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ABSTRACT: Primary producers must respond to the diel changes in light availability. Therefore, detec-
tion of diel cycles in bacterial activity would imply tight coupling between the production of photosyn-
thetic dissolved organic carbon (DOC) and its consumption by bacteria. Absence of diel cycles, on the
contrary, would indicate that bacteria depend largely upon allochthonous organic carbon and that bac-
teria are not tightly dependent on photosynthetically produced autochthonous carbon. In 1993 and
1994 we sampled 3 sites in the NW Mediterranean Sea several times a day, and measured several
microbial parameters as well as the vertical profiles of DOC along the diel cycle. The sites were
selected so that one was on the continental shelf and, thus, was more influenced by coastal runoff; a
second one was over the shelf slope and a third, oceanic one was located further offshore over a depth
of 2000 m. We found clear diel cycles in bacterial total and specific activity always in the oceanic sta-
tions and sometimes in the shelf slope stations. Diel changes were detected as changes in both DNA
and protein synthesis rates. These diel cycles were accompanied by diel changes in the distribution of
total DOC, and by diel changes in the proportion of bacteria containing visible nucleoids. Noon esti-
mates of bacterial activity were more than twice the daily average in the oceanic site, but they were less
different in the other 2 sites. DOC changed daily by 15 pM (5 to 15% of the total stock). For bacterial
activity to explain the diel changes in DOC concentration, bacteria should have growth efficiencies
lower than 10% in general, and lower than 2% in the oceanic station.
KEY WORDS: Bacterial production - Mediterranean - Diel cycles - Nucleoid-
containing bacteria - Bacterial carbon conversion efficiencies

DOC diel changes -

INTRODUCTION

Bacteria are important components of the pelagic
food web both in terms of biomass and activity. Their
role in organic matter processing and nutrient recy-
cling is now well established (Pomeroy 1974, Azam et
al. 1983). Bacteria perform the key role of converting
dissolved organic carbon (DOC) to particulate carbon
(Azam & Hodson 1977). This particulate carbon
retains nutrients and becomes available to other
trophic levels. Bacteria are also the principal media-
tors of particle decomposition in the pelagial (Cho &
Azam 1988).
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Autochthonous production, either directly excreted
from the primary producers or through zooplankton
excretion and sloppy feeding, is assumed to be the
main source of the organic matter used by bacteria in
oceanic environments. In coastal areas, however,
allochthonous carbon 1s also processed by bacteria and
incorporated into the particulate organic carbon (POC)
pool. There is a relatively good relationship between
primary and bacterial production across systems (Cole
et al. 1988), suggesting that roughly half the carbon
produced by algae is processed by bacteria. This sug-
gests that bacteria are mostly dependent on the photo-
synthetic production of organic carbon, even though
little direct evidence is available. To understand the
role of bacteria as carbon and nutrient recyclers in
planktonic environments, we should determine the
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way in which bacterial activity is coupled to primary
production, and to what extent allochthonous carbon
sources and the grazing activity of the zooplankton
{(Peduzzi & Herndl 1992) participate in providing sub-
strates for bacterial growth. Recent evidence suggests
that coupling between primary and bacterial produc-
ers in the pelagial of oligotrophic seas is not as tight as
it was thought (del Giorgio et al. 1997). The results
compiled by del Giorgio et al. (1997) show imbalances
in the carbon budget of many unproductive systems
that result in these aquatic systems being net con-
sumers of DOC, where bacterial respiration exceeds
primary production. It is known that in coastal waters
bacteria often process organic carbon which originated
mainly inland (Opsahl & Benner 1997) and can cer-
tainly be biologically available (Carlsson & Granéli
1993j), while it is thought that little of the DOC from
open oceans is of terrestrial origin (Meyers-Schulte &
Hedges 1986).

Since autotrophs have to cope with diel variations in
light availability, it is assumed that more intense bacte-
rial activities during light hours would indicate more
intense coupling between the producers and the con-
sumers (i.e. Fuhrman et al. 1985). Diel changes in bac-
terial production have been found in open ocean sam-
ples (Burney et al. 1982, Johnson et al. 1983), in slope
waters (Fuhrman et al. 1985), and in coastal waters
(Sieburth et al. 1977, Meyer-Reil et al. 1979, Hagstréom
& Larsson 1984). In other studies in coastal waters,
however, some authors have not found consistent diel
variations (Riemann & Sendergaard 1984, Riemann et
al. 1984).

Our working hypothesis is that if bacteria are tightly
coupled to variations in primary production, we should
find a conspicuous diel cycle in bacterial growth with
peaks of activity around noon. If bacteria are largely
independent of DOC released from primary pro-
duction, either because they use allochthonous car-
bon or because they depend on the degradation of
POC, bacterial heterotrophic activity should not show
such a pattern. One corollary of this hypothesis is that
a more tightly coupled community should be found in
the open ocean and a less tightly coupled situation
should be found where DOC was available from
sources other than primary production. The coupling
between the production of newly formed DOC by
algae and its use by bacteria depends, among other
things, on how fast bacteria react to changes in the
environment. It is an assumption of our hypothesis that
if bacteria respond slowly, changes in growth may
appear to be independent of changes in primary pro-
duction at the sampled temporal scales. If changes are
fast, and bacteria are tightly coupled to the producers,
we should find changes in bacterial activity throughout
the diel cycle.

Data on bacterial activity from oligotrophic open
ocean systems are scarce, and even more so for the
Mediterranean Sea. In spite of the general oligotrophy
of this sea, however, the presence of mesoscale fea-
tures is known to generate enhancements of primary
production (Estrada 1996). We were interested in de-
termining the degree of coupling between primary and
bacterial producers in such an oligotrophic ocean.
Thus, we sampled a gradient of inshore-offshore in-
fluence in the Catalan Sea, NW Mediterranean, and
performed day and night samplings in 5 stations in 3
sites. The first site was located on the continental shelf
(depth <70 m) where we expected to find higher
coastal runoff influence and elevated surface chloro-
phyll levels; the second site was on the shelf slope
(depth ~1000 m), subject to sporadic bursts of primary
production; and the third site was in the open sea
(depth 2100 m), where we could expect a clear stratifi-
cation with, perhaps, increasing levels of plankton pro-
duction in the pycnocline. We expected to see marked
diel cycles of bacterial activity offshore and no cycles
or very weak cycles inshore. We sampled the stations
several times a day during ai leasi 2 diel cydes and
measured several microbial parameters as well as the
vertical profiles of DOC.

