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Time series data of phytoplanktonic and bacterial biomass during the ice retreat period at different latitudes
in the Weddell Sea and Prydz Bay areas show a distinct delay in the development of bacteria with respect
to phytoplankton. Use of a general ecophysiological model of bacterial growth, along with direct in situ
measurements of growth and mortality rates, allowed the simulation of the observed timing of bacterial
development. It is suggested that the uncoupling between phytoplanktonic and bacterial development at
the earliest stage of the spring ice-edge related algal bloom is not the result of the low temperatures
occurring in the Southern Ocean but rather is due to the macromolecular nature of the dissolved organic
matter released from phytoplankton.
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Introduction

That planktonic bacteria directly depend on phy-
toplankton in aquatic systems devoid of alloch-
tonous input of organic matter is now widely
recognized. Evidence for this statement is pro-
vided by the correlation which exists between
bacterial biomass and chlorophyll a concentration
(Linley et al. 1983; Bird & Kalff 1984) or between
bacterial production and both chlorophyll a con-
centration and planktonic primary production
(Cole et al. 1988), over a large range of temperate
and tropical aquatic environments. However, the
exact nature of the trophic relationship between
phytoplankton and bacteria is still a matter of
controversy. Exudation by algae of low molecular
weight photosynthates has long been considered
as the dominant dissolved organic carbon (DOC)
flux to heterotrophic bacteria (Larsson & Hag-
strom 1979; Wolter 1982; Mgller Jensen 1983).
Recently, however, Bjgrnsen (1989) suggested
that exudation should be interpreted as a passive
leakage of small metabolites across cellular mem-
branes and should represent no more than 1-
5% of phytoplankton biomass per day (0.0005-
0.002h~1), Other processes producing DOC
therefore probably account for an additional and
often dominant part of the organic matter transfer
to the bacterial compartment, as e.g. direct lysis
of phytoplankton cells (Jassby & Goldman 1974;
Billen 1984) or rapid diffusion from incompletely
digested fecal material of macro- or micrograzers
(the so-called sloppy feeding of Lampert 1978)
(Jumars et al. 1989). These processes mainly pro-

duce dissolved organic substances with high
molecular weight which require extracellular
hydrolysis before they can be taken up by bac-
terioplankton. For this reason, a looser coupling
between bacteria and phytoplankton can be
expected in situations where the latter processes
of DOC-supply are dominant rather than in situa-
tions where bacteria live mainly on algal exu-
dation products (Billen 1990).

How these 1deas apply to polar systems at low
temperatures is the subject of this paper. Con-
tradictory observations have been published in
previous literature concerning the role of bacteria
in Arctic and Antarctic marine ecosystems. Some
authors (Hodson et al. 1981; Azam et al. 1981;
Hanson & Lowery 1983; Hanson et al. 1983;
Sullivan et al. 1990) reported measurements of
bacterial activities in the Antarctic ocean of the
same order of magnitude as those observed in
temperate seas. They concluded that the
microbial loop performs a similarly important
role in the Antarctic marine system as in tem-
perate and tropical systems. On the other hand,
situations with high phytoplanktonic biomass and
low bacterial numbers and activities have been
reported in both the Arctic and Antarctic systems
(Kriss et al. 1969; Sorokin 1971; Mullins & Priddle
1987; Davidson 1985; Pomeroy et al. 1990).
Pomeroy & Deibel (1986) explained this by a
dramatic decrease of bacterial activity below 2°C,
while algae continued to be active at these tem-
peratures. This could explain the preservation of
DOC, which has sometimes been found in high
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concentrations in Antarctic waters (Bolter &
Dawson 1982). This organic matter would then
be exported to lower latitudes by deep oceanic
circulation (Sorokin 1971).

As observations of low bacterial activity most
often concern early spring situations, a possible
explanation reconciling these contradictory
observations may be that a time lag exists in the
response of bacterioplankton to algal develop-
ment. Only rather fine time-series observations
could confirm this hypothesis. Such time series are
difficult to obtain, however, for obvious logistic
reasons. In this paper we present such data on
phytoplankton and bacterioplankton develop-
ment obtained during the period of ice retreat in
two sectors of the Antarctic Ocean. We discuss
them in the light of a simplified ecophysiological
model of bacterioplankton development.

Biotopes and methods

The two data sets used in this paper result from
the participation of Belgian teams, in an Aus-
tralian cruise to Prydz Bay area (Marine Science
Voyage 7 of the Australian Antarctic Division on
board of the M/VNELLA DAN) and in the European
EPOS cruise to the Weddell Sea, on board the
R/V POLARSTERN Fig. 1). The Prydz Bay area was
first visited in mid-January 1987 by Joiris et al.
(1987) on board the R/v MARION DUFRESNE dur-
ing the French Indigo III cruise. At that time, the
position of the ice edge was about 65°S. From mid-
February to end-March 1987, the area between 62
and 66°S was free of ice. In the Weddell Sea area,
several successive transects along the mendian
49°W were sampled from mid-November 1988
to the beginning of January 1989. The ice edge
location varied during this period from about 60°S
to 61.5°S.

