P < 0.05 for Strombidinium sp. and P < 0.01 for P. ovum
and Tintinnopsis sp., respectively). However, the percent of
biomass reduction in the H treatment, relative to the N treatment,
differed between these species. Whereas Strombidinium sp. and
Tintinnopsis sp. presented ~90% reduction, such a value for
P. ovum was much lower (~55%; Fig. 10a—).
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Figure 9. Ciliate biomass (ug C L™") in the mesocosms corresponding to
the prebloom, bloom and postbloom periods (days 2, 5 and 9, respectively).
Open and grey bars correspond to the N (natural UVBR) and H (natural
plus enhanced UVBR) ftreatments, respectively. Filled stars denote sig-
nificant differences between treatments at the P < 0.01 level. Vertical lines
are standard deviations.

Food web carben dynamics

The carbon dynamics for the different components of the studied
system (i.e. phytoplankton, bacteria and microzooplankton) were
analyzed in more detail. Only results from days 2, 5 and 9 were
considered because simultaneous data on these components were
available only for those dates. The dates chosen were representative
of the prebloom, bloom and postbloom periods, respectively. In
terms of biomass, the ratio of TPC to bacterial carbon (BC) showed
amarked increase as a function of time, with maximum values at the
end of the experiment (Fig. 11a). This ratio was significantly higher
in the N treatment than in the H treatment during the bloom and
postbloom periods (P < 0.05 and P < 0.01, respectively). In terms
of production rates, the ratio of phytoplankton vs bacterial produc-
tion showed a trend similar to their respective biomass carbon ratio,
but in this case significant differences between treatments (N > H; P
< 0.05) were found only during the postbloom period (Fig. 11b).
The same temporal trend was shown by the TPC vs total bacterial
and ciliate carbon (TBCC) ratio (Fig. 11c). However, this ratio
showed maximum values in the H treatment (P < 0.01) during the
postbloom period in contrast to the TPC:BC ratio (due to the strong
decrease in ciliate carbon in the H treatment).

As shown above for the POC:PON ratio, the POC:TPC ratio
correlated linearly only until day 6 (Fig. 12), without significant
correlations between these variables for the postbloom period. A
similar trend was observed for the POC:Chl ¢ ratio (data not
shown). Regression estimated POC concentrations corresponding
to null Chl @ and TPC concentration were ~200 pg POC L7,
indicating the initial contribution of nonautotrophic carbon.

Considering days 2, 5 and 9, the differences observed during the
postbloom also apply for the ratio of POC:TCC (TCC represents
total community carbon, or the sum of autotrophic plus heterotrophic
carbon; Fig. 13). On day 9, the heterotrophs contribution to TCC in N
and H was only ~10% and 4%, respectively. Consequently, most of
the contribution to TCC came from phytoplankton. However, as
shown in Fig. 13, POC was ~3.5 and ~4.5 times higher than
calculated TCC in the N and H treatments, respectively, at that date.

DISCUSSION

Plankton production and biomass

Initial nutrient concentrations in the mesocosms were within the
ranges observed for the lower St. Lawrence Estuary during the
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Figure 10. Biomass of dominant ciliate species (%) in the mesocosms
corresponding to the prebloom, bloom and postbloom periods (days 2,
5 and 9, respectively). (a) Strombidinium sp., (b) Prorodon ovum and (c)
Tintinnopsis sp. Open and grey bars are N (natural UVBR) and H (natural
plus enhanced UVBR) treatments, respectively. Open and filled stars denote
significant differences between treatments at P < 0.05 and P < 0.01
probability levels, respectively. Vertical lines are standard deviations. The
right scale—filled circles indicate the percent of reduction of biomass in
the H treatment relative to controls for the different species.

