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ABSTRACT: Growth and loss of planktonic bacteria are thought to be roughly in balance, but are rarely
measured together. The loss rate for a bacterial assemblage in surface waters of Villefranche Bay (NW
Mediterranean Sea) was estimated using 2 independent techniques. The disappearance rate of *H from
cold-TCA-insoluble material following a labeling of the natural assemblage with *H-thymidine gave a
turnover of 2.2% h™!, while the disappearance of **P from the bacterial size fraction (0.2 to 1 pm) fol-
lowing an initial uptake period and a subsequent cold chase with orthophosphate gave a bacterial
turnover rate of 2.5% h™'. The similarity of the 2 estimates suggests that the same loss processes were
measured and that processes independent of bacterial population turnover, such as rapid uptake and
release of labels, were of minor importance. The mortality estimates were close to thymidine-based
production estimates of 2 to 2.3% h™'. Viral abundance (ca 2 x 10° mI!) was about 3 to 4 times that of
bacteria, and relatively constant. Attempts to measure bacterial mortality due to viral infection were
complicated by filtration artifacts. Passage of the thymidine-labelled assemblage through a 0.6 pm fil-
ter in order to separate bacteria and viruses from larger bacterivorous organisms removed 60 % of the
bacterial label. Label loss rates were undetectable in the filtered assemblage over 96 h incubations,
suggesting that viruses were minor loss agents of this (minority) size fraction of bacteria. In the experi-
ments with *?P, most of the label was transferred directly from the bacterial size fraction to dissolved

compounds, with relatively minor amounts (10 to 20 %) transferred to larger size fractions.
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INTRODUCTION

Population changes reflect the net difference
between growth and loss processes. For bacteria,
methods aimed at measuring growth include estimat-
ing DNA (Fuhrman & Azam 1980, 1982) or protein syn-
thesis (Kirchman et al. 1985, Simon & Azam 1989), or
counting the frequency of dividing cells (Hagstrém et
al. 1979). These methods, in principle, attempt to mea-
sure the total bacterial growth process. In contrast,
most methods for estimating loss rates are specific for
individual loss processes such as predation (e.g.
McManus & Fuhrman 1988) or viral lysis (Proctor &
Fuhrman 1990, Steward et al. 1992). An exception to
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this is the approach introduced by Servais et al. (1985,
1989), who labelled a natural bacterial population
using °H-thymidine and subsequently followed the
rate of disappearance of label from the cold-TCA-
insoluble fraction. This method presumably measures
the total turnover rate of bacterial DNA.

In many systems, phosphate uptake has been found
to be dominated by bacteria (e.g. Faust & Correll 1976,
Harrison et al. 1977, Lebo 1990), particularly when
orthophosphate turnover time is short (Thingstad et al.
1993). When short turnover time and bacterial domi-
nance of the uptake coincide, a rapid and 'hot' labeling
of the bacteria is possible. Adding a subsequent cold
chase of unlabelled orthophosphate to stop reassimila-
tion of remineralized phosphate allowed Thingstad et
al. (1993) to estimate a turnover rate for bacterial P.
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Supposing P leakage from cells to be of minor impor-
tance, this should produce results similar to other total
bacterial loss estimates.

During summer stratification, the surface waters in
Villefranche Bay on the French Mediterranean coast
have been shown to have short orthophosphate
turnover times and a high percentage of uptake enter-
ing the bacterial size fraction (Dolan et al. 1995). In
oligotrophic systems such as this one, bacteria are
thought to be important reservoirs of C, N, and P
(Fuhrman et al. 1989), and regeneration of these nutri-
ents is probably affected significantly by the processes
and mechanisms of bacterial loss. It is well known that
protists graze bacteria and regenerate nutrients (Mc-
Manus & Fuhrman 1988). The recent recognition of
viruses as active parts of microbial food webs (re-
viewed by Fuhrman & Suttle 1993, Bratbak et al. 1994)
raises the interesting question of how these P-rich
agents are involved in such systems. As part of a pro-
ject to investigate the roles of microorganisms in the P
cycling of the Mediterranean, we investigated the
turnover of bacterial biomass in this system, with an
eye to understanding the contributions of bacteria and
viruses to P cycling. Of particular interest were (1) a
comparison of P- and thymidine-based loss estimates,
(2) comparison of loss and production estimates, and
(3) the possible roles of viruses in bacterial turnover.

