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ABSTRACT: Diel variability of heterotrophic bacterial production (BP) was investigated in the east-
ern South Pacific from October to December 2004. Three sites differing by their trophic status were
studied: Marquesas Islands, the center (GYR) and the eastern South Pacific Gyre. By using a
Lagrangian approach and high frequency measurements, an important increase (2- to 4-fold) in BP
was observed at the 3 sites during the afternoon—sunset period within surface layers. To evaluate the
impact of solar UV radiation on this variability, we determined, from in situ optical measurements, the
mean UV-B (at 305 nm) and UV-A (at 380 nm) doses received within the mixed layer at a daily scale.
At GYR, the doses were as high as 0.3 and 11 kJ m~2 nm™! for the whole day, respectively due to high
surface irradiances and very low light attenuations in the water column. The UV-B/UV-A tri-hourly
dose ratios (Q) displayed substantial variations during the daytime, with highest values recorded dur-
ing the periods 9:00 to 12:00 h or 12:00 to 15:00 h. The negative linear correlation observed between
Q and BP in the surface waters of GYR suggests that changes in the balance between DNA damages
and photorepairs (reflected by changes in the Q-ratio) could have a significant influence on the diel
variability of BP in open oceans. However, assessing the effects of UV radiation on diel variability of
BP through an in situ measurement approach, independently from other causes like availability of
resources, is not so evident, even in these clearest waters of the world ocean.
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INTRODUCTION

The context of climate change and stratospheric
ozone depletion has stimulated interest in investigating
the effects of solar radiation, and more specifically ul-
traviolet radiation (UVR: 280 to 400 nm), on aquatic
ecosystems (Hader et al. 2003). In the surface waters,
UVR can significantly affect heterotrophic bacteria that
are too small to efficiently use UVR-absorbing pig-
ments as sunscreens (Garcia-Pichel 1994). Ultraviolet-B
(UV-B: 280 to 315 nm) is strongly absorbed by cellular
DNA, altering the DNA structure and producing dam-

ages such as cyclobutane pyrimidine dimers (CPDs)
(Hader & Sinha 2005). Many studies have reported the
inhibition of heterotrophic bacterial production (BP)
after exposure of natural microbial assemblages to UV-
B and the subsequent production of CPDs (Aas et al.
1996, Jeffrey et al. 1996). On the other hand, DNA dam-
ages can be repaired through 2 pathways: (1) photo-
enzymatic repairs (PERs) via the action of photolyase,
induced by both ultraviolet-A (UV-A: 315 to 400 nm)
and photosynthetically available radiation (PAR: 400 to
700 nm) and (2) excision repairs that occur in the dark
(Hader & Sinha 2005). PERs have been observed in nat-



ural assemblages and bacterial cultures exposed to arti-
ficial UV-B after secondary irradiation with UV-A and
PAR. It appears that UV-A is more efficient than PAR in
inducing photoreactivation (Kaiser & Herndl 1997, Joux
et al. 1999). Therefore, the rates of CPDs production
and PERs in marine microbial assemblages may be re-
lated to the UV-B and UV-A doses (irradiances inte-
grated over time) received by cells (Boelen et al. 2001).
In the surface ocean, the intensity of UV-B and UV-A
doses for a given time period depends on several para-
meters: (1) the level of surface UV-B and UV-A irradi-
ances, (2) the attenuation of these surface irradiances
in the water column, which is mainly controlled by
chromophoric dissolved organic matter (CDOM) (Diaz
et al. 2000) and (3) the depth of the mixed layer (Z,,), i.e.
the depth at which cells can be transported within the
upper water column (Boelen et al. 2001).

The French project Blogeochemistry and Optics
SOuth Pacific Experiment (BIOSOPE) was dedicated to
a multidisciplinary exploration of the eastern South
Pacific including the hyper-oligotrophic South Pacific
Gyre (SPG) as well as its western (Marquesas Islands)
and eastern (Chilean upwelling) borders in late 2004
(Claustre et al. 2008a). As in other subtropical regions,
the eastern South Pacific is subjected to high surface
UV-B and UV-A irradiances due to the small solar
zenith angle (SZA) and the relatively low ozone
amounts (200 to 300 Dobson Units) (TOMS satellite
data; http://toms.gsfc.nasa.gov/ozone/ozone_v8.html).
Moreover, the very low content in chlorophyll a (chl a)
and CDOM in the highly stratified surface waters of
the SPG allow for a very deep penetration of UVR
(Morel et al. 2007, Tedetti et al. 2007). In the surface
layers of this oceanic area, nitrogen (N) has been
shown to be a common factor limiting both phyto-
plankton and heterotrophic bacteria (Van Wambeke et
al. 2008a). Consequently, in the SPG, the diel variabil-
ity of BP could be particularly intense, influenced by
the UV-B and UV-A doses received within Z,; (i.e. the
balance between DNA damages and repairs), but also
by the trophic dependence of heterotrophic bacteria
on phytoplankton exudates and/or regeneration pro-
cesses.