prebloom period (38). These conditions allowed the development
of a high phytoplankton biomass stock, with external nitrogen
totally converted to biomass. As a result, Chl a values reached were
close to the maximum reported for the area during summer (38).
Phytoplankton abundance changed markedly as a function of
time, with nanophytoplankton being the dominant fraction during
the entire study. However, no significant differences were observed
between treatments for the different size fractions identified, nor
for TPC, Chl a and photosynthesis. Photosynthesis results are con-
sistent with published information from the same experiment on the
combined effect of nutrient stress and UVBR on the phytoplankton
community (8). Those authors found significant physiological ef-
fects only on the PSII system under nutrient stress conditions (i.e.
during the postbloom period). However, their results are from
surface incubations, which excluded the alleviation of UVBR
effects by vertical mixing in the water column of the mesocosms.
Mixing plays an important role in modulating the effects of UVBR
on phytoplankton physiology and nutrient dynamics, as reported
from field and laboratory vertical mixing simulations (9,39). Further-
more, results from studies performed simultaneously with ours on
the dynamics of the D1 protein cycle, involved in the repair of PSII,
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Figure 11. (a) TPC:BC (total phytoplankton carbon to bacterial carbon),
(b) phytoplankton:bacterial carbon assimilation and (c) TPC:TBCC (total
phytoplankton carbon to total bacteria and ciliate carbon) ratios. Open and
grey bars are N (natural UVBR) and H (natural plus enhanced UVBR)
treatments, respectively. Open and filled stars denote significant differences
between treatments at the P < 0.05 and P << 0.01 levels, respectively.
Vertical lines are standard deviations.

showed a lack of effect of the UVBR treatments on the quantum
yield of PSII photochemistry (F,/F) (10). Consequently, we
suggest that the combined dynamics of mixing and photoprotection
allowed phytoplankton to cope with harmful effects of UVBR.
According to the continuum trophic pathways hypothesis (15),
microzooplankton plays a key role in carbon transfer in pelagic
food webs. It represents a link between small phytoplankton and
bacterial production (i.e. via grazing [40]) and higher trophic levels
(i.e. via metazoan predation [41]). Biomass of ciliates at the start
of the experiment was consistent with data reported for May—
September in the lower St. Lawrence Estuary (11.17 £ 11.19 ug C
L~! [21]). This component of the system was strongly affected
by UVBR, not only in terms of biomass but also in relative
abundance. This suggests that periodic excursion below ZghVBR
was not enough to allow repair of damaged targets in the cells. The
observed 70-80% lower ciliate carbon biomass observed in the H
treatment (see Fig. 9) was consistent with previous results (14),
with 64% reduction under enhanced UVBR in a similar meso-
cosms experiment with water from the St. Lawrence Estuary. P.
ovum was the most resistant species, compared with that of the
other numerically dominant species (Strombidinium sp. and

POC = 1.04 xTPC +195.8
R?=0.98 (N}

POC =120 xTPC + 1932
R?=0.98 (H)

0+~ r 1 T T T T )

0 200 400 600 800 1000 1200 1400
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Figure 12. Particulate organic carbon (ug L") as a function of total phyto-
plankton carbon (g L*): Open and filled circles correspond to the N (natural
UVBR) and H (natural plus enhanced UVBR) treatments, respectively. Fitted
regression lines (dashed and continuous for N and H treatments, respectively)
corresponding to the first 6 days of the experiment were added to the figure,
together with the corresponding equations and regression coefficients.
Vertical and horizontal lines are standard deviations for both variables.

Tintinnopsis sp.), showing that enhanced UVBR can significantly
alter community composition, and probably trophic relationships
and carbon pathways. Other studies have shown negative and
positive responses of various microzooplankton species to UVBR
enhancement (42), indicating the absence of a general pattern for
such responses. However, our results support previous results that
suggest that the ciliate community of the St. Lawrence Estuary is
highly sensitive to enhanced UVBR (14).

Together with microzooplankton, bacteria play a central role
in the planktonic food web as a link between DOC and energy
transfer toward higher trophic levels. Moreover, it has been
suggested that probably most of the respiration in the ocean comes
from bacteria (43). Bacterial abundance (~1 X 10° = 0.6 x 10°
cell L™) and carbon concentrations (~19.8 * 139 pg C L™ in
this experiment were within the ranges reported for the lower St.
Lawrence Estuary (21). A continuous increase in bacterial biomass
was observed, following the evolution of phytoplankton concen-
tration, with a sharp bacterial decrease at the end of the experiment
under both treatments. The latter could be related to nutrient
limitation, as observed during a similar experiment (13).