MATERIALS AND METHODS

Sampling and incubation. Water was collected with
a 5 1 Niskin bottle from 5 m depth at Point 'B' at the
mouth of Villefranche Bay (43° 41' 10" N, 7° 19' 00" E)
and pooled in a 20 1 carboy. This was brought to the
Station Zoologique for distribution into individual bot-
tles for experiments. All incubations were done in a
running seawater incubator with a neutral screen
removing 70 % of natural light.

Size distribution of chlorophyll and particulate P.
Samples (500 ml) for chlorophyll and particulate P
were filtered through 47 mm polycarbonate filters of 5,
1 and 0.2 pm pore size mounted serially in a tower
arrangement with a suction of <2 x 10* Pa applied
below the 0.2 pm filter at the bottom. Chlorophyll was
extracted overnight in 90 % acetone and measured flu-
orometrically (Strickland & Parsons 1972). Particulate P
was measured as soluble reactive phosphorus after
wet oxidation in acid persulphate (Koroleff 1976) using
standard autoanalyzer techniques.

%P0, experiments. Two 1 1 subsamples were incu-
bated in acid-washed 1 1 translucent polypropylene
bottles. Carrier-free PO, (Amersham) was added to a
radioactive concentration of ca 280 x 10° dpm ml.
After 3 h of incubation, a cold chase of KH,PO, was

added (0.1 mM final concentration) to one of the bot-
tles. At various intervals during the total incubation
period of 24 h, 5 ml aliquots were filtered in parallel
through 25 mm polycarbonate filters of 5, 1 and 0.2 pm
pore size, supported on Whatman GF/F filters soaked
with 10 mM KH,PO,. Suction was regulated by a nee-
dle valve that was initially open and was closed suc-
cessively as the aliquots passed through the filters of
larger pore-size, but was not allowed to exceed 10* Pa
(0.1 bar) before the water had passed through all the
filters. The suction was then increased to ca 4 x 10* Pa,
and the polycarbonate filters transferred without
washing to polyethylene scintillation vials. Three ml of
the 0.2 pm filtrate was transferred to a separate vial
and distilled water was added to 10 ml final volume for
counting of Cerenkov radiation from 3?P using a
Packard Tri-Carb scintillation spectrometer. Values
were checked for unequal quenching based on a
quench curve made with Irgalan Black as a color
quencher and are reported as % of a triplicate mea-
surement of radioactivity added to each bottle.

Thymidine. Methods for estimating thymidine-
based loss were modified from Servais et al. (1985). A
11sample was incubated with 0.25 nM tritiated thymi-
dine (Dupont New England Nuclear) in a 1 1 poly-
propylene bottle. At intervals of several hours, dupli-
cate 20 ml subsamples were taken, filtered onto
0.45 pm pore-size Millipore mixed-ester filters and
extracted with 5% cold trichloroacetic acid (TCA),
then rinsed 7 times with TCA (twice with filter towers
removed). The filters were placed into scintillation
vials and the nucleic acids were hydrolyzed at 95°C in
0.2 ml of 0.5 N HC], then cooled and counted with
Ready-Safe scintillation fluid (Beckman). After about
24 h of incubation, when radioactivity in the bacteria
was already declining, half of the water was filtered
gently through a 47 mm diameter, 0.6 um pore-size
Nuclepore polycarbonate filter, and this was subsam-
pled throughout the rest of the experiment and filtered
as above.