The first goal of the present study was to determine
the diel variability of BP as well as underwater UV
doses received at fixed depths and within the mixed
layer in the eastern South Pacific at 3 selected sites dif-
fering by their trophic status: the Marquesas Islands,
and the center and the eastern border of the SPG. The
second goal was to examine whether, in the most olig-
otrophic and transparent waters of the world ocean, a
causal relationships between UVR and BP can be
inferred simply from high frequency in situ measure-
ments of BP and UV doses, without processing any
experimental set-up in bottles.

MATERIALS AND METHODS
Sampling strategy

The BIOSOPE campaign was conducted from 24 Oc-
tober to 11 December, 2004 aboard RV ‘1'Atalante’ in
the eastern South Pacific. The cruise consisted of
‘short’ and 'long’ sites. Diel variability of BP was esti-
mated at 3 of these long sites: MAR (vicinity of Mar-
quesas Islands), GYR (center of the SPG) and EGY
(eastern border of the SPG). These sites differed in
terms of physical and biological characteristics (Claus-
tre et al. 2008a; our Table 1). CTD casts were per-
formed every 3 h during successive days (i.e. at local
times 00:00, 03:00, 06:00, 09:00, 12:00, 15:00, 18:00 and
21:00 h). Samples were collected from a CTD rosette
fitted with twenty 12 1 Niskin bottles equipped with
Teflon rings to avoid carbon contaminations. Samples
were processed within 0.5 h of collection. For the study
of BP diel variability, 9 to 10 levels were sampled along
the water column down to 170 m at MAR, 280 m at
GYR and 250 m at EGY. The period of high frequency
sampling for BP measurements was 36 h at MAR on
27 to 28 October (every 3 h), 48 h at GYR on 12 to
14 November (every 3 h) and 42 h at EGY on 26 to
28 November (every 6 h).

Determination of the mixed layer depth

Z., was determined for each CTD cast and at all sites.
It corresponded to the average of the following 4 mea-
sures: the depths at which the density difference with
that of surface reached (1) 0.05 kg m™2 and (2) 0.1 kg
m3; and the depths at which the density gradient
reached (3) 0.01 kg m™* and (4) 0.02 kg m™*. This aver-
age value based on 4 different criteria occasionally
exhibited large variability, particularly at GYR where
the density profile showed a succession of pycnoclines
not very well contrasted (see Fig. 1). In addition, slight
increases in temperature in the upper surface layers
during the evening led to micro-stratification within
the 10 m subsurface layers. Therefore, for these CTD
casts, we reconsidered Z,, values using only the first
criterion and neglecting the first 10 m micro-gradient.
Estimates of Z,, at GYR must, thus, be considered with
caution.

Heterotrophic bacterial production

BP was determined by [*H] leucine incorporation,
applying the centrifugation method (Smith & Azam
1992). Duplicate 1.5 ml subsamples and one trichloro-
acetic acid-killed blank (5% final concentration) were



incubated (2 h in the dark at the respective in situ tem-
peratures) with a final concentration of 20 nM added
leucine (mixture of 6.6 nM [4,5-°H] leucine, Amer-
sham, 160 Ci mmol! and 13 nM ‘cold’ leucine). The
leucine-carbon conversion factor was 1.5 kg C mol™*
leucine incorporated. Assumptions of (1) linearity of
incorporation of leucine during time of incubation and
(2) an isotopic dilution factor set to 1 with the 20 nM
final leucine concentration added were checked previ-
ously in a companion paper (Van Wambeke et al.
2008b). Bovine serum albumin was added before the
first centrifugation (100 mg 1! final concentration) as it
gave results compatible with the filtration technique
(see details in Van Wambeke et al. 2008b). Error asso-
ciated with the variability between replicate measure-
ments (half the difference between the 2 replicates)
averaged 13 and 6 % for BP values less and more than
10 ng C I't h7?!, respectively.

UVR measurements and determination of UV-B and
UV-A doses

Two profiles of downward irradiance (Eyz) in pW
cm~? nm™!) were made at each site close to solar noon
using a Satlantic MicroPro free-fall profiler equipped
with OCR-504 downward irradiance sensors in the
UV-B (305 nm) and UV-A (325, 340 and 380 nm) spec-
tral domains. Surface irradiance (Ez"; in pW cm™?
nm™!) was simultaneously measured at the same chan-
nels on the ship deck using other OCR-504 sensors to
account for the variations of cloud conditions during
the cast as well as to monitor UV-B and UV-A irradi-
ances during the day time. For in-water and in-air sen-
sors, the Full-Width Half-Maximum (FWHM) of the
channels was 2 nm for 305, 325 and 340 nm, and 10 nm
for 380 nm. A detailed description of UVR measure-
ments is given in Tedetti et al. 2007.