Chlorophyll a determinations were carried out
according to Lorenzen (1967). Conversion into
carbon biomass was made by using a constant C/
Chlorophyll a ratio of 30. This represents the
median value derived from comparison of chloro-
phyll a determination and algal carbon content
calculated from microscopic cell size deter-
mination using Edler’s (1979) formulas (Mathot
pers. comm.).

At most stations, samples were taken at 10, 20,
40, 60, and 120 m depth. The results reported here
are the means of the duplicate determinations
performed at the depths located in the upper
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Fig. 1. The two areas in the Southern Ocean where the data
sets discussed in this paper were collected.

homogeneous layer, as determined from the CTD
vertical profile (range 15-50 m). For only a few
stations, samples were only taken at 10 m depth.
In these cases the results reported are the means
of the duplicate determinations.

Bacteria were enumerated by epifiuorescence
microscopy after either acridine orange (Hobbie
et al. 1977) (Prydz Bay data) or DAPI staining
(Porter & Feigh 1980) (Weddell Sea data). Bio-
volumes were estimated on enlargements of
microphotographs. Conversion into carbon bio-
mass was done using the biovolume dependent
C/biovolume ratio proposed by Simon & Azam
(1989). Differences in the bacterial biomass val-
ues reported here for the Prydz Bay area with
previously reported values (Lancelot et al. 1989)
originate from the use of this new conversion
factor.

Bacterial production rates were measured
according to the >H-thymidine incorporation
method of Fuhrman & Azam (1982). 3H-thy-
midine was added at a final concentration of
10nmol 17!, a concentration shown saturating
for the process of incorporation. The uptake of
radioactivity in the cold TCA fraction was deter-
mined after 34 hours incubation. Empirical cali-
bration with cell number increase in 0.2 um
filtered seawater reinoculated with 2 um filtered
water (Riemann et al. 1987) was carried out sev-
eral times at both sites. The conversion factors



were 5.0-10° and 1.25-10° cells/nmol thymidine
incorporated in the Prydz Bay area and the Wed-
dell Sea, respectively.

Maximum growth rate of bacteria was
measured after addition of a mixture of amino
acids and monosaccharides in the following final
concentrations: glucose (4mg 17!), galactose
(4mgl™'), casamino acids (15mgl-'), am-
monium acetate (1.5 mg!~'), ammonium hydro-
genophosphate (2.5 mg17!).

Bacterial mortality was estimated according to
the method developed by Servais et al. (1985,
1989). The part of grazing in overall mortality
rate was estimated by comparing the mortality
rate of an untreated sample with a sample filtered
through a 2 um membrane and treated with a
colchicine and cycloheximide (concentration 100
and 200 mg1™!, respectively) (Becquevort et al.
unpublished data).

Results and discussion

Relationship between bacterial and
phytoplanktonic biomass

When plotted against each other, no distinct
relationship is apparent between bacterial and
phytoplankton biomass (Fig. 2a) as would be
expected in the case of a direct response of bac-
teria to phytoplankton. Data from successive
situations in the same area, however, describe
counterclockwise trajectories, indicating that
phytoplankton development precedes bacterial
response by about 15-30 days (Fig. 2b). This
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Fig. 2A. Bacterial biomass plotted against chlorophyll a values
in the Weddell Sea (@) and Prydz Bay (0O) area during the
period of ice retreat.
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Fig. 2B. Counterclockwise trajectories of bacterial and phy-
toplankton biomass values at 3 sites in the Southern Ocean.
The counterclockwise trajectories indicate a delayed response
of bacteria to algal development.
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delay in the bacterial response to phytoplankton
is quite clear in the Prydz Bay data set, which
shows a clear chlorophyll maximum in mid-Janu-
ary, while bacterial biomass peaks only about one
month later (Fig. 3). In the Weddell Sea data set,
a delay is also quite apparent in the response of
bacteria to the algal bloom which follows the
southward retreat of the ice edge (Fig. 4).

Growth and mortalitv rates of bacterioplankton

Specific growth rate of bacteria, as estimated by
the ratio between thymidine incorporation
measurements during 4 hours incubation at in
situ temperature and bacterial biomass, varied
between 0.05 and 0.001h~'. An immediate
increase of this growth rate was observed when
amending the samples with a mixture of amino
acids and monosaccharides at a final concen-
trationof 10 mgC 1 'andaC:N:Pratiocof 16:4:1
by weight. We considered that the value of the
specific growth rate measured with this amend-
ment represents the maximum growth rate of
the natural bacterial assemblage. Use of short
incubation times (4 hours) minimises the risk of
modifications in the bacterial populations.