Thymidine incorporation basically followed Fuhr-
man & Azam (1982): two 40 ml water samples and a
1% formalin-killed control were incubated with 5 nM
tritiated thymidine for 1 h, then filtered through a
0.45 pm pore-size mixed-ester Millipore filter. The
organisms on the filter were extracted in cold 5% TCA
for 2 min, then rinsed and counted as described above.
Radioactivity was converted into a production estimate
assuming 2 x 10'® cells produced per mole incorpo-
rated (Fuhrman & Azam 1982).

An estimate of the portion of label in nucleic acid and
‘protein’ fractions was made by comparing hot and
cold TCA extractions (Hollibaugh et al. 1980); for the
hot extraction, nucleic acids were hydrolyzed in 5%
TCA at 98°C for 1 h, then chilled and filtered as above.
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Bacteria were enumerated by acridine orange direct
counts (Hobbie et al. 1977). Viruses were counted after
ultracentrifugation (200000 x g, 1.5 h) onto C-stabi-
lized formvar-coated Cu grids, staining them for 20 s
with 1% uranyl acetate, blotting excess stain, and
viewing on a Jeol 100 CX electron microscope at
27000 x magnification (modified from Bersheim et al.
1990).

RESULTS

Size distributions of chlorophyll and particulate P.
Total particulate P in samples from 6 and 7 July was 41
and 53 nmol P 17! respectively. Most of the particulate
P (avg. = 48 %) was in the 0.2-1 pm fraction with the
remainder distributed approximately equally between
the 1-5 and >5 pm fractions (Fig. 1). Total chlorophyll
was 0.52 and 0.23 mg m~3 on 5 and 6 July, respectively,
with the 1-5 pm size fraction containing an average of
63 % of the chlorophyll (Fig. 1). On average, 10 % of the
chlorophyll passed the 1 pm filter and was collected on
the 0.2 pm filter.

Counts of bacteria and viruses. Bacterial abundance
averaged ca 5 x 10° ml™! and viral abundance was
nearly invariant at about 2 x 10® ml™! over the study
period (Table 1).

32pQ, labeling. After 1 h incubation about 4.5% of
the added label was found in the >5 pm size fraction,
18% in the 1-5 pm fraction and 40 % in the 0.2-1 pm
fraction (Fig. 2). A total of about 63% of the label
assimilated in 1 h corresponds to an approximate
turnover time of T=-1 h/In(1 - 0.63) = 1.0 h.

At the time of addition of the cold chase (8 July,
18:00 h), ca 50 % of the added label was found in the
bacterial size fraction (Fig. 2). In the control, this
remained relatively constant throughout the rest of the
experiment. In the bottle with cold chase, the label dis-
appeared from this fraction at a rate of 2.5% h™! (esti-
mated from a linear regression of log-transformed data
for the period from 6 to 24 h after the start of the exper-
iment). In both bottles, label in the 1-5 pm size fraction
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Fig. 1. Size distributions of chlorophyll a (upper panel) and

particulate P (lower panel). Concentrations of chlorophyll and

particulate P for each date are indicated. Note that the size

fraction corresponding to bacterial cell sizes, 0.2—-1 pm, con-

tained a small portion of the chlorophyll a, but a large portion
of the particulate P stocks

remained at about 20 %. In the period before addition
of the cold chase, only a minor fraction of the label was
incorporated in the size fraction >5 pm (6 % and 3% in

Table 1. Summary of abundance, production and loss data. Values are means + range of duplicates or *SE. nd: not determined

Date Viruses Bacteria Bacterial production: Bacterial loss:
TdR-based TdR-based 32p_based

(1993) (x10° m1-Y) (x10° m1~1) (x10° cells "' h™) (% h™ (% h™) (% h™)

5 Jul 1.8+0.1 4.4 nd nd nd nd

6 Jul 2.0x0.3 nd 8.8+0.4 ~22 1.7 +0.1* nd

7 Jul 1.7+ 0.1 nd nd nd nd nd

8 Jul 2.0+0.3 6.6 +0.1 15.0+0.1 2.3 2.2 £0:1* 2:5+0.5"

4Calculated with bacterial abundance from previous day
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control and cold chase, respectively); this appeared to
increase slowly in both bottles during the experiment,
reaching 10% and 7 %, respectively, at the end of the
experiment. The label released from the bacterial size
fraction in the bottle with cold chase appeared in the
dissolved fraction, reaching 39% of the total added
label at the end of the experiment.