We determined UV-B and UV-A doses at MAR
(28 Oct), GYR (13 Nov) and EGY (26 Nov) at fixed
depths into the water column (Hzyy.p and Hzyy.a in
kJ m? nm™) as well as mean UV-B and UV-A doses
received within the mixed layer (H, yv.s and Hy, yv.a
in kJ m™? nm!). The wavelengths 305 nm (UV-B) and
380 nm (UV-A) were used as biologically effective
wavelengths for the induction of CPDs and PERs,
respectively (Hader & Sinha 2005). Hzyy.g and Hzyy.a
were assessed using the following formula:

Hgz; = Hy  x e Kdx2) (1)

where Hy , is the dose beneath the sea surface (kJ m™2
nm'), K, is the diffuse attenuation coefficient for
downward irradiance (m™'), Z is the depth considered
(m) and A is the wavelength (305 or 380 nm). Here
we calculated Hzyy.p and Hzyy.a at 5 and 10 m depth

(i-e. Hsmuv-si Hsmuv-ar Hiomuv-s and Hiomuy.a). Con-
versely, H, yv.p and H,, yy.o» were evaluated using an
equation taking into account the depth of the mixed
layer (Boelen et al. 2000):

Hpjp = Hy p x [1 = eTKWXZ0] /(K % Z,y) (2)

where Z,, is the mixed layer depth (m) that corre-
sponds to the mean of the 2 Z,, observed at the begin-
ning and at the end of the exposure period considered
for the dose calculation (3 h, see below). These 2 Z,,
values were determined from CTD profiles as de-
scribed above. All the doses were computed over tri-
hourly exposure periods: 06:00-09:00 h, 09:00-12:00 h,
12:00-15:00 h and 15:00-18:00 h (local time). These
tri-hourly doses were summed to obtain daily (6:00—
18:00 h) doses. The detailed methodology for the ap-
praisal of Hy ) and Ky, which are both used in Egs. (1)
and (2), is as follows.

Hy™; (dose beneath the sea surface) was obtained by
integrating downward irradiance beneath the sea sur-
face (Eqo , in pW cm™ nm™') over the exposure period:
(¢, time)

Hy 5. =X Eqo o At (3)

E4 » was theoretically computed from measurement
of Eyo*, using the formula:

Eqo p=Ea' 0/ (1 +0) (4)

where o is ocean surface albedo determined using
a 'look up table’ available online at http://www-cave.
larc.nasa.gov/cave/ (Jin et al. 2004). This look up table,
based on the validated Coupled Ocean—Atmosphere
Radiative Transfer model, requires 4 input parameters
to retrieve o at any spectral band of the solar spectrum:
SZA, wind speed, aerosol/cloud optical depth and chl a
concentration (Jin et al. 2004). SZA (°) was retrieved
every hour from the T. Dibble SZA calculator (www.esf.
edu/chemistry/dibble/atmoschemcalc.htm) that uses
location (latitude, longitude), date (day, month), and
universal time (UT) of measurements. Wind speed
(knots converted into m s') was measured continu-
ously on board. At MAR and GYR (cloudless days),
aerosol optical depth at 550 nm was estimated at 0.15
and 0.05, respectively (Myhre et al. 2005). At EGY
(cloudy day), cloud optical depth at 500 nm was as-
sessed at 15 (second highest value in the table). Total
chl a concentrations (TChla, mg m~3%) were used from
Ras et al. (2008). Therefore, o, computed every hour at
305 and 380 nm, was highly variable at MAR (ranging
from 0.050 at 12:00 h to 0.097 at 17:00 h) and GYR
(ranging from 0.057 at 12:00 h to 0.108 at 17:00 h), and
very stable at EGY (~0.068 from 06:00-18:00 h).

Ky, was determined at each station close to solar
noon from the slope of the linear regression of the log-
transformed downward irradiance versus depth:



Kaoo=In (Eqo 5./ Eaza) / Z 6)

where Zwas 15 m (MAR) or 30 m (GYR and EGY). Cor-
relation coefficients (r) of the linear regressions were >
0.99 for the 3 sites. Because of the SZA increasing dur-
ing the day time, Ky, measured only close to solar
noon, was corrected for the geometric condition of the
light field by dividing by Gordon's (1989) correction
factor (D,):

Dy = (£, / cos SZA) + 1.197 x (1 — £) (6)

where f is the direct fraction of global irradiance and
SZA, is the SZA beneath the sea surface. Since diffuse
irradiance was not measured, we used average f val-
ues available from literature for the UV spectral
domain (Kuhn et al. 1999): 0.36 and 0.57 at 305 and 380
nm, respectively, for cloudless days (MAR and GYR).
To facilitate the calculation, EGY was considered with
an overcast sky, i.e. with no direct radiation (f, = 0.00).
SZA, was obtained by applying Snell's law to SZA
above water:

SZA, = sin! (sin SZA / n) (7)

where n (~1.34) is the refraction index of water. D,
which is wavelength dependent, was computed every
hour at 305 and 380 nm and then averaged over the tri-
hourly periods. D, ranged from 1.11 (12:00-15:00 h) to
1.30 (06:00-09:00 h and 15:00-18:00 h) at MAR and
GYR, whereas it was constant (1.197) at EGY. Assum-
ing a vertical homogeneity of the distribution of atten-
uating substances and organisms over the depth inter-
val 0" m to TChla maximum (Tedetti et al. 2007; our

Table 1), the 10 % irradiance depth (Z;y«,; in m), which
is the depth where the downward irradiance is 10 % of
its surface value, was extrapolated from Kjy:

Zioy = In(10) / Ky = 2.30 / Ky (8)