MATERIAL AND METHODS

We studied an inshore-offshore transect in the NW
Mediterranean Sea starting from the city of Barcelona
between June 23 and 29 (1993) and between June 6
and 24 (1995) on board BIO 'Hespérides' (Fig. 1). In
1993 we studied 1 diel cycle at 2 stations (W and E). In
1995 we selected 3 stations on the same transect and
we sampled each one at 4 h intervals during two 24 h
periods, i.e. 6 profiles were measured during each 24 h
period. The selected stations were on the continental
shelf (Stn C, for coastal); on the shelf slope (Stn S, for
slope) and in the salinity dome (see below) several
miles offshore and in the deepest area (Stn D, for
deep). Both the transect and the stations selected are
standard study sites in this area of the NW Mediter-
ranean where research into other components of the
food web has been performed in the past (Calbet et al.
1996, Estrada 1996, C. Pedros-Ali6, J. I. Calderén-Paz,
N. Guixa-Boixereu, M. Estrada & J. M. Gasol unpubl.).
Salinity, fluorescence, temperature, oxygen and pres-
sure data were obtained with a Neil Brown Mark III
CTD probe. Water samples were taken with a 12
Niskin bottle rosette attached to the CTD. Samples for
bacterial measurements were kept in polyethylene
bottles in an opaque plastic box with surface water
until used for the activity measurements. Incubations
were started less than 20 min after water collection.
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DOC. Water samples for DOC measurements
were collected in polyethylene bottles that had

previously been soaked in diluted sodium 414
hypochloride and hydrochloric acid and then g 412
cleaned with Milli-Q water. Just before filling 2
them, the bottles were rinsed 3 times with the 3 41
sampled water. Filtration was done on What- o

man GF/F filters and a glass filtration system g 40.8
that had been rinsed as the bottles above. DOC ﬁ
analyses were performed within a few days of 9 40.6
collection in a Shimadzu TOC-5000 operating :_.2 404
with the High Temperature Catalytic Oxida- © ’
tion (HTCO) method. Samples were acidified 40.2
with 0.5 ml of 2.5 N HCl to pH 2. Intense bub-

bling of pure synthetic air through the sample
for 10 min allowed complete decarbonation. A
glass syringe was used to pump the decarbon-
ated sample through a combustion quartz tube
filled with a 0.5% Pt on Al,Oj catalyst. A total
of 3 to 5 replicate injections were done per
sample. DOC concentration was obtained by
subtracting instrument blank area from peak
area and dividing by the slope of the standard curve as
in Thomas et al. (1995). The instrument blank is the sys-
tem blank plus the filtration blank. The system blank
was determined by subtracting the DOC in UV-Milli-Q
from the total blank. Measurements made with the high
sensitivity catalyst (Pt on silica wool) produced values
<2 pM C for fresh UV-Milli-Q water. The filtration
blank was determined by filtering UV-Milli-Q water
through the filtration system and was ~5 pM C. Before
sample analysis, the catalyst was washed by injecting
UV-Milli-Q for at least 12 h until the system blank was
low and stable. The system blank was <8 uM C. The
system was standardized with potassium hydrogen
phthalate (KHP). The coefficient of variation of the
peak area for the 3 to 5 replicates of each sample was
~1%. We participated in the international intercalibra-
tion exercise conducted by J. Sharp (Univ. of
Delaware} obtaining satisfactory results (within
+10%; J. Sharp pers. comm.).

Bacteria. Samples for bacterial abundance were
fixed with formaldehyde (3 % final) or with glutaralde-
hyde (1% final) immediately after collection. A few
hours after fixation, 10 to 20 ml was filtered onto 0.2 pm
black polycarbonate filters and stained with DAPI
(4',6-diamidino-2-phenylindole) for 5 min. The filters
were then mounted with low-fluorescence oil on
microscope slides and stored frozen until they were
counted by epifluorescence microscopy in a Nikon
Diaphot microscope. About 300 bacteria were counted
per sample. Bacterial size was determined after mea-
surement of approximately 200 cells with an image
analysis system attached to the microscope. We cus-
tom-modified the software NIH-Image to size bacteria.
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Cruises Varimed 1993 & Varimed 1995
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Fig. 1. Map of the area studied during cruises Varimed 1993 and Vari-

med 1995. The transect of 1995 follows a line between the city of

Barcelona and the channel between Menorca and Mallorca. The stations

where diel cycles were studied are marked with the letters W (West} and
E (East)in 1993, and C (coastal), S (slope) and D (deep) in 1995

The characteristics of the system, the calibration with
latex beads, and the choice of filters to process the
images are detailed in Massana et al. (1997). The
choice of formulas to compute volume from the 2-
dimensional measurements was based on Fry (1990)
and is described in the above-mentioned work. Since
the Mediterranean is an oligotrophic sea, bacteria-
sized prochlorophytes could be mistaken for bacteria
and significantly modify the estimates of specific activ-
ity (see e.g. Sieracki et al. 1995). In June 1996 we were
able to analyze samples from the same area and sta-
tions by flow cytometry. Prochlorophytes were found at
maximum abundances of 1 x 10* ml™', equivalent to
<5% of the DAPI counts (authors’ unpubl. data) at this
time of the year.

Bacterial biomass was calculated using the carbon to
volume relationship derived by Norland (1993) from
the data of Simon & Azam (1989):

pg Ccell’! = 0.12 x (pm? cell 1)°?

Nucleoid-containing cells (NUCC) were determined
after Zweifel & Hagstrom (1995). Samples were killed
with sodium azide (0.5 M final), diluted with 0.2 pm f{il-
tered Milli-Q water and then incubated for 2 h with
DAPI (2 ug ml™! of sample) and Triton X-100 (0.1 v/v).
They were then collected onto the polycarbonate
filters. Ten ml 2-propanol for destaining of the DAPI
was then filtered, and the filter was air-dried and
mounted. These samples were viewed with a Zeiss
Axioplan epifluorescence microscope at x1250 with
filter set 450-490 FT 510 LP 520.

Bacterial activity. We estimated bacterial activity
from both radioactive leucine and thymidine incorpo-
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ration. For leucine, we used the method of Kirchman et
al. (1985) as described in Kirchman (1993) with slight
modifications. We added 20 nM leucine to triplicate
vials. That was the saturating concentration found in
5 concentration-dependent incorporation experiments
performed during the cruise. The commercial leucine
solution was brought to 1 pM and mixed with non
radioactive leucine at 10% hot:90% cold. We used
20 ml vials as the incubation bottles. One of each was
immediately killed with 4 % formaldehyde (final). Vials
were incubated in the dark at temperatures as close as
possible to in situ by using either running surface
water or water baths adjusted to the necessary temper-
atures. Incubations lasted 120 to 150 min in accordance
with results of time course experiments. After incuba-
tion, the samples were killed with formaldehyde, fil-
tered through 0.22 pm cellulose acetate filters, and
rinsed twice in 5% ice-cold TCA (trichloroacetic acid)
and 3 times with 80% ethanol. The filters were dis-
solved with 0.5 ml of ethyl acetate and 4.5 ml of Opti-
phase Hisafe II scintillation cocktail was added before
counting, on board, with a Beckman scintillation
counter.
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For bacterial production measured using the *H-
thymidine incorporation method, we used the Fuhr-
man & Azam (1980) method as modified by Smith &
Azam (1992). Samples were incubated with 10 nM *H-
thymidine (final concentration).