Thymidine-based production and loss. Bacterial
production values obtained in cells ml™' h™! were
divided by bacterial abundance to obtain values in
% hl, suitable for comparison to the loss data
(Table 1). The loss rate data fit reasonably well to the
expected exponential decline over time (Fig. 3). How-
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Fig. 2. 3?P-PO, cold chase experiment. Temporal changes in

the distribution of 32P in the >5, 1-5, 0.2—1 nm and dissolved

(<0.2 pm) fractions in the control bottle (upper panel) and in

the bottle given a cold chase after 3 h of incubation (lower

panel). The exponential decay fitted to the loss of label from

the 0.2-1 pm fraction after cold chase is indicated by dotted
line

ever, in both thymidine experiments, the declines in
the 0.6 pm filtrates were not significant (p > 0.05),
although there appeared to be a small decline between
the first 2 time points. The 0.6 pm filtration removed
between 60 and 70 % of the total label, suggesting that
most of the active bacterial biomass was larger than
this size. Overall, there was good agreement (variation
of means <15%) between the production estimates
and loss rate estimates even though they were inde-
pendent of one another (Table 1).

The percentage of thymidine-derived radioactivity
appearing in the ‘protein’ fraction (hot-TCA-precip-
itable) increased over the long incubations, starting
near 37 % and increasing to 58 % after 4 d. The 0.6 pm
prefiltered samples, in which no declines in cold-TCA-
precipitable material were detectable (Fig. 3), showed
a very similar trend, although based on only 2 time
points (Fig. 4).

DISCUSSION

Community size structure

The distributions of chlorophyll a (chl a) (Fig. 1) sug-
gest that most of the photosynthetic organisms were in
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Fig. 3. *H-thymidine bacterial mortality experiments. Tempo-
ral changes in labelled assemblages. Closed symbols show
data from untreated (whole) water and open symbols show
data from bacterial assemblages which were labelled and
then filtered through 0.6 pm pore-size filters. Note that 0.6 pm
filtration removed most of the radiolabelled cells. The cells
which passed through the filters, in contrast to the whole
water assemblage, showed no significant declines in *H in
cold-TCA-precipitable material with time
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Fig. 4. Temporal changes in the portion of SH-thymidine in
the ‘protein’ (residue after hot TCA hydrolysis) fraction of
cold-TCA-precipitable matter from samples taken during the
6 July thymidine experiment (see Fig. 3). Values are based
upon duplicate determinations of both hot and cold TCA
treatments, with an average coefficient of variation of 5.7 %

the 1-5 pm fraction. Combining the chl:C and P:C
ratios found by Tett et al. (1975) gives a P:chl ratio of ca
0.014 mol P g~! chl. Using this, 16 % and 7% of the par-
ticulate P in the >5 pm fraction can be estimated to
have been in phytoplankton on 5 and 6 July respec-
tively, 34% and 19% in the 1-5 nm fraction was in
phytoplankton on 5 and 6 July, and 2 % in the 0.2—-1 pm
fraction was in phytoplankton on both dates. Dividing
the particulate P in the 0.2—-1 pm fraction with an aver-
age bacterial abundance of 5 x 10° cells ml™* gives a
bacterial P content of only 0.004 to 0.005 fmol P cell™,
presumably reflecting low bacterial P content, as might
be expected in an environment where bacteria appear
to be P limited (Zweifel et al. 1993). The low P per bac-
terium value supports other evidence suggesting low
detrital contribution to particulate P (Sakshaug 1978,
Olsen et al. 1986). Despite the low P per cell content,
on average 50% of the total particulate P was in the
bacterial size fraction (Fig. 1). This is slightly more than
the 35% found in samples from the same site in
autumn 1992 (Dolan et al. 1995).