Changes in the composition or relative abundance of the
different bacterial species could not be evaluated by the methods
used here. Despite this limitation, general information about the
responses of this group can be inferred. Bacterial production rates
did not show direct UVBR effects, as suggested by the lack of
differences between treatments observed in carbon-specific activ-
ity. This could be explained by internal and external alleviating
mechanisms (i.e. repair of UVBR damaged targets and mixing,
respectively), or by changes in the composition of the community
from less to more resistant species. Another explanation for the
lack of differences between UVR treatments may be the balance
between harmful direct effects and increases in respiring substrates
due to UVBR-enhanced photolysis of high molecular weight DOC
(13,44). Consequently, the significant bacterial biomass increase
observed during the postbloom period in the H treatment relative to
controls are not attributed to differential bacterial growth but was
probably caused by a decrease in grazing pressure due to a slower
growth rate or to a high mortality of ciliates, or both.

Carbon partition within the community

Both the ratio of phytoplankton to bacterial carbon biomass and
production (Fig. 11a,b) showed significant lower values in the H
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Figure 13. Particulate organic carbon (vertical bars, ug C LY and total
community carbon (circles and lines) in the mesocosms corresponding to
the prebloom, bloom and postbloom periods (days 2, 5 and 9, respectively).
Open circles—dashed lines and open bars correspond to the N (natural
UVBR) treatment, whereas filled circles—continuous lines and grey bars
denote the H (natural plus enhanced UVBR) treatment, Vertical lines are
standard deviations.

treatment at the end of the experiment. These observations are
in line with previous findings (14,45), which reported that the
plankton community can evolve toward a microbial food web
under enhanced UVBR conditions. However, these authors
reported 35% reduction in the TPC:BC ratio under such conditions,
instead of the 71% found in our experiment. On the other hand, the
TPC:TBCC ratio showed higher values in the H than in the N
treatment on day 9 (Fig. 11c), contrasting with their results (20%
reduction in the H treatment for the TPC:TBCC ratic). This can be
explained by the strong reduction of the ciliate biomass under the
H treatment, which was more intense in our experiment (83%
reduction instead of 64% reduction [14]), combined with the lack
of change in TPC. Consequently, these results strengthen the idea
that enhanced UVBR can alter the dynamics and structure of the
lower trophic levels of the plankton community, as well as the
potential carbon transfer toward metazoan predators, which can
be significantly reduced under these conditions,

It is interesting to note the sharp increase in POC during the
postbloom period, which resulted in the lack of a linear relation-
ship between POC and other variables (PON, external nitrogen
evolution, Chl @ and TPC; Figs. 4bc and 12a,b, respectively). Cell
secretion of organic matter could contribute to explain these
results. Phytoplankton secretion of energy-rich substances repre-
sents 5-25% of carbon fixed into particulate matter, and is released
at constant proportions of photosynthetic rates by healthy cells
(46). Furthermore, it has been shown that extraceliular carbon
produced by phytoplankton can be increased significantly by the
uncoupling between nutrients and light availability (47-49).
Mechanisms controlling this process remain unclear, but there is
evidence that under inorganic nutrient limitation and high light
conditions photosynthetic products cannot be efficiently channeled
to growth. Consequently, a fraction of dissolved inorganic carbon
uptake by photosynthesis is “overspilled” via the production of
low nitrogen compounds, which are released by cells to the water
column (50). Some of these compounds are acidic sugars that
facilitate aggregation into >0.7 pm particles known as total
exopolymer particles (TEPs; [51,52]), which may constitute a
significant fraction of POC (53). This is consistent with the
suggestion that a significant fraction of the DOC pool in the ocean
presents a dynamic dispersion/assembly process of these particles,
which can reach 6-8 um (54). These processes are represented in
the diagram in Fig. 14.