Conversion factors used. We carried out the exercise
of calculating bacterial production only for comparison to
DOC variations throughout the diel cycle. We applied
several different conversion factors (CF): for leucine, we
used a standard CF of 1.15 x 10'? cells mol™! (average of
all open ocean factors according to Kirchman et al. 1995),
and the empirical factors calculated for this area, which
were 2.1 kg C mol™! for the coastal station, 1.5 kg C mol !
for the slope station and 0.3 kg C mol™! for the deep
ocean station (Pedrods-Alio et al. unpubl.). This latter
value, although low, is close to the factor found by Carl-
son et al. (1996) for the Sargasso Sea. For thymidine up-
take, we used a standard factor of 2 x 10'® cells mol™!
(Bell 1993) as well as an empirical one of 5.9 x 10'7 cells
mol~! also calculated for this area (Pedrés-Alid et al.
unpubl.). We think that these theoretical and empirical
values bracket the best probable estimates of bacterial
production calculated from the activity data.

a Salinity (psu) b Oxygen (ml 1-1) ¢ Bacteria (cells I-1)
379 38 381 38.2 383 5.5 6 6.5 7 1510° 310° 4510° &10° 0
o ———————— ; . = . :
201 / Ho” 20
ey / ?’ nd
S a0t Fe 40 P
[l h w0
E a =
€N -, ]
2 60 s s © 80
a T A )
80+ 1t 80
Station C
L X 100
0 |
g i
g [0l
I @
2 <
17 [
w —_
[ Q
o 2 ki
F - 1
j/ Station S
o : . —r 0 Fig. 2. (a) CTD profiles of tempera-
ture and salinity in the 3 stations
20t 1 20 during 1995. (b) CTD profiles ot
—~ - oxygen and fluorescence for the
o) ~ . -
2 4ot 40 & same stations. These profiles corre-
05’ E spond to the initial sampling for the
2 6ol so ° first diel cycle followed in each sta-
o : = tion. (c) Some representative para-
8ofr ) >Q< 80 meters of the bacterial assemblage
s Station D L : in the 3 stations: diel-averaged
100 . — . . . . " . . . . 100 bacterial abundance (+ SE, @) and
13 14 15 16 17 18 19 0 002 004 006 0.06 0.08 0.1 0.12 014 average size for the first samples of

Temperature (° C) Fluorescence

Average size (um3)

the day (+ SE, O)




Gasol et al.: Diel variations in bacterial activity 111

Depth-averaging and integration. We depth-aver-
aged the data following the integration method C as
described in Massana & Pedrés-Alié (1994). Briefly,
this involves delimiting intervals with the midpoints of
the 2 consecutive sampling depths, and assuming the
concentration in the interval to be that of the sampling
depth in its center. The depths of averaging were 60 m
for Stn C and 80 m for Stns D and S. Integrated values
are produced as depth-averaged value times averag-
ing depth.

RESULTS

Water mass characteristics during both June 1993
and June 1995 were usual for this time of the year in
the NW Mediterranean. Low salinity coastal waters
are found over the continental shelf and are separated
from higher salinity waters by a shelf/slope front
which acts as a boundary for coastal waters which do
not seem to penetrate the open sea areas except
through sporadic mesoscale circulation features (Salat
1996). A clear salinity dome could be seen at around
60 km from the coast that, by the shallowing of the
nutricline, can sporadically increase primary produc-
tion (e.g. Falkowski et al. 1991, Estrada 1996). A deep
chlorophyll maximum (DCM) detected as a deep fluor-
escence at around 50 m was generally found in all of
the stations offshore of the continental shelf (see
examples in 1995, Fig. 2). The highest chlorophyll
concentrations at the DCM level were generally found
in the vicinity of the frontal structures. In coastal
waters, high fluorescence values are also found at the
surface (Salat 1996, and Fig. 2).

During 1993 we studied one station on the slope
(Stn W) and another one in the open Mediterranean
far away from the coastal influence but above the
salinity dome (Stn E). In 1995, 2 stations similar to the
ones studied in 1993 were analyzed and also 1
coastal station was included (Fig. 1). The stations
studied in 1995 were all thermally stratified and pre-
sented a DCM (Fig. 2). Stn S showed a less marked
pycnocline development than Stn D, and Stn C had a
less marked DCM than those of the 2 other stations.
Increased oxygen levels in the upper half of the DCM
at all 3 stations (Fig. 2) suggest that those were the
areas of higher primary productivity. At the 3 sta-
tions, bacterial abundance (DAPI-stained particles)
showed slight maxima at the depth between the
DCM and the oxygen maximum. Stn C had higher
bacterial abundance than Stn S and the latter more
than Stn D. However, the bacterial cells at Stn S were
on average slightly larger (0.09 pm®) than those at
Stn D (0.075 pm?®) and a lot larger than those at
Stn C (0.055 pm?®; Fig. 2).

Table 1. Depth-averaged total and specific bacterial activities

(leucine incorporation) in Stns E and W during 1993 and in

Stns C, S and D during 1995 at different times of the day. Also

presented are the percentages of the daily mean value that
could be measured at each time

Stn Time Total % of Specific % of
(h) activity mean activity mean
(pmol Leu (10 <" mol
I'hY Leucell'* h™Y)

w 07:15 39.48 97 2.78 94
w 15:10 46.86 115 3.22 109
w 22:37 37.28 92 2.79 95
W 02:07 39.41 97 3.01 102
E 07:49 56.76 100 2.89 98
E 13:10 69.72 123 3.60 122
E 21:00 56.91 100 3.11 106
E 02:37 43.37 77 2.15 73
C1 05:30 36.03 91 1.84 96
1 10:23 57.16 144 2.70 141
C1 13:22 42.55 107 1.75 91
C1 17:10 26.23 66 1.09 57
Ci 22:20 32.83 83 1.39 73
C1 03:13 43.14 109 2.69 141
C2 05:00 23.19 146 1.01 166
c2 09:58 10.04 63 0.38 63
C2 14:34 7.55 47 0.34 56
c2 17:11 15.58 98 0.53 87
Cc2 21:30 26.72 168 0.89 147
c2 03:12 12.42 78 0.50 82
S1 06:39 37.71 111 2.85 131
S1 12:30 43.13 127 2.72 125
S1 15:38 25.56 75 1.87 86
S1 21:53 46.31 137 2.95 136
S1 00:55 18.20 54 1.12 52
S1 03:36 32.53 96 1.51 70
S2 07:17 25.57 68 1.87 53
S2 09:37 33.12 88 2.78 79
S2 15:25 56.55 150 6.11 174
S2 18:27 26.87 71 2.80 80
S2 21:49 29.90 80 2.90 83
S2 00:40 53.53 142 4.63 132
D1 05:10 22.87 60 1.41 33
D1 11:50 31.69 83 3.91 91
D1 14:42 71.35 187 10.08 234
D1 17:22 35.65 94 3.79 88
D1 22:00 19.00 50 2.09 49
D1 01:25 47.84 126 4.52 105
D2 05:10 22.33 128

D2 11:12 8.02 46 1.16 69
D2 15:10 39.97 229 3.54 210
D2 17:30 10.70 61 1.38 82
D2 21:33 13.71 79 1.24 74
D2 01:20 9.93 57 1.11 66

L

Diel cycles of bacterial activity

In the stations sampled in 1993, bacterial het-
erotrophic activity showed a clear diel pattern with
higher integrated values around noon and lower val-
ues at night (Table 1). This diel pattern was similar in
both stations (Fig. 3) and especially marked in the
upper part of the DCM.