RESULTS

Physical, biological and optical characteristics at the
3 sites

The main physical and biological characteristics of
the 3 sites studied for diel variability of BP are pre-
sented in Table 1. There were significant differences
between the 3 sites for most of the parameters: temper-
ature, Z,,, depth of the euphotic zone (Z,), depth of
TChla maximum and concentration of TChla at this
depth (Table 1). Mean surface temperature (5 m) was
higher at MAR (27.8°C) compared to GYR and EGY
(22.3 and 18.1°C, respectively). The variations in tem-
perature during the diel cycles were very low, as seen
by the standard errors (<0.14°C; Table 1). Z, was the
deepest at GYR (155 £ 9 m), and 92 + 2 and 72 + 5 at
EGY and MAR, respectively. In terms of depth of
TChla maximum (176 m), Z, (155 m), Z;o4uv.a (100 to
118 m) and Zjpouv- (21 to 25 m), GYR confirmed its
hyper-oligotrophic status (Table 1). From data ac-
quired during the diel cycles, BP values at 5 m depth
and integrated data down to Z, and Z,, were statisti-
cally different (higher) only for MAR. BP at 5 m depth
was on average 97, 17 and 26 ng C I'! h™! at MAR, GYR

Table 1. Physical, biological and optical characteristics of the sites MAR, GYR and EGY. Z,,: depth of the mixed layer, Z.: depth of
the euphotic zone (1 %), Kquv.g and Kgyv.a: diffuse attenuation coefficient for UV-B and UV-A downward irradiances measured at
solar noon, Zjgyuv.p and Zjgyuv.a: corresponding 10% UV-B and UV-A irradiance depths, UV-B and UV-A: 305 and 380 nm,
TChla: total chlorophyll a (after Ras et al. 2008), BP: heterotrophic bacterial production.Values are mean + SD, with number of
data in parentheses, except Ky, and Z;, for which the only 2 data available are indicated. Comparison of all variables among
the different sites was made using ANOVA, except for Ky and Z;, ¢, (no statistical test). When a site is significantly different from

another (p < 0.01), a different superscript letter is assigned

Site MAR GYR EGY
Location 8.4°S, 141.2°W 25.9°S, 114°W 31.8°S,91.4°W
Date in 2004 26-30 Oct 12-16 Nov 25-30 Nov
Temperature at 5 m (°C) 27.8 £0.06 (13)® 22.3+0.14 (17)° 18.1 £ 0.03 (9)¢
Zy (m) 89 +9(13)* 61+9(17)° 32+4(9)°
Z, (m) 72+ 5 (4)* 155+ 9 (4)° 92 + 2 (4)°
Kauy.p (m™1) 0.19, 0.23 0.09, 0.11 0.15,0.18
Zygyuy-p (M) 10, 12 21,25 13,15
Kauy.a (m™h) 0.056, 0.066 0.019, 0.023 0.037, 0.044
Zio9%uv-a (M) 35,41 100, 118 52,63
Depth of TChla max (m) 53 + 15 (6)? 176 + 9 (6)° 73 + 10 (6)°
TChla max concentration (mg m~3) 0.38 £ 0.05 (6)* 0.166 + 0.008 (6)° 0.25 +0.11 (6)°
BPat5m (ng Cl'th™) 97 + 23 (13)° 17 £ 7 (17)° 26 +9 (9)°
Integrated BP to Z,, (mg C m2d?) 196 + 25 (13)? 25 + 4 (16)° 22 + 5 (9)°
Integrated BP to Z, (mg C m2d™?) 168 + 22 (13)* 65+ 11 (16)° 59 + 11 (9)°




and EGY, respectively. Integrated data through the
euphotic zone were also statistically higher at MAR,
despite deeper Z, at GYR and EGY (Table 1). Micro-
bial populations at MAR were thus slightly more active
than at EGY, which is in accordance with the ranges of
primary production (PP) rates obtained: 457 to 1146,
159 to 203 and 196 mg C m™2 d™! at MAR, EGY and
GYR, respectively (Van Wambeke et al. 2008b). Distri-
bution of BP along vertical profiles reflected more or
less those of TChla and/or PP (Van Wambeke et al.
2008b), with subsurface peaks at 20 to 40 m at MAR, a
regular distribution down to 170 m at GYR, and sub-
surface peak at 30 to 40 m at EGY. It is worth noting
that even with daily-averaged profiles of BP, subsur-
face peaks were still visible (Fig. 1).