In our experiment TPC was ~1000 pg L™ at the onset of
nutrient limitation, similar to the POC concentration at that
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Figure 14. Diagram representing the transparent exopolymer particle
(TEP) hypothesis. The arrows represent transfer of matier between the
different compartments. Small phytoplankton cells (SPHY) and bacteria
(BACT) release dissolved organic carbon (DOC). These cells are in part
aggregated into TEP. Both SPHY and BACT are preyed on directly by
microzooplankton (MZOO) and indirectly by inclusion of cells in TEP.
Large zooplankton (LZOO) directly preys on both MZOO and large
phytoplankton cells (LPHY). Grazing by LZOO on SPHY was considered
less significant (dotted arrow) than the other transfer processes. LZOO can
directly feed on TEP, bypassing the microbial loop (curved arrow).

moment. Thereafter, POC increased by ~60% in both treatments,
which is in the range of reported increments (~35-69% [55,56]).
It has been shown that volume-derived carbon estimations are not
accurate under conditions of nutrient exhaustion (57). The authors
performed two mesocosm studies with different Si:N ratios (1:1
and 4:1) at the start of the experiments. Roughly, a ~40% under-
estimation of POC can be derived from their figures, considering
their results corresponding to the Si:N ratio of 1:1, which was
similar to the initial conditions in our experiment. Even assum-
ing this strong difference and correcting the TPC fraction
of the estimated TCC shown in Fig. 13, measured POC was
significantly higher than TCC on day 9 (increase from 650 to 890
and from 700 to 980 pg C L™ in the N and H treatments,
respectively). Most of the large differences found in this work
between TCC and POC during the postbloom period (Fig. 13) may
be explained by a significant TEP contribution to totat POC
following nutrient exhaustion. However, this interpretation cannot
explain the significant differences between treatments observed in
POC concentration. It has been suggested that enhanced UVBR
may play a role in increasing extracellular excretion (46), but no
direct effects have been reported up to now.

Furthermore, experimental results show that UVBR hinders
the exchange between DOC and the gel phase in the ocean by
inhibiting the spontaneous assembly of polymers, by cleaving
DOC or by dispersing assembled gel particles (or both) (58).
Consequently, there is an apparent contradiction between these
results and the higher POC concentrations observed during this
study in the H treatment compared to the N treatment. Assuming
that the TEP input to total POC hypothesis presented here is correct
(see Fig. 14), we suggest that the differences between treatments
observed in POC concentration may be attributed to a strong
decrease in ciliate TEP ingestion, in coincidence with an increased
extracellular release under enhanced UVBR and nutrient limitation.
Under this proposed scenario, UVBR would significantly modify
the carbon pathway in the water column,
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It has been shown that TEPs can be used as a direct energy
source for both bacteria and zooplankton and play a significant role
structuring the ciliate community (59). Moreover, the aggregation
of small particles into larger ones makes them available to larger
zooplankton such as euphasiids, thus playing a significant role in
carbon transfer toward higher trophic levels (60). Large herbivores
such as krill can feed directly on nanophytoplankton and
picophytoplankton included in TEP particles, thus bypassing the
microbial loop (61) (Fig. 14). Assuming that UVBR has minor
effects on large zooplankton due to avoidance, TEPs may result
in an enhanced transfer of carbon toward higher trophic levels
through this pathway. Consequently, a UVBR-induced TEP in-
crease under nutrient-limiting conditions may be interpreted as
relatively advantageous for carbon transfer within the planktonic
food web, in the sense that energy is not completely lost for the
pelagic system and that a significant fraction can be returned back
to the planktonic food web system.

The potential synthesis of TEPs and DOC release during
prebloom conditions in our experiment could also contribute to
explaining the differences in light transmission between treatments
observed in Zghv BR between days 2-5. This is consistent with
mesocosm experimental results that showed that these particles are
also synthesized before the onset of the bloom (62). Furthermore,
an additional contribution to the relatively high UVBR absorption
in the H treatment could be the release of mycosporine-like amino
acids (MAAs). It has been suggested that these substances may
contribute to the reduction of UVR transmission through the water
column (3,63). However, data on DOC and MAAs were not
available for this work.

Models predict a shallowing of the upper mixed layer and
a reduced vertical exchange of nutrients in the ocean due to the
global rise in temperature (64,65). A shallower, upper mixed layer
could increase the residence time of cells in the surface layer, and
hence augment exposure to UVBR (38). Under such a scenario, the
proposed UVBR-TEP-related processes described above may
become significant in modifying the carbon cycle in the ocean,
which is a most important research subject because of global
warming. Our results suggest the importance of measuring TEPs
and DOC in future experiments to study the effects of UVBR on
plankton communities.
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