112 Mar Ecol Prog Ser 164: 107-124, 1998

a Varimed'93. Station W

0 0
10 [ r 10
20 120
E 20 {30 &
£ 2
g_ 40 140 2
a 32
50T 150
60 [ 160
70 4 7:15 L 2:07 70
0 20 40 60 0 20 40 0 20 40 60 80
Leucine incorporation rate (pmol -1 h-1)
b Varimed'93. Station E
0 T . T v T 0
oA, o o o
10 - S \ J H A 110
20 | oot o1 [ ! . o {20
= . . N / O
S L / L ~ ~ I . ]
£ 30 E ~ N , 30 g
S ' * ’ 5
Q40 o} o] JoR —G— 140 =
5] l , N 3
(@] ! . N =
SC e = ool s 50
60 to 7 b o7 L o {60
t . ’ . [l . - .
70 Lo 7:49 | g 13:10 & 21:00 | o 2:37 | 0
0 20 40 60 0 20 40 60 200 40 60 0 20 40 60 80
Leucine incorporation rate (pmol 1-1 h-1)

Fig. 3. Diel changes in bacterial activity during 1993 at (a) Stn W (e) and (b) Stn E (o). The values are averages and standard
errors of 2 replicated measurements. The GMT time of each sampling is presented in each panel

In 1995, diel cycles were analyzed in more detail: 3
stations were studied twice and 6 profiles were mea-
sured along each diel cycle. The patterns of diel varia-
tion in Stn C were different during both sampling peri-
ods, and activity was in general lower in the second
cycle (Fig. 4). Maxima of activity and of specific activ-
ity were detected at the surface in the early morning of
the first cycle, and lower values were found through-
out the rest of the day. During the second visit, total
activity was highest at 20 to 30 m in the afternoon. In
Stn S, during the first cycle, there were maximum
activities at the surface during the morning and after-
noon and at 100 m at noon (Fig. 5). Specific activities
were at a maximum at the surface and at depth but
lower between 20 and 50 m. During the second cycle,
June 8 to 9, total activity was higher in the evening and
at the surface and also at noon at 60 m (DCM). Alto-
gether, specific activity was higher at noon and in the
early afternoon than during the rest of the diel cycle.
Stn D showed quite marked diel cycles both for total
activity and for specific activity (Fig. 6). During the first
visit, maximum activities were measured at the DCM
around noon and at the surface in the afternoon. Spe-

cific activities were also higher at noon. During the
second visit, the maximum total and specific activities
detected at noon were specially marked at 20 m. We
separately analyzed the different depths to see if there
were general patterns in diel cycles at some depths
that were not apparent at other depths. As for 1993
(Fig. 3), diel changes at the DCM were more apparent
and more consistent than changes at other depths, and
they followed a pattern almost identical to that pre-
sented in Fig. 7 and Table 1 for the depth-averaged
values.

During 1 cycle at each station we also measured the
diel changes in thymidine incorporation (Fig. 8). In
Stn C there was a maximum of activity in the morning
that remained only at the surface through the rest of
the cycle. In Stns S and D, the pattern was similar:
maximum values at the surface in the morning and at
the DCM at around noon.

Depth-averaged (or integrated) values were used to
provide an estimation of the diel changes that average
the differences in the vertical profiles (Fig. 7, Tables 1
& 2). There was no consistent diel pattern for bacterial
total or specific activity in Stn C. However, in both diel



Gasol et al.: Diel variations in bacterial activity 113

Station C. 9-10 June Station C. 13-14 June

150 Bacterial
. M / : ' ' ) o \ ‘| activity
10 <50 or o {pmol Leu

o

-1 R-1
20 | )

30 r

30
40

Depth (m)

20
40 50

50

70

60 L .
20 01 5 1

L L L L L

5 0

15 0 15 20 01
I 0 Bacterial
// <1 . o . o \k% specific
4 . - 2 1/act|V|ty

RAY
1 (10-20 mol Leu

20 ¢ cell-1 h-1)
20 I+ 3 . .
<1 30 + . . () . .
. ; 1

40

2
507

60

30 [

Depth (m)

40 1°

Fig. 4. Diel changes in 50 b
total leucine incorpora-
tion rates (a) and spe-
cific incorporation rates
{b) during the diel cy-

cles at Stn C in 1995 Time GMT Time GMT

60 [* 70

5 10 15 20 01 5 10 15 20 01

Station S. 4-5 June Station S. 8-9 June

o 0 i
A ; . 100, . .. . 80 . . .| Bacterial
10 L yog_// \ \J 10 \\\50 activity
75 ; .

75 e}

- (pmol Leu

20T -1 h-1)

Depth (m)

100 |-

.| Bacterial
specific

| activity

(10-20 mol Leu
cell-1 h-1)

10
20
30r
40 -
50 -

Depth (m)

60
70

Fig. 5. Diel changes in sor

total leucine incorpor-
ation rates (a) and spe-
cific incorporation rates
(b) during the diel cy-
cles at Stn Sin 1995

90

100

Time GMT




114 Mar Ecol Prog Ser 164: 107-124, 1998

a Station D. 7-8 June Station D. 11-12 June
0 . ] . | Bacterial
10 % V4 activity
’ (pmol Leu
20 I-1 h-1)
30
45
—~ 40 :
£ 90
£ O
g eof ¥ 60 -
a
70 15 70
80 : 80 F
90 90
wor o, wep oo
5 10 5 10 15 20 01
b )
°r. 2/ | 0 Bacterial
108 T~ 10 10 specific
4 2ok activity
2 /e (10-29mol Leu
£ 30 30 cell-1 h-1)
= 4F . 40
& sof 50 -
a
60 60 [
70 F 70 m
an L sk . .. .
b 4
90 90
L Fig. 6. Diel changes in total leucine
100 100 ] 1 I I g
— 1'0 20 o s 10 : 5 20 o incorporation rates (a) and specific
incorporation rates (b) during the
Time GMT Time GMT diel cycles at Stn D in 1995
Station C Station S Station D
25 . . ; . . ; ; ;