Fig. 5 shows the value of this maximum growth
rate measured at different incubation tempera-
ture for samples from the Weddell Sea and the
Prydz Bay area. Also shown are the results of
similar measurements carried out in the Belgian
coastal zone of the North Sea (Billen 1990).
Clearly, the temperature range of the Southern
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Fig. 3. Temporal variations of chiorophyll @ (O) and bacterial
biomass (@) during the 1987 ice-retreat period in an arca off
Prydz Bay between 62 and 66°S.
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Fig. 4. N-S transects of chlorophyll a (O) and bacterial biomass
(@) values obscrved at different times during the 1989 ice retreat
periad in the Weddell Sea area (mceridian 49°W).

Ocean (-2 to +2°C) is suboptimal for bacterial
growth, in contrast to what is observed for phy-
toplankton growth (see e.g. Lancelot et al. 1989).
Nevertheless, when compared with the tem-
perature response of bacterial communities at
temperate latitudes, a remarkable adaptation to
lower temperatures is found in Antarctic bacteria,
with an optimum temperature 18°C lower with
respect to the former. Antarctic bacteria at nega-
tive temperatures are able to grow as fast as North
Sea bacteria in early spring conditions (8-10°C).

Measured rates of bacterial mortality in the two
areas studied are remarkably constant, varying
between 0.002 and 0.005 h™! in the range -2 to
+2°C. A clear effect of temperature on mortality
rate has been observed (Fig. 6). Grazing by proto-
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Fig. 5. Maximum specific growth rate of natural assemblages
of antarctic bacteria as determined by short term thymidine
incorporation measurement after amendment with direct mono-
meric substrates, as a function of incubation temperature. @ =
Prydz Bay; B = Weddell Sea. Also shown are the results of
similar determinations carried out on bacterial assemblages
from the Southern Bight of the North Sea (A).

zoans contributed to 22 to 100% of the total
bacterial mortality.

Modelling bacterial response to phytoplankton
development

In order to better understand the causes of the
delay observed in the bacterial response to
phytoplanktonic development in the Antarctic
ecosystem, we used an idealised model of bac-
terioplankton dynamics, described and justified
in details elsewhere (Servais 1986; Billen & Fon-
tigny 1987; Billen & Servais 1989; Billen 1991).
The basic assumption of this model is that bac-
terial growth rate is directly dependent on the
concentration of small, monomeric substrates,
while most of the DOC is under the form of
macromolecules requiring extracellular hydroly-
sis. Uptake of direct substrates is assumed to obey
an overall Michaelis-Menten kinetics (Parsons
& Strickland 1962; Wright & Hobbie 1965). A
constant fraction Y of the amount of substrate
taken up is used for biomass production, the
remaining part being respired (Servais 1986).
Extracellular hydrolysis of biopolymers was also
shown to obey a Michaelis-Menten kinetics (Som-
ville & Billen 1983; Somville 1984). Bacterial
exoenzymes are mostly attached to bacterial
envelopes and are present in constant amount
with respect to biomass (Fontigny et al. 1987).
Servais (1986) showed that it is possible to des-
cribe the bacterial utilisation of phytoplanktonic
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derived organic matter by assuming that it is made
of two fractions (H;, H,) with different sus-
ceptibilities to extracellular hydrolysis, hence dif-
ferent parameters of their Michaelis—-Menten
degradation kinetics. The process of bacterial
mortality can be represented, as a first approxi-
mation, by a first order kinetics (Servais et al.
1985).

The following equations can therefore be writ-
ten for describing the dynamics of bacterial
growth:

e H
dt | OmeH Ty RH, C P M)

dH o H

at | Smx i TRH, P2 2

s_. _H

dt  "™H, + KH,

+e i—B—b ——§—B+ 3
ZmaxH2 +KH2 maxS+ Ks psx ( )

dB S

— =Ybpw———B —kyB (4)

dt ™S + K
where

€imax» €2max are the maximum rates of polymers
hydrolysis per unit bacterial biomass;
are the half-saturation constants of
polymer hydrolysis;

KH,, KH,

pH;, pH; are the rate of production of poly-
mers through phytoplankton lysis;

Dnax is the maximum rate of substrate
uptake by bacteria,

K, is the half-saturation constant of sub-
strate uptake;

Y is the growth yield;

kg is the mortality constant;

Pex is the rate of production of direct

monomeric substrate through phy-
toplankton exudation.