Diel variability of BP

For the 3 sites investigated, coefficient of variation of
BP (CV = SD/mean, in percentage) for the whole set of
volumetric data at 5 m depth ranged 24, 40 and 36 %
at MAR, GYR and EGY, respectively. At MAR, BP at
5 m depth increased up to 2.1-fold between 12:00 and
18:00 h, and decreased from 18:00 h to 12:00 h more
gradually (increase and decrease rates: 12 + 3 and 3.7 +
0.5ng CI"th™!, respectively). At GYR, a higher increase
(4.7-fold) in activity was recorded later in the day, be-
tween 15:00 and 21:00 h (Fig. 2). Again, the decrease
was more gradual. Trend at EGY is more difficult to de-
scribe because of the longer interval between CTD casts
(6 h). However, higher BP values were associated with

the late afternoon to midnight period, with up to 1.5-fold
variations in 6 h. Considering integrated data, CV of BP
integrated down to Z, ranged 13, 16 and 19 % at MAR,
GYR and EGY, respectively. CV of BP integrated down
to Z,, was close, with slightly higher values at EGY
(25%). At MAR, the correlation between BP at 5 m and
integrated data was insignificant for integration down to
Z, and slightly significant for integration down to Z, (r=
0.61, p =0.02; Table 2). On the contrary, correlation be-
tween BP at 5 m and BP integrated down to Z, were sig-
nificant at GYR and EGY (r=0.68, p<0.01 andr = 0.73,
p = 0.02, respectively). However, the correlations were
lower or insignificant when relating BP at 5 m with BP in-
tegrated down to Z, at these sites (r = 0.55, p = 0.02 at
GYR and p >0.05 at EGY).

At MAR, the diel variation in volumetric rates of BP at
individual depths was not only visible at 5 m depth,
but also down to ~50 m depth (Fig. 3), with lower values
during morning/noon and increasing values during af-
ternoon/night. Indeed, BP at 5 m depth was significantly
correlated withBPat 10 m (r=0.77, p<0.01) and at 15m
(r=0.90, p <0.001) for the whole cycle, as well as with BP
at 20 and 40 m the first day (r=0.91, p < 0.001 and r =
0.89, p < 0.01, respectively). However, at GYR the diel
variation in volumetric rates of BP at depths other than at
the surface was less visible. Succession of max./min.
spots were less regular when comparing different depths
and successive days, i.e. the first night maximum values
occurred between 18:00 and 00:00 h for 5, 40 and depths
between 90 and 170 m, and the second night at 21:00 h
for 5, 40 and 90 m. However, at 150, 170 and 190 m BP in-
creased slightly during daylight hours, between 09:00
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Fig. 1. Vertical profiles of mean heterotrophic bacterial production (BP) at the sites MAR (mean of 9 CTD casts, every 3 h from

27 Nov, 09:00 h to 28 Nov, 09:00 h), GYR (mean of 9 CTD casts: every 3 h from 13 Nov, 18:00 h to 14 Nov, 18:00 h) and EGY (mean of

8 CTD casts every 6 h from 26 Nov, 18:00 h to 28 Nov, 12:00 h, 2004). Error bars = SD. All density profiles (sigma theta, grey lines)
from these CTD casts are also indicated
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Fig. 2. Evolution of heterotrophic bacterial production at 5 m depth (BPs,,), integrated BP down to Z, (euphotic layer) and down to
Z., (mixed layer), and surface PAR irradiance with time at the 3 sites, i.e. MAR, GYR and EGY. Sampling period and frequency for
BP measurements were—MAR: every 3 h from 27 Oct, 9:00 h to 28 Oct, 21:00 h; GYR: every 3 h from 12 Nov, 18:00 h to 14 Nov,
18:00 h; EGY: every 6 h from 26 Nov, 18:00 h to 28 Nov, 12:00 h (plus 1 isolated data point at 9:00 h on 26 Nov, 2004). Z, was fixed
to depth of 1% incident PAR, i.e. 72 m at MAR, 155 m at GYR and 92 m at EGY. Z,, value for integration down to Z,, is the average
of the 2 Z, values obtained for the preceding 3 h period (e.g. to estimate integrated BP at 12:00 h, Z,, was averaged from that ob-
tained at 9:00 h and that obtained at 12:00 h). Arrows: days for which UV-B and UV-A doses were calculated (MAR: 28 Oct, GYR:
13 Nov, EGY: 26 Nov, 2004) (see Figs. 4 & 5). Error bars indicate variability within duplicate samples



Table 2. Coefficient of variation (CV = standard deviation to mean percentage)
and correlation coefficients (r) between volumetric rates (bacterial production at
5 m depth, BPs,) and integrated data at the mixed layer (IBP,) or euphotic zone
(IBPZ.). n: number of data; *p < 0.05, **p < 0.01, ns: correlation not significant

Site —FFCV (%) Correlation, r

BPs,, IBPz, IBP, BPsy, —IBPz,,  BPs, —IBPg
MAR 24 13 13 ns 0.61 (13)*
GYR 40 15 16 0.68 (16)** 0.55 (16)*
EGY 36 25 19 0.73 (9)* ns

100

P(dbar)

150

200

250

0:00

Local time (h)

and 18:00 h. Thus, at GYR, diel variations
in BP were observed much deeper than
at MAR (Fig. 3).