Total incorporation rate
(ratio to diel average)

0 : . : . —o— Leucine (First) diel cycle :
—e— Leucine (Second) diel cycle
25 r r . T == @ -~ Thymidine diel cycle
ot L

Specific incorporation rate
(ratio to diel average)

5 10 15 20 25 5 10 15 20 25 5 10 15 20 25
Time (h) Time (h) Time (h)
Fig. 7. Diel changes n total incorporation rates and specific incorporation rates of leucine (®, first diel cycle and 0, second diel

cycle) and thymidine (@) for the different diel cycles studied in each station in 1995, expressed as ratio to the diel average value
(average value being 1)
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Fig. 8. Diel changes in total thymidine incorporation rates during a diel cycle in Stns C, S and D in 1995

cycles in Stn D, the values at noon were higher than
those at all other times of the day. In Stn S, there was
1 noon value higher than the others, and 1 inconsistent
pattern. At Stn C, the values of bacterial total or spe-
cific activity were always within the range 0.5 to 1.5
times the diel average. However, at Stn D, the values at
noon were more than twice the diel average estimates,
and the values in the afternoon and at night were less
than half the diel average (Fig. 7). There was, thus, a
>4-fold difference between some of the estimates of
integrated bacterial activity, depending on the time of
sampling.

Integrated thymidine uptake rates presented a pat-
tern similar to that of leucine uptake in Stns S and D.
Total and specific activity showed maximum values in
the afternoon for Stn S and before noon for Stn D,
although we missed the morning sampling in Stn D
(Fig. 7, Table 2). The variations of depth-averaged total
and specific activity throughout the diel cycle in Stn C
were very low. The patterns of thymidine uptake in
Stn S were almost identical to those of leucine uptake
in Stn S, but seemed to be displaced in time at Stn D.

DOC diel cycle

The vertical profiles of DOC concentration in 1995
were significantly different from day to night (Fig. 9;
non parametric paired sign test Hy: no differences, p <
0.0005). They were higher at almost all depths at noon,
and lower at night. In Stn C the maximum difference
was found at 30 m, but in Stns S and D maximum dif-
ferences between day and night were found at 20 m.
At some depths the differences between day and night
amounted to 26 pM, but on average they were 6 or
7uMin Stns C and S, and ~10 pM in Stn D. Changes in
total integrated DOC were quite significant through-
out the diel cycle, ranging from 0.32 mol C m~2 (Stn S)
to 0.85 mol C m™ (Stn D). These diel changes in total
integrated DOC represent between 5 and 15% of the

total DOC. This is the amount of DOC being produced
and consumed throughout the diel cycle.

NUCC diel cycle

Between 30 and 50% of the DAPI-stained bacterial
cells were found to contain nucleoids in 1995 (Fig. 10).
There were more NUCC in Stn C at noon than at mid-
night. At Stns S and D, it was the other way around.
The percentage of NUCC cells was quite similar dur-
ing day and night in Stn C, but diel dynamics were dis-
cernible in the other 2 stations. It is interesting to note
that the pattern of daily variation with depth was very
similar in both Stns S and D: at surface and at the DCM
there were more NUCC cells during the day than dur-
ing the night. Above and below the DCM, however,

Table 2. Depth-averaged total and specific bacterial activities
(thymidine incorporation) in Stns C, S and D during 1995 at
different times of the day. Also presented are the percentages
of the daily mean value that could be measured at each time

Stn Time Total % of Specific % of

(h) activity ~ mean activity mean

(pmol TdR {107 mol
17 h~ly TdR cell"' h™Y}

C1 05:30 1.44 101 6.87 104
C1 10:23 1.44 101 7.20 109
C1 13:22 1.72 122 7.08 107
C1 22:20 1.37 97 6.87 104
C1 03:13 1.11 78 5.12 77
S2 07:17 0.50 62 3.32 48
S2 09:37 0.82 102 6.79 98
S2 15:25 1.10 136 11.75 169
S2 18:27 0.80 100 6.22 89
S2 21:49 0.52 65 4.76 69
S2 00:40 1.10 136 8.87 128
D1 11:50 0.81 130 11.52 161
D1 14:42 0.70 113 7.58 106
D1 17:22 0.42 68 5.23 73
D1 01:25 0.56 90 4.26 60
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Fig. 9. Noon (O) and midnight (@) profiles of DOC concentration in the 3 stations in 1995. Error bars (sometimes hidden by the
point} are the standard error of 3 to 5 replicates

the opposite was true. At Stn D we also measured
NUCC at 05:00 h when lowest values were found over
the diel cycle at all depths.

DISCUSSION

Marked diel cycles in total and specific bacterial het-
erotrophic activity were detected in some of the sta-
tions sampled. The diel changes were found both in
DNA and in protein synthesis rates. These diel cycles
were accompanied by changes in the distribution of
total DOC, and in the proportion of bacteria containing
visible nucleoids.

One of the problems of following the diel cycles of
any community in the sea is that different water masses
are sampled over time. Among all the strategies re-
viewed by Fuhrman et al. (1985), we decided to stay
permanently in the same position. We integrated down
to 60 (Stn C) — 80 m the values of temperature and salin-
ity for each of the CTD profiles from which we took
samples to detect significant ship movements out of the
initial water mass. We plotted these values in a temper-
ature-salinity plot in which each point corresponds to
the depth-average of each CTD cast (Fig. 11). Stn C,
which had warmer temperatures and lower salinities,
had signatures in this plot that did not change much
during the diel cycle. Stn D showed higher salinities
and intermediate temperatures. The effect of the diel
warming of the water was quite apparent, but the 2 sta-
tions were quite similar. Stn S, with lower temperatures
and intermediate salinities, behaved differently in the 2
visits. In the second one there were clear changes in
water masses, moving from a slope situation to an open
ocean one by the end of the diel cycle. We concluded
from these graphs that, with the exception of Stn S dur-

ing June 8 and 9, we were quite probably sampling the
same water mass during the whole day.

Diel changes in bacterial activities

Because, as will be shown later, bacterial abundance
changed sometimes during the diel cycle, we looked at
the diel changes not only of bacterial activity, but also
of specific bacterial activity. We would be able to speak
about consistent diel cycles of bacterial activity only if
they were reflected by changing specific bacterial
activities.

The thymidine uptake activites measured in this study
(0.5 to 3 pmol TdR I"! h™!) were close to those measured
in other Mediterranean areas (Zohary & Robarts 1992,
Ferndndez et al. 1994, Robarts et al. 1996) and to those
measured in other oligotrophic seas such as the Sargasso
Sea (Carlson et al. 1996). There are no published data on
leucine incorporation rates in the open Mediterranean,
other than our own and our values of 10 to 120 pmol Leu
I"' h~! are in the range of those encountered by Carlson
et al. (1996) in the Sargasso Sea.