The value of most of the parameters involved in
these equations has been determined experi-
mentally.

From the data shown in Fig. 5, the maximum
growth rate of bacteria (U.x), and its temperature
dependency can be estimated as follows:

Umar(T) = 0.18 h~1* {0.1 +0.9*

o {_(T - Topr)zﬂ ith Tope = 12°C
P T, - Topt. e T,=5°C
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Fig. 6. Grazing rate of natural bacterial assemblages of the
Weddell Sea (@) and the Prydz Bay (W) as a function of
temperature.

The value of Y, in the absence of nutrient
limitation, is generally close to 0.3 (Servais et al.
1987). b, is calculated as pp,,/Y. K, is taken
arbitrarily as 0.01 mgC 1™}, as this parameter does
not significantly influence the results of the cal-
culations.

The parameters characterising the rate of
exoenzymatic hydrolysis of macromolecules from
phytoplanktonic origin have been estimated as
follows, on the basis of experiments in which the
kinetics of bacterial degradation of a sonicated
and filtered algal culture is measured after inocu-
lation with a natural assemblage of bacteria (Ser-
vais 1986; Billen 1990):

€imax (Topr) = 0.75071, KH, = 0.1 mgC-1-*
Eamax(Top) = 0.25h™!, KH,=2.5mgC-1""

The same dependence to temperature (T) as
described above for wugy,, has been considered.

On the basis of experimental determinations of
the total mortality rate constant kg, the following
relationship  with  temperature has been
considered:

kg=0.004h™" +0.0005h™ " T.

On the other hand, it has been assumed that
organic matter is produced by phytoplankton
through two distinct processes: (i) exudation, pro-

ducing low molecular weight substrates (S) at a
rate proportional to its biomass (k. ); and (ii) lysis
and,/or sloppy feeding, producing high molecular
weight biopolymers of two classes of utilisability
(H,. H,) in a ratio 1:1. In the basic simulation,
k.x has been maintained at the lowest value sug-
gested by Bjgrnsen (1989) (0.0005 h™!). The rate
of DOC production through lysis or sloppy feed-
ing is the only adjustable parameter of the model.
Forcing functions for the simulation are the
observed variation of water temperature and
phytoplankton biomass.

Figure 7 shows that the general trends of the
observed bacterioplanktonic response to phyto-
plankton development both in Prydz Bay and in
the Weddell Sea can be satisfactorily simulated
with a single value of the first order rate constant
of macromolecular DOC production by phyto-
plankton (ki =0.004h™'). In particular the
mode! predicts a lag of about 10 to 30 days
between the peaks of algal and bacterial biomass,
as observed.

The rates of bacterial production calculated
by the model are compared in Fig. 8 with the
measured values. Agreement is generally within
a factor of 2, and again, the major trends of
geographical and seasonal variations are correctly
simulated. As the measurements of bacterial bio-
mass and production rates are quite independent
of each other, this overall agreement constitutes
a further validation of the model.

In order to obtain further insight into the factor
responsible for the time lag between phyto-
plankton and bacterioplankton, the effect of vary-
ing some parameters or forcing variables in the
model were tested. Fig. 9 shows the effect of
increasing the temperature to a constant value of
5°C: the timing of the bacterial development is
hardly modified. On the other hand, if the rate
k., of algal exudation of low molecular weight
DOC is increased (at the expense of the pro-
duction rate of macromolecular material, ki),
the model predicts a much more rapid bacterial
response.

Conclusion

Our observations in the Prydz Bay and Weddell
Sea areas have shown clearly that a significant
time lag exists in the response of bacterioplankton
to the early spring phytoplankton development.
Application of our model of bacterioplankton
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Fig. 7. Simulation of the seasonal variations of bacterial biomass
in response to observed phytoplankton development (dotted
curve) at different latitudes, according to the HSB model, for
a single value of the rate of phytoplankton macromolecular
DOC release (ky, =0.004h7!) and a rate of phytoplankton
exudation of 0.0005 h™'. The black dots represent the observed
values of bacterial biomass.
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dynamics, with measured values of the kinetic
parameters involved, suggests that this time lag
is not the result of a reduction of bacterial activity
due to low temperatures. The fact that DOC
produced by phytoplankton is mostly under the
form of macromolecular material requiring extra-
cellular hydrolysis before being taken up by bac-
terioplankton is a more likely explanation.
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The occurrence of a delay between phyto-
plankton and bacterioplankton development does
not, therefore, appear to be a specific feature
of polar systems. Accordingly. a similar, though
shorter delay in bacterioplankton response to the
spring phytoplankton bloom has been also
described in temperate marine ecosystems (Billen
1990; Billen et al. 1990).
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