Underwater UV-B and UV-A doses

Daily underwater UV-B and UV-A
doses determined at MAR (28 Oct), at
GYR (13 Nov) and at EGY (26 Nov) are
presented Fig. 4. For the 3 stations, min-

Bacterial production (ng C I"' h™)

Fig. 3. Contour plots of heterotrophic bacterial production (BP) with time at the sites MAR (0 to 175 m depth) and GYR (0 to 250 m

depth). The time periods are as in Fig. 2. Note the different color scales for BP between the 2 sites. Linear color mapping was used

for the MAR graph, and non linearity around the value of 15 ng C I"* h™! for GYR to show better color contrasts between 10 and
20 ng C 1" h™! at this site (see color scales)
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Fig. 4. Daily underwater UV-B and UV-A doses (kJ m™ nm™)
determined at MAR on 28 Oct, at GYR on 13 Nov and at EGY
on 26 Nov, 2004. UV-B and UV-A doses received beneath the
sea surface (Hy uv.s, Hy uv-a), at 5 m depth (Hsp,uv-s, Hsm uv-a)
and at 10 m depth (Hiom,uv-s: Hiom,uv-a), @s well as mean UV-B
and UV-A doses received within the mixed layer (H,,uvp,
H,, yv.a) are represented. Daily doses were obtained by sum-
ming doses calculated over tri-hourly exposure periods, i.e.
06:00-9:00 h, 09:00-12:00 h, 12:00-15:00 h and 15:00-18:00 h,
and thus correspond to the period 06:00-18:00 h (local time).
Average depth of the mixed layer (Z,, in m) and diffuse attenu-
ation coefficient for UV-B and UV-A downward irradiances
(Kauv-s, Kquy-a in m') measured at solar noon (see Table 1) are
given for each station

imal values were found when considering the mean
doses within the mixed layer (Fig. 4). At MAR, Hy yv.s
(2.1 kI m? nm™) and Hy yy.a (21.5 kJ m™ nm™!) were
slightly higher than those at GYR (2.0 and 20.5 kJ m™2
nm~!, respectively) and much higher than those at EGY
(1.3 and 13.4 kJ m™2 nm!, respectively). This is
explained by high levels of surface solar irradiance at
MAR and GYR (sunny days), while the cloud cover
encountered at EGY led to a significant decrease of
irradiance (Fig. 2). Since the attenuation of UVR into
the water column was much lower at GYR (Kyyy.p =
0.10 m™, Kquv.a =0.02m™%), UV-B and UV-A doses at 5
and 10 m depth observed at this site were higher than

those at MAR. In the same way, the notable discrep-
ancy between MAR and EGY in the doses received
beneath the sea surface tended to decrease with depth
(even though Hsy,; and Hjgy) were still higher at
MAR), because of a lower UVR attenuation at EGY
(Kquv.s = 0.16 m™!, Kyyy.a = 0.04 m™!) (Fig. 4). At GYR,
Hyuvs and Hyyy.a were 0.30 and 11.0 kJ m™ nm™?,
respectively. These values were considerably higher
than those observed at MAR (0.11 and 4.2 kJ m™2 nm™,
respectively), for which relatively elevated Ky, (~0.20
and 0.06 m™!) and Z,, (~89 m) caused a large diminu-
tion of doses received within the mixed layer. Interest-
ingly, at EGY, H,, yv.s and H,, yy.A were 0.28 and 8.4 kJ
m~2 nm™!, respectively, and thus were higher than
those recorded at MAR due the relatively small Z,,
(~32 m). The latter also contributed to drastically
reduce the difference between Hy,, ; and H,,, (Fig. 4).

Daytime variations of UV-B/UV-A tri-hourly dose
ratios (Q in %) are reported Fig. 5. Clearly, Q was
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Fig. 5. Daytime variation in UV-B/UV-A tri-hourly dose ratios Q

(%) recorded beneath the sea surface (Hy yy.s /Hy uv-a), at 5m

depth (Hspy,uv-s/Hsmuv-a), at 10 m depth (Hyom,uv-s/Hiom,uv-a)

and within the mixed layer (Hy, yy-s/Hpn,uv-a) at MAR on 28 Oct,
at GYR on 13 Nov and at EGY on 26 Nov, 2004



always higher around solar noon (at the periods 09:00—
12:00 h and 12:00-15:00 h) and beneath the sea sur-
face, where it could be as high as 10.5% (MAR: Hy ,,
12:00-15:00 h). Q decreased when moving away from
solar noon (in the periods 06:00-09:00 h and 15:00—
18:00 h) and with depth. Minimal Q values were ob-
tained at 10 m depth (MAR, EGY) or within the mixed
layer (GYR) and could be as low as 2% (MAR: Hyop
6:00-9:00 h) (Fig. 5).

DISCUSSION

Diel variability in BP has been reported for various
marine environments. For instance, Torréton & Dufour
(1996) found CV of 10 to 13% in a Tuamotu atoll
lagoon (surface layer), and Gasol et al. (1998) 16 to
32 % in western Mediterranean coastal waters (surface
layer to TChla maximum depth), both estimates were
based on the thymidine technique. The latter authors
also measured leucine incorporation, which provided a
higher variability (CV = 10 to 70 %) than that obtained
using thymidine. The main feature we observed in the
eastern South Pacific was an abrupt increase (2- to
4-fold) in leucine activity at 5 m depth during the after-
noon-sunset period and lowest activity around solar
noon (between 10:00 and 14:00 h). Previous studies
reach no clear consensus about the period in which BP
obtains maximal value: at night (Zohary & Robarts
1992), at noon (Gasol et al. 1998) or no significant trend
(Torréton & Dufour 1996) with regard to the biogeo-
chemical characteristics of the site and the depth con-
sidered. Therefore, the marked diel pattern in BP
determined from high-frequency sampling at MAR,
GYR and EGY supports the hypothesis that daily vari-
ations of some factors controlling BP, either abiotic
(solar UVR) or biotic (bottom—-up / top—down control)
might be particularly pronounced in the eastern South
Pacific (Figs. 2 & 4).