In Stn D bacterial activities followed a clear diel
cycle (Figs. 6 & 8). Total activity changed from
<60 pmol I"! h™! in the early morning to values of
90 pmol It h™! around noon and back to lower values
during the evening and night (Fig. 6). The diel pattern
was even more obvious in integrated values (Fig. 7). In
1993, maximum bacterial activities were also mea-
sured around noon, especially at the depth of the
DCM. The diel cycle was not as obvious from the TdR
incorporation data (Fig. 8) except when depth-inte-
grated (Fig. 7). Zweifel et al. (1993) and Simon (1994)
also reported more marked diel cycles in leucine than
in thymidine incorporation rates.
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In Stn S, we found different patterns in a Station C, 9-10 June b
the different visits. In 1993, a pattern close 0 - ' : ————0
to that of Stn D was found. In 1995 we .
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during one of the cycles (Fig. 11) although . L )
we found some tendency for higher values E 40 \,0 E? 140 _g
of total and specific leucine and thymidine = Q0 5
uptake activity around noon in one of the 2 6of de {60 3
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Daily maxima of bacterial thymidine or Station
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corded in several marine locations, some N
coastal (Sieburth et al. 1977, Meyer-Reil et 20} q;y ] 120
al. 1979, Moriarty & Pollard 1982, Fuhr- LY
man et al. 1985, Hernd]l & Malaci¢ 1987, T a0} oe - {a0 §
Wikner et al. 1990, Zweifel et al. 1993)and £ 2
some oceanic (Sieburth et al. 1977, Burney S 6ot éb < {60 3
et al. 1982, Johnson et al. 1983, Wheeler et = o , =~
al. 1989). There is also a report of mini- 80} «’,' i L d 4180
mum values at noon and higher values h :
during the rest of the day (Zohary & Ro- 100 L : A BT
barts 1992) for the Eastern Mediterranean, .
although these authors also measured ex- 0 Stlatlon D, 11-1? Jllmel I
tremely high diel bacterial and protozoan X -0
changes and their results are, thus, diffi- ook i | \“0;’(‘ 120
cult to interpret. P
Diel maxima of uptake of otganig com- T 4o} ] | >< {0 9
pounds have also been described in the = % 81
open ocean. Carbohydrates (Sieburth et al. T gol i L lso =
1977, Burney et al. 1982, Johnson et al. a / 3
1983), amino acids (Carlucci et al. 1984), 8ol l | x lso
adenine (Winn & Karl 1986) or nitrogen up- !
take rates (Wheeler et al. 1989) have been 100 . R 100

shown to be higher during the day in
oceanic stations. In some cases, evening or
night maxima in frequency of dividing cells
(Hagstrom & Larsson 1984) and thymidine
incorporation rates (Paul et al. 1988, Simon
1994, Torréton et al. 1994, Jeffrey et al.
1996) have been related to night time stim-
ulation of bacterial production as a conse-
quence of diel zooplankton migration.
Since both nutrient availability and bacterivory con-
tribute to determine the levels of bacterial biomass and
activity, we should consider whether changes in nutri-
ents and/or in predation pressure caused the changes
in bacterial heterotrophic activity during the diel cycle.
Obviously, primary production is higher when light is
present and the amount of excreted photosynthate
probably is also (Hama et al. 1988). The role of preda-
tion is not that clear: lower grazing rates at night have
been suggested (Fuhrman et al. 1985, Weisse 1989) or

20 30 40 50 60 70O
% NUCC cells

10° 10®
Cells mI-1

Fig. 10. (a) Noon (0} and midnight (@) profiles of DAPI-stained bactenal
cells and nucleoid-containing bacterial cells in the 3 studied stations in
1995. (b) Noon (0} and midnight (@) profiles of nucleoid-containing cells as
a percentage of the total DAPI-stained assemblage. Note that in Stn D, we

also took samples at 05:00 h (X)

demonstrated (Wikner et al. 1990} to occur, while no
diel cycle in viral abundance has been found in the
reports we are aware of (Jiang & Paul 1994, authors’
unpubl. data).

It is interesting to point out that a lack of diel pat-
terns in bacterial activity has only been reported for
coastal areas (Riemann & Sgndergaard 1984, Turley &
Lochte 1986, Gocke et al. 1987) or eutrophic lakes
(Marcussen et al. 1984), although non significant re-
sults may not always be reported.
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and their changes during the diel cycles in Stn C (@, first and

O, second cycle), Stn S (M, first and O, second cycle) and Stn D

{X, first and B, second cycle). The numbers in the figure refer
to the dates of sampiing

There is a tendency for diel changes in bacterial
activity to be well marked in oligotrophic and/or open
ocean areas, and to be less common or less marked in
coastal stations. Zweifel et al. (1993) compared results
of mesocosms performed in the Baltic and in the
Mediterranean and found more clear diel cycles in the
Mediterranean than in the Baltic because of stable
weather conditions and pronounced day/night cycles
in the Mediterranean. We would now add, on the basis
of our results and the above literature review, that the
oligotrophic nature of the Mediterranean and the
lower impact of land-originated materials in this sea
could help explain the differences with the Baltic.

As stated by Fuhrman et al. (1985), tight coupling
between phytoplankton and bacteria would require
DOC sources for bacterial growth closely linked to pri-
mary production, because as more steps are added
between carbon fixation and bacteria, more lags and
less coupling should be expected. Thus, our results
would strongly argue for well coupled phytoplankton-
bacteria relationships in the most oceanic stations and
uncoupled relationships in the coastal station where
bacterial growth would be very dependent on alloch-
thonous substrates. Moreover, we have also shown by
averaging data from several years that the ratio of bac-
terial production to primary production is much higher
in Stn C (average 77 %; Pedrds-Alid et al. unpubl.) than
in Stn D (average 10%,) with low values again similar
to the recent estimates for the Sargasso Sea (Carlson et
al. 1996). The biomass ratios were also high for Stn C
(bacterial biomass 114 % of algal biomass), and lower
in Stn D (50 %), data that would support our arguments
for relevant allochthonous carbon subsidies to the
bacterioplankton in Stn C and a tighter relationship
between bacteria and phytoplankton in Stn D.

Consequences for the routine estimation
of bacterial production

One consequence of the patterns in diel variability in
bacterial activity that we have shown is that the esti-
mates of bacterial activity in open ocean samples will
depend on the time of the day in which they are taken
(Tables 1 & 2). If our results for open ocean samples are
confirmed and following the same line of reasoning
that proposed specific protocols for the measurement
of primary production (like the JGOFS protocols), we
should recommend the establishment of a general pro-
tocol for the estimation of bacterial production. This
protocol would include sampling at least at noon and at
night when intending to perform carbon balance mea-
surements including bacterial production.