Bacterial turnover

The loss rates on 8 July found with the 2 methods (2.5
and 2.2% h™!) would balance steady-state bacterial
generation times of 1.2 and 1.3 d [In(2)/rate] for the 32P-
and ’H-thymidine-based methods respectively, and
these were both close to the thymidine-based growth
rate estimate of 2.3 % h~!. Similarly, the production and

loss rate estimates from 6 July (both with thymidine)
were close to each other. Our values agree with those
of Billen et al. (1990), who found that bacterial growth
and decay rates based on thymidine techniques similar
to those used here fluctuated around a mean value of
2% h!. Based on the cold-chase approach, Thingstad
et al. (1993) also estimated a decay rate of 2% h™'in the
brackish layer of a Norwegian fjord. A fairly uniform
value for growth and decay rates was interpreted by
Billen et al. (1990) as an indication of bottom-up rather
than top-down control of bacterial growth.

The 0.6 pm filtration in the thymidine loss experi-
ments was planned to remove protists and leave most
of the bacteria and viruses behind so that we could
examine virus-induced loss. Generally, filtration
through a 0.6 pm pore-size filter does not remove
most of the bacterioplankton. For example, Azam &
Hodson (1977) usually found >60% of the uptake of
labelled glucose to be in the <0.6 pm size fraction.
However, we found that up to 70% of the label from
the thymidine was removed by the filtration (Fig. 3).
This difference may be due to community size struc-
ture variations or to the length of the incubation. In
any case, the general absence of label loss in this size
fraction does not necessarily say much about the bac-
terial community as a whole, although it appeared
that viruses had little effect on this size fraction. How-
ever, it is also possible that any virus effect was
masked by cell damage or other artifacts of the filtra-
tion. It should be noted that viruses in this system are
about 3 to 4 times as abundant as bacteria. In order to
maintain such a ratio in the presence of viral loss
mechanisms that can remove a large fraction of the
viruses per day (reviewed by Fuhrman & Suttle 1993),
one would expect that the viruses must be continu-
ously produced, presumably by lysis of microorgan-
isms. Our attempts to measure viral production by the
method of Steward et al. (1992) were unsuccessful in
this system. However, size-fractionated thymidine loss
and viral production measurements have both shown
significant virus-induced bacterial loss in more meso-
trophic waters of southern California, USA (Fuhrman
& Noble 1995).

Quite variable estimates of bacterial mortality due to
viral attack can be obtained using literature estimates
of viral burst size and viral decay rates, and assuming
that viral production equals loss, an approach similar
to the procedure used by Jiang & Paul (1994). Based on
experiments with 3 phages in Texas, USA, coastal
waters, Suttle & Chen (1992) calculated the effect of
solar radiation on decay rates of marine viruses; their
estimate of a probable decay rate for viruses at 5 m
depth in clear water is equivalent to 10 % h™! averaged
over 24 h. Based on a review of the literature, Bersheim
(1993) estimated an average marine viral burst size of
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about 200. However, Fuhrman & Noble (1995) recently
estimated decay rates at 7 to 9% h~! and burst sizes of
about 20 in coastal Californian waters. In Villefranche
Bay at 5 m depth, viral concentration varied little,
around a value of 2 x 10® mlI~! (Table 1); if we use the
range of decay and burst size parameters from above,
and assume that viral production balances decay, net
viral production represents a bacterial loss rate of 2 to
0.14% h~. This type of calculation thus suggests that
virus-induced mortality could range from 7 to 100 % of
total bacterial mortality as obtained using 3H-thymi-
dine and *P-PO,. Combining even the low estimate
with the very low label loss (cold-TCA-precipitable)
observed among cells passing through a 0.6 pm filter
seems to suggest that the larger bacterial cells may be
the ones most susceptible to viral attack. However it
should be noted that viral dynamics are perhaps very
different in the NW Mediterranean (in terms of burst
sizes or decay rates) and/or that viral mortality may not
be measurable using declines in cold-TCA-precip-
itable material in these waters. In an investigation
including Mediterranean samples, Servais et al. (1989)
used 2 pm filtration and estimated from this that 20 to
90 % of the bacterial mortality rate was due to >2 pm
protozoans, i.e. 10 to 80 % due to viral loss if all loss in
the <2 pm fraction is attributed to viruses.