Because the SPG likely contained the clearest
oceanic waters (Claustre & Maritorena 2003, Morel et
al. 2007, Tedetti et al. 2007), we hypothesized that the
UV effects could be of great importance and compared
surface irradiance and doses received at different
depths and within the mixed layer with previous stud-
ies. Like Boelen et al. (2000) and Jeffrey et al. (1996),
we observed mean UV doses in the mixed layer, lower
than UV doses beneath the sea surface (Hy, see Eq. 3)
by a factor ranging between 2 and 18 at the 3 sites
investigated. These differences emphasize the impor-
tance of taking into account vertical mixing to deter-
mine the actual doses received by organisms in the
surface oceanic waters. In addition, the high H,,),
found in the hyper-oligotrophic part of the SPG (GYR)
were explained by a very low UVR attenuation.

Although H,,; seems more appropriate than H; , to
describe the potential effect of UVR on heterotrophic
bacteria in the surface ocean, little data are reported
for this parameter. In the tropical Atlantic Ocean, Boe-
len et al. (2000) measured daily mean UV doses of 0.11
to 0.56 kJ m~2in the mixed layer. Since the latter values
were determined from the DNA action spectrum of
Setlow (1974) normalized at 300 nm, they may be com-
parable to our daily H,, yy.g, which ranged from 0.11 to
0.30 kJ m™2 nm™!. At GYR, daily doses beneath the sea
surface (Hy yyg = 2.00 kJ m™2 nm™, Hy yy.a = 20.5 kJ
m~2 nm™!) were of the same order of magnitude than
those above the sea surface measured at 305 and 380
nm (Hg yv.p and Hi yy.a) in the subtropical Atlantic
Ocean (1.7 and 19 kJ m™2 nm™!; Obernosterer et al.
2001), in Antarctic waters (1.6 and 25 kJ m™2 nm™;
Figueroa 2002) and in the northwestern Mediter-
ranean Sea (1.5 and 21 kJ m~2 nm™}; Tedetti & Sempéré
unpubl. data). Nevertheless, if the whole UV-B (inte-
gration over 280 to 315 nm) and UV-A (integration over
315 to 400 nm) spectra are considered, Hy yyp and
Hg yv.a become much higher. As a matter of fact, in the
South Atlantic Ocean (Buma et al. 2001) and in South
West New Caledonia (Conan et al. 2008), values mea-
sured with the broad band ELDONET radiometer were
40 and 1800 kJ m™2 and up to 30 and 2000 kJ m2,
respectively. As a result, the UV-B (at 305 nm) and UV-
A (at 380 nm) doses received by heterotrophic bacteria
beneath the sea surface and within the mixed layer
that we report here for the eastern South Pacific, and
more particularly for the SPG, are among the highest
doses ever recorded for the marine environment.

The UV-B/UV-A tri-hourly dose ratios (Q in %) pre-
sented significant variations during the daytime
(Fig. 5), and we tentatively used it as an indicator of
daily changes of the balance between DNA damages
(CPDs) and repairs (PERs), i.e. when Q increases, the
importance of CPDs should increase relative to PERs.
The higher 'relative’ contribution of UV-B-induced
CPDs around solar noon (Fig. 5) could be related to
the lower values of BP observed between 10:00 and
14:00 h (Fig. 2). Jefirey et al. (1996) demonstrated that
UV-B was responsible for 85 % of the total leucine inhi-
bition (30 % relative to dark controls) when heterotro-
phic bacteria were exposed to full solar radiation in sur-
face waters. From a linear relationship determined
experimentally between the CPD formation in naked
calf-thymus DNA dosimeters and the UV-B irradiance
at 305 nm (Wilhelm et al. 2002), we calculated a mean
daily potential production of CPDs within Z,, (regard-
less of photorepair processes): 420, 800 and 760 CPDs
(Mb DNA)™! at MAR, GYR and EGY, respectively.
These daily potential productions were in the same
range as those measured with DNA dosimeters in the
surface waters of other oceanic areas: ~500 CPDs (Mb