Diel cycle of nucleoid-containing bacteria

The relatively large shifts in NUCC numbers found
throughout the diel cycle (Fig. 10) are interesting
in several ways. First, changes were certainly more
important at Stns S and D (7 to 10% night-day differ-
ence) than at Stn C (3% difference) and in the one sta-
tion where an additional sampling had been done in
the early morning the values were then much lower
(water-column average 27% NUCC versus 40% at
noon and 45% at midnight). The almost negligible
changes in Stn C would be consistent with the hypoth-
esis that bacteria in this station are uncoupled from the
daily variations of primary production. The higher
changes in the other stations would suggest that bacte-
ria respond strongly to the diel changes in primary pro-
duction, results again consistent with the diel variabil-
ity in bacterial activity.

Second, the results would also advocate a small re-
assessment of the meaning of the NUCC cells. Zweifel
& Hagstrom (1995) suggested that the non-NUCC
were probably empty dead bacterial cells. Other stud-
ies have suggested that some non-NUCC bacteria are
capable of growth and become NUCC if the conditions
are right (Choi et al. 1996). The latter authors also pro-
posed the hypothesis that NUCC were those bacteria
that had enough DNA (or in a condensed enough way)
to precipitate DAPI Perhaps a more feasible hypothe-
sis could be that some cells are in some kind of resting
(spore?) states with membrane conditions that do not
let through the stain. They would thus show as non-
NUCC. The higher proportion of NUCC cells that we
found at night would perhaps indicate that some bac-
teria changed their membrane characteristics or syn-
thesized much more DNA at night, which made them
detectable as NUCC cells only at night. During the
day, either because grazing selected them, or because
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some cells returned to the resting states, we detected
lower NUCC percentages. Further work on the short-
term changes in NUCC numbers needs to be carried
out to clarify the meaning of the data presented.

Diel changes in DOC concentration and
the role of bacterial activity

The vertical profiles of DOC concentration were
similar to profiles measured in other Mediterranean
areas (Cauwet et al. 1990, Copin-Montégut & Avril
1993) and in other oligotrophic systems (Carlson &
Ducklow 1995, Thomas et al. 1995, see 'Discussion’ in
Doval et al. in press). The daily changes in DOC in
the 3 stations were important: around 15 uM (5 to
15% of the total stock) daily. This DOC should be
highly labile since it appears and disappears daily.
The fact that this daily variation could be detected,
however, is an indication that the mechanism of pro-
duction-consumption is not very well coupled (Carl-
son & Ducklow 1995). Some authors believe that this
uncoupling is due to a possible nutrient (phosphorus)
limitation of pelagic bacteria in the Mediterranean
(Thingstad & Rassoulzadegan 1995). A study of DOC
distribution in the NW Mediterranean estimated that
~20% of the DOC was labile (Doval et al. in press)
based on the concentrations of DOC at lower depths.
It would thus seem that most of the labile DOC had
half-life times of only some hours.

The rate of daily appearance/disappearance was
comparable to other values in the literature: Burney et
al. (1981) found changes in the Sargasso Sea of around
20 to 40 % daily. In the Caribbean, Burney et al. (1982)
and Johnson et al. (1983) found changes of 2 to 15 uM
d~!. Kirchman et al. (1991) found 3 to 36 % of the DOC
being consumed in 24 h (average 25 % in 2 d); Coffin et
al. (1993) measured DOC turnover rates on the basis of
oxygen consumption of 0.1 to 22% d7!; Zweifel et al.
(1993) found that 7 % of the DOC pool was being con-
sumed daily in mesocosms; and Carlson & Ducklow
(1996) found that 6 to 9% of the total DOC was being
used in 2 d in Sargasso seawater cultures. The carbo-
hydrate removal rate found by Burney (1986) in differ-
ent communities enclosed within in sifu containers
ranged between 3.2 and 7.9 pg C I"! b}, relatively
close to the 15 uM in 12 h (15 pg C I'' h™Y) that we
found. Thus, the rates that we have extrapolated from
our day and night measurements seem to be in the
same range as other rates measured either in situ, in
microcosms or in the laboratory.

Daily changes in biologically labile materials are
commonly described: cAMP (Ammerman & Azam
1981), DOC and dissolved free amino acids (DFAA)
and glucose uptake rates in the open Baltic Sea

(Meyer-Reil et al. 1979), dissolved carbohydrates (Sie-
burth et al. 1977, Burney et al. 1979) or DFAA (Mopper
& Lindroth 1982) have been shown to change daily,
and their diel changes assumed to be driven by het-
erotrophic activity. Mopper & Lindroth (1982) esti-
mated that 3 to 6 pg DFAA 1! h™* were being produced
and consumed daily, a value that corresponded to 2 to
4 g Cmd ! (for a 60 m water column]j. A similar value
(4 to 24 g C m™% d7!) was arrived at by Johnson et al.
(1983) on the basis of the diel fluctuations in DOC in
the Caribbean Sea. Our integrated values of DOC
change throughout the diel cycle (4 to 10 g C m™*d7})
compare well with the reported values (Table 3).
Because we measured bacterial activity with 2 meth-
ods and throughout the diel cycle, it is tempting to
compare the estimates of bacterial production ob-
tained with each method to the daily disappearance of
DOC. The actual values of bacterial production are
dependent upon the choice of the conversion factor
(Table 3) and the assumption that the carbon-to-vol-
ume conversion factors for bacteria are correct. We
used empirical conversion factors that changed from
station to station. The higher discrepancies were found
in Stn D which was also the site where the empirical
conversion factor was much lower than the theoretical
(see 'Materials and methods’). In Stn D bacterial pro-
duction varied between 20 and 360 mg C m™* d°!
depending on the method and factor used (Table 3).
Changes in DOC were much larger (on the order of

Table 3. Daily balance of bacterial utilization of the dissolved
organic carbon (DOC). Integrated bacterial production esti-
mated from leucine incorporation rates with the factor 1.15 x
10" cells mol ! (Th; average of all open ocean factors accord-
ing to Kirchman et al. 1995) or with the empirical (Emp)
conversion factors for the NW Mediterranean as found by Pe-
dros-Alio et al. (unpubl.). Integrated bacterial production esti-
mated from thymidine incorporation rates with the factor 2 x
10'® cells mol™!' (Th) or with the empirical conversion factor
(Emp} for the NW Mediterranean as found by Pedrés-Alid et
al. (unpubl}. Growth efficiency estimated as (bacterial pro-
duction x 100)/ADOC. Note that for Stn D, the diel cycle used
for thymidine uptake is different than that used for the DOC
diel changes

Stn Leucine Thymidine ADOC
(gCm*dY {gCm2d!) (gCm=*d
Emp Th Emp Th

c 1 0.12 0.18 0.18 0.31 4.17

c 2 0.05 0.07

S 1 0.10 0.30

S 2 0.11 0.34 020 033 3.84

D 1 0.02 0.36 0.13 0.22

D 2 0.01 0.13 10.23

% efficiency

c 1 2.89 4.34 4.34 7.36

S 2 2.82 8.88 5.08 861

D 1/2 0.10 1.23 1.29 219
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several g C m * d°}) than the average bacterial produc-
tion (~100 mg C m *d™").