Both of the 2 measured loss rate estimates contain
potential errors. The loss rate based upon loss of
labelled P would primarily be expected to overestimate
the carbon loss rate if there is a preferential leakage of
P over the membrane. Such leakage of P is known to
occur in some bacterial species (Rosenberg et al. 1977)
and P leakage has been claimed to be an important
process in freshwater algae (Lean & Nalewajko 1976).
The method based on *H-thymidine would, on the
other hand, be expected to underestimate bacterial
loss rates if label was transferred from bacteria into
cold-TCA-precipitable material in viruses or protistan
predators, or into free but TCA-precipitable matter.
The former pathway would not be unexpected, since
label associated with bacterial DNA has been shown to
be released in the form of TCA-insoluble viral particles
(Servais et al. 1989). The agreement in estimates pro-
duced by the 2 methods, one of which is likely to give
an overestimate, the other an underestimate, strength-
ens our confidence that both methods gave a valid esti-
mate of bacterial decay rate in the incubated samples.
Both kinds of loss estimates are based on relatively
long incubation periods (24 and 40 h respectively).
This may in principle affect loss rates due to predation,
since protozoan populations may be suspected to
decline due to confinement in incubation bottles for
such long periods. As long as the mechanisms control-
ling viral lysis in natural populations are unknown
(Fuhrman & Suttle 1993), the effect of confinement in

bottles on this loss process is difficult to evaluate. The
coincidence between production estimates obtained
from relatively short incubations (1 h) and the decay
rate estimates suggests, however, that the relatively
long incubation times required to obtain the decay
estimates may not be too disturbing.

Transfer of P between fractions

The pattern of change in distribution of 3?P in the
bottle with cold chase (Fig. 2) suggests a simple flow
pattern dominated by a flux of P from orthophosphate
into bacteria and then a release into dissolved forms,
either directly as orthophosphate or indirectly as dis-
solved organic forms that are more slowly hydrolyzed
to orthophosphate. Mechanisms (not mutually exclu-
sive) leading to such a cycle could be (1) leakage or
excretion of P-containing compounds through the bac-
terial membrane, (2) bacterial loss dominated by viral
lysis releasing the P contained in bacterial biomass as
dissolved forms, or (3) a protozoan grazer population
with very low efficiency of P assimilation.

The similarity of turnover rates for *H-thymidine in
cold-TCA-precipitable material and of 3P in the bacte-
rial size fraction makes the first mechanism relatively
improbable, although theoretically an excretion of
DNA carrying both the thymidine-bound *H and the
32P out of the bacteria could occur. The second mecha-
nism is difficult to reconcile with our data, which show
little loss from 0.6 pm prefiltered samples. Mechanism
3 would require that a low, but not unrealistic, value be
assumed for the assimilation efficiency of P by bacter-
ial predators in the >5 pm size fraction.

If the numbers from the cold chase experiments are
used directly, the >5 nm fraction gained about 0.2 % of
total label h™!, which is about 10 % of the label lost from
the bacterial size fraction. Label in the intermediate
size fraction (1-5 pm) remained relatively constant.
One model explaining this pattern would be bacterial
predators >5 pm with an assimilation efficiency of 10 %
for phosphorus.