DNA)™! in the Gulf of Mexico (Jeffrey et al. 1996) and
~1000 CPDs (Mb DNA)™! in the South coast of Curacao
(Boelen et al. 2001, Visser et al. 2002). The period
09:00 h to 15:00 h accounted for 67, 75 and 71 % of the
daily potential production of CPDs at MAR, GYR and
EQGY, respectively. Accordingly, these assumed high
amounts of UV-B-induced CPDs may lead to the inhibi-
tion of BP around solar noon. On the other hand, the
lower '‘relative’ contribution of DNA damages (i.e.
lower Qvalues) at the end of the afternoon (Fig. 5) may
explain the abrupt increase or the slower decrease in
BP in this period (Fig. 2). In tropical coastal waters,
Visser et al. (2002) showed that the inhibition of leucine
incorporation in bacterioplankton exposed to full solar
radiation strongly increased from 10:00 to 12:30 h or
15:00 h (up to 80% of dark controls) and slightly de-
creased from 15:00 to 18:00 h. This slower inhibition of
leucine incorporation in late afternoon was attributed to
PERs. To better appreciate the potential impact of the
balance between DNA damages and repairs on the diel
variability of BP, at MAR and GYR we examined the re-
lationships between Q and BP for data at 5 m and inte-
grated down to Z,, (EGY was excluded because of the
lack of BP data). A significant inverse linear relation-
ship was observed only at GYR between Qs,, and BPs,,
(r=0.97, p<0.05 n =4, data measured at 09:00, 12:00,
15:00 and 18:00 h). The real limits of the mixed layer at
GYR (due to micro-stratification; Fig. 1) as well as the
limited number of data could partly explain the ab-
sence of systematic correlations. In addition, our results
illustrate the fact that using in situ observations to ex-
amine causal relationships between UVR and BP on a
daily scale is not easy, particularly when considering
cells in their natural environment, i.e. moving within a
gradient of light in the mixed layer and influenced also
by resource supply and top—down controls.

With regard to phytoplankton resources, if hetero-
trophic bacteria are closely related to DOC release to sat-
isfy their needs for growth (the first nutrient limiting BP
at EGY was labile organic carbon; Van Wambeke et al.
2008a), they should be completely coupled to photosyn-
thesis during the daytime (Maranén et al. 2005). Marked
diel cycles in BP are more expected in oligotrophic areas
(Gasol et al. 1998, Church et al. 2004) due to this cou-
pling. However, a lag was clearly obtained in the SPG
between the process of photosynthesis, PP (as seen from
beam attenuation coefficient used as a proxy of biomass
changes; Claustre et al. 2008b) and BP (this study). So, it
is hypothesized that because of the UV-B-induced pro-
duction of CPDs around solar noon, there is a delay be-
fore BP increases, which is detected when Q starts de-
creasing, i.e. after 15:00 h (Fig. 5). This hypothesis has
also been formulated in other studies dealing with ex-
perimental tools, such as the confinement of samples in
enclosed quartz tubes subjected to different spectral

radiations (Aas et al. 1996, Conan et al. 2008). In the lat-
ter study, phytoplankton was more affected by UV-A,
whereas it was UV-B for heterotrophic bacteria, suggest-
ing that variations of relative amounts of UV-B and UV-
A during the daytime must affect the coupling between
phytoplankton/bacteria on a large extent. The lag is also
interpreted as a shift in the bacterial metabolism towards
expense of energy, because nucleotide excision repair of
UV-B-induced DNA damages is energetically expensive
(Pakulski et al. 2008).

Regarding regeneration processes, it must be noted
that N was the primary limiting nutrient for bacterial
production at GYR just before labile organic carbon
(Van Wambeke et al. 2008a) and thus regeneration of
N could influence BP. Factors limiting bacteria can
vary during the day (Kuipers et al. 2000). There was a
characteristic and reproducible diel pattern of size
spectrum of particles ranging between 0.6 and 4 pm at
GYR, with a displacement of its distribution toward
higher values around 03:00 h and lower values around
15:00 h (A. Sciandra unpubl. results). This suggests
synchronicity in cell division among some cyanobacte-
ria and picoeukaryotes and diel changes of cell physi-
ology, which in turn could lead to diel rhythm in graz-
ing (Christaki et al. 2002) and lysis (Winter et al. 2004,
Motegi & Nagata 2007) and, thus, in DOM (including
N) regeneration.

Finally, photoheterotrophs could also play a role in
diel cycle of BP. First, anoxygenic phototrophic bacte-
ria represented up to 19% of ‘heterotrophic bacteria’
as counted by flow cytometry just above the depth of
TChla at GYR, in conjunction with a peak of bacteri-
ochlorophyll a (Lami et al. 2007, Claustre et al. 2008b).
Second, Prochlorococcus contributed on average to
36 % of the sum ‘heterotrophic bacteria’ + Prochloro-
coccus between 120 and 140 m, and still represented
15% down to 190 m at GYR (Grob et al. 2007). It is thus
possible that some patterns in leucine incorporation
rates at these very deep layers, not influenced by UV,
could be due to the circadian cell cycle of some
cyanobacteria able to assimilate leucine (Cottrell et al.
2008, Mary et al. 2008).

The pronounced diel pattern observed in the eastern
South Pacific for heterotrophic bacterial production, de-
layed with that of primary production, suggests a prob-
able interactive control on a daily scale by bottom—-up
resources (phytoplankton and regenerating micro or-
ganisms as producers of labile organic carbon and ni-
trogen source) and by the quality and intensity of nat-
ural solar radiation (UV-B, UV-A and PAR). Further
measurements on a daily scale of DNA damages, fluxes
of DOM release and regeneration, as well as bacterial
re-assimilation of these by-products are necessary in
these original, unique, transparent oceanic waters of
the South Pacific Gyre to validate these hypotheses.
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