The calculated efficiencies for bacterial growth (cell-
based carbon growth efficiency = biomass production
during the whole day/DOC change night-day) were,
thus, very small: 2 to 8% in Stns C and S, and below
2% in Stn D (Table 3). These values are low, but close
to those encountered in open ocean communities when
computed with similar methods: 1.6 to 9% in the North
Atlantic (Kirchman et al. 1991), 4 to 9% (Hansell et al.
1995) or 7 to 19% (Carlson & Ducklow 1996) for the
Sargasso Sea. In coastal areas, values of 20% in a estu-
ary (Bjernsen 1986), 30 to 61 % (Kroer 1993} and 27 %
(Zweifel et al. 1993) have been measured. As found by
Biddanda et al. (1994), the carbon conversion efficien-
cies that we calculated were lower in Stn D than in
those stations influenced by the coast. It appears that
very low carbon conversion efficiencies are typical of
open-ocean bacterial communities.

The rates of bacterial activity seem to suffice to
explain the rates of disappearance of DOC from day to
night, if we consider that the measured bacterial car-
bon conversion efficiencies are correct. Primary pro-
duction rates in this area, however, amount to 0.5 g C
m? d™' (Estrada 1996). Thus, where do these 4 to 10 g
C m™2d! come from? This apparent paradox was also
found by Burney et al. (1982} in the Caribbean Sea: the
rates of diel carbohydrate concentration change re-
quired primary production values 10 times larger than
those actually measured.

Labile DOC is assumed to originate from excretion of
photosynthate; release by zooplankton activity (Pe-
duzzi & Herndl 1992), dissolution of fecal pellets, cell ly-
sis from viral infection (Fuhrman 1992), light-induced
degradation of refractory DOC (Kieber et al. 1989, Wet-
zel et al. 1995}, egestion by microzooplankton (Nagata
& Kirchman 1992) or even production of DOC by bacte-
ria through enzymatic breakdown of POC or from other
sources {e.g. lturriaga & Zsolnay 1981). We did not eval-
uate these sources of DOC but it seems unlikely that
any one of them could explain the rates of daily accu-
mulation of DOC presented in this work and in the lit-
erature. Excretion of low molecular weight photosyn-
thate during primary production measurements during
this study was less than 30% of primary production
(Moran & Estrada pers. comm.). Zooplankton biomass
in this area is at most 800 mg C m~? and their ingestion
rates have been estimated to be around 40 mg C m™?
(Calbet et al. 1996): even if all carbon ingested by zoo-
plankton was excreted as DOC it would not explain the
measured diel DOC change. Of all the factors that can
contribute to the DOC pool, those that we can edu-
cately guess give estimates far from the observed val-
ues. We will have to wait until estimates of the other
processes are available to solve this paradox.

Diel variability in the leucine versus
thymidine uptake rates

Leu and TdR incorporation rates were not correlated
even though the general pattern of activity throughout
the diel cycle was quite similar (Tables 1 & 2}. As noted
above, diel varlability of Leu incorporation was larger
than the vanations in TdR incorporation. Thymidine
rates were clearly higher at the surface and at the
DCM, and much lower below those layers (Fig. 12).
However, we could not find any consistent trend for
Leu incorporation rates with depth. These rates were
much higher at noon than at any other time during the
day, while the only significant general pattern for TdR
uptake was the lower values in the afternoon (Fig. 12).

It has been suggested that the ratio between Leu and
TdR incorporation rates should be constant if bacterial
growth were balanced (Kirchman et al. 1985, 1986,
Chin-Leo & Kirchman 1988). Large values of the
Leu:TdR ratio would indicate biomass increases with-
out concomitant DNA synthesis rates, and low values
of the ratio would indicate DNA synthesis without bio-
mass increase. Unbalanced growth may be produced
by changes in dissolved organic matter (DOM) supply
rates. Chin-Leo & Kirchman (1990) suggested that the
diel variations in primary production and zooplankton
grazing were likely to cause unbalanced growth in
bacterial assemblages. Good correlation between rates
of incorporation of both precursors have sometimes
been found (Chin-Leo & Kirchman 1988, Kirchman &
Hoch 1988, Chin-Leo & Benner 1992, Kirchman 1992),
but large discrepancies are common in some environ-
ments (McDonough et al. 1986, Chin-Leo & Kirchman
1990). A tendency for relatively higher Leu:TdR ratios
in richer environments (Servais 1991} or for uncorre-
lated (Yoshinaga et al. 1991) and very different values
of Leu and TdR uptake in oligotrophic waters (Torréton
& Dufour 1996) would point to differences in the source
of the organic matter in each area.

We found lower values of the Leu:TdR ratio in the
DCM, and very high values below these depths, which
would indicate that bacteria were increasing their bio-
mass but not dividing below the DCM (Fig. 12). Values
at noon were much lower than those at other times of
the day, which would perhaps indicate that at those
times bacteria were simultaneously synthesizing pro-
tein and DNA, while mainly protein was synthesized at
other times of the day. Diel variability in the Leu:TdR
ratio was found by Kirchman et al. (1986) in waters off
the coast of Florida. Leu incorporation occurred before
TdR incorporation even though both maxima occurred
in the late afternoon. Kirchman & Hoch (1988) in the
Delaware Bay estuary found a peak in the Leuw:TdR
ratio after several hours of growth and thereafter the
ratio declined. Chin-Leo & Benner (1991), studying a
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Fig. 12. Notch box-and-whisker plots of thymidine incorporation rates, leucine incorporation rates and the ratio of leucine to
thymidine for different water layers (above, at, and below the DCM), and at different times of the day: morning, before 11:00 h;
noon, between 11:00 and 17:00 h: afternoon, between 17:00 and 22:00 h; night, between 22:00 and 05:00 h

tropical lagoon, found low Leu:TdR ratios in the early
morning and higher ratios in late evening, which
would suggest a shift-up towards the evening. Our
data (especially Fig. 8 compared to Figs. 4 to 6) also
suggested that TdR incorporation increases before Leu
uptake, which was concentrated in the noon hours,
when we would expect the maximal amount of DOM to
flow from photosynthate.

If the Leu:TdR ratio is taken as an indicator of bal-
anced bacterial growth, it is clear that bacteria were
growing better at the DCM layers and at noon. And it
is quite probable then that the conversion factor
required to convert Leu or TdR incorporation rates to
bacterial production would be different in the DCM
layers than above or below. The CF, therefore, should
be determined every time if precise estimations of car-
bon flux through bacteria are required.
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