In general terms, the relationship between C and P
assimilation efficiencies can be derived as follows: the
amount of phosphorus excreted (AP.,.) per amount of
carbon consumed (AC.,) can be derived from the
mass balance requirement that the difference between
P taken up and P incorporated in biomass is excreted:

._AP& = (3) _(1_r)(£)
ACcons Clyp C p
Here, ris the fraction of carbon in the bacterial food
lost through respiration, and (P/C), and (P/C), are the

P:C ratios in bacterial and protist biomass. If f is the
fraction of P consumed that is excreted:
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f =

AP, (P )‘1 AP,
@

APCOIIS

b AC:cons

we obtain the relationship (1 — NP/IC) =1 - 1)(P/C),,.
Bacteria are known to have a high P:C ratio (Norland
etal. 1995). Assuming the bacterial P:C ratio, (P/C),, to
be twice that in protists, (P/C)y, a protistan carbon res-
piration coefficient of 0.8 is calculated from this rela-
tionship. This number may underestimate the in situ
assimilation efficiency, since the addition of cold
orthophosphate would be expected to lead to rapid P
uptake into the P-limited osmotrophic microorganisms
(Thingstad et al. 1993) thereby increasing the (P/C),
value. Assuming a doubling in (P/C), gives an esti-
mated C respiration coefficient of 0.6. In independent
measurements from the same site, the increase of par-
ticulate P in the bacterial size fraction following such
an addition of orthophosphate has been found to be on
the order of 40 to 60 % (Thingstad unpubl.).

The relatively crude technique of size fractionation
does not allow separation of the trophic groups within
the chlorophyll-containing size fraction, 1-5 pm. The
apparent slow turnover of P within this size fraction
may be real, but may also be an artifact caused by bal-
ancing of gain from predation on bacteria and loss
from predation by organisms in the size class > 5 pm. A
partial transfer of P via organisms in the 1-5 nm size
class would partly explain the low estimates given
above of efficiency in P transfer from the 0.2—1 pm size
class to the >5 um size class.

Chemical measurement of bioavailable orthophos-
phate (s) at low concentrations is inherently difficult.
This problem also affects the direct computation of the
orthophosphate uptake rate (v) from isotope uptake
data since this involves the formula v = s/T where T
is the orthophosphate turnover time obtained from iso-
tope uptake. However, knowledge of the decay rate
allows an independent estimate of v, and then an esti-
mate of s from s = vT, as follows: combining a decay
rate of 2% h~! with a bacterial P content of 23 nM (par-
ticulate P in the 0.2-1 um fraction) gives a loss rate of
approximately 0.5 nM h1, Assuming this to be in equi-
librium with a P uptake dominated by orthophosphate,
this is also an estimate of the bacterial orthophosphate
consumption rate. Using the initial (at 1 h incubation;
Fig. 2) distribution of about 20 % of the added label in
phytoplankton (>1 um) and about 40% in bacteria
(0.2-1 pm fraction), total orthophosphate consumption
can be estimated at v=0.75 nM h!. A total of 60% of
the label incorporated in 1 h corresponds to an ortho-
phosphate turnover time of T=-1 h/In(1-0.6) = 1.1 h,
corresponding further to a bioavailable orthophos-
phate concentration of s = vT = 0.8 nM. This is similar
to the estimate obtained for the brackish layer of a Nor-
wegian fjord (Thingstad et al. 1993). If there are other

sources for P uptake the estimate of bioavailable
orthophosphate will be even lower.

The model suggested from these measurements is a
P cycle which at times may be dominated by bacterial
uptake. The subsequent release of P through processes
representing the decay of bacterial cell components
and recycling appears to occur without major transport
upwards in the food chain. In this picture, P must be
linked to other elements of biogeochemical importance
through the stoichiometry in decaying bacterial bio-
mass. Such a structure of the P cycle must therefore
also have important consequences for the microbial
cycling of these elements.
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