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ABSTRACT: The concept that organic carbon is transported to the equatorial region at intermediate
water depths from subantarctic frontal zones has been re-investigated using the tritiated thymidine
method to determine rates of bacterial DNA synthesis in water masses of the Tasman Sea. There was a
higher bacterial growth rate and thus a higher flux of organic carbon through bacteria in the Antarctic
Intermediate Water (900 to 1000 m depth) than in the water masses immediately above or below in the
Tasman Sea east and south of Tasmania. Values for bacterial production were 4 to 8 pg C m™3d"},
which are equivalent to a consumption of about 3 to 6 pl O, 17! yr~! In the deeper layer at 1200 to
1500 m, rates were 3 to 4 times lower. These rates are compatible with other data on oxygen utilisation.
Our results support the concept that organic matter sinks with downwelling water in the zone between
the Subtropical Convergence and the Polar Front in the Southern Ocean and is advected towards the

equator below the photic zone.

KEY WORDS: Oceanic carbon cycling - Southern Ocean - Pacific Ocean - Bacteria

INTRODUCTION

In most conceptual models of oceanic carbon cycling,
a high proportion of organic carbon mineralisation to
CO, is shown to occur in the upper mixed layer and
usually less than 10 % of the organic matter sinks to the
deep ocean (e.g. Suess 1980). The organic matter that
sinks to the deep ocean and its subsequent mineralisa-
tion to CO, maintains a high concentration of CO, that
is oversaturated compared to surface waters in equilib-
rium with the atmosphere. The concept of a 'bioclogical
pump’ has been used to describe the processes by
which organic matter is transferred to the deep ocean;
it is complex and there are at least 3 different pro-
cesses leading to sedimentation (Longhurst 1991). The
proportion of organic carbon that is recycled in the
water column can vary considerably, and is influenced
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by many factors such as the species composition of
phytoplankton, diel migration of zooplankton, and
sources of nitrogen. The vertically sinking organic
matter is thought to be the main source of organic
matter for bacterial activity in intermediate and deep-
ocean water masses (Cho & Azam 1988, Karl 1988).

A different concept, proposed by Sorokin over 20 yr
ago from studies in the central Pacific Ocean, is that
significant amounts of organic carbon were trans-
ported at intermediate water depths from subantarctic
frontal zones (Sorokin 1971, 1977, 1978, Sorokin et al.
1985). His ideas have not been accepted, because the
methods he used to quantify bacterial production, and
thus carbon flux and oxygen utilisation, gave values
that were too high to be compatible with other data on
rates of oxygen utilisation (Banse 1974, Packard 1985).

Sorokin (1971, 1973) and Sorokin et al. (1985)
observed a band of high microbial productivity and
animal biomass in a layer of water lying 'at the upper
boundary of the Intermediate Antarctic waters' in the
Pacific and Indian Oceans. In the Pacific at the equator,
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the water mass with high bacterial activity was warmer
and shallower than at southern latitudes. Sorokin
found that this layer contained a stock of labile organic
matter that was only slowly mineralised in situ because
the temperature was too low for maximum activity of
the bacteria. Sorokin’s values for microbial production
in the central Pacific were 700 ug C m~3 d~! and in the
Indian Ocean of 70 to 300 ug C m~3d-!. These values
are equivalent to about 100 to 430 ml O, m™3 yr},
which are very high and have been questioned (Banse
1974).

If the only source of organic matter for the bacteria in
the deep ocean were particles sinking from the upper
mixed layer, then bacterial growth should decrease
continuously with depth as found by Cho & Azam
(1988). If Sorokin's hypothesis were correct, however,
then rates of bacterial growth rates and production in
the Antarctic Intermediate Water (AAIW) or in mode
waters should be greater than in overlying water
masses. We have reinvestigated Sorokin's hypothesis
in waters southeast of Australia, using modern tech-
niques for quantifying bacterial growth rates.

MATERIALS AND METHODS

Water was collected east of the continental margin of
Tasmania in July 1991 and south of the margin in Feb-
ruary 1992 in water columns ranging from the surface
through the AAIW (Fig. 1). The AAIW in the Tasman
Sea has varying properties, due to mixing of water
from different sources, and for the experiments
reported here, the core was characterised by the salin-
ity minimum and a temperature of 4 to 6°C (Tomczak &
Godfrey 1994).
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Fig. 1. Southeastern Australia, showing location of Stns 1, 2
and 3 off the coast of Tasmania. Exact locations are given in
subsequent figure legends

Water was collected with Niskin bottles on a rosette
sampler with sensors for conductivity, temperature and
depth. Water was siphoned from the Niskin bottles
with 13 cm diameter tubing to minimise disruption of
bacteria on particles. Preliminary samples of water
from various depths were incubated with different
concentrations of tritiated thymidine and for differing
periods of time to determine the optimum conditions
for measuring rates of DNA synthesis (Moriarty 1990).
A concentration of 10 nM was used, as it was found to
give no apparent dilution of radioisotope (Mornarty
1990). Four replicate subsamples of 50 ml from each
depth down to 900 m, and 100 ml samples below
1000 m, were incubated with 10 nM thymidine for 12 h
(0 to 200 m), 25 h (400 to 1000 m) or 30 h (1100 to
1200 m) at in situ temperature. Bacterial productivity
was calculated from growth rates (Moriarty 1990). Bac-
terial productivity is a measure of carbon flux through
the bacteria; it could be at least equivalent to and up to
3 times the productivity, depending upon the growth
efficiency and whether there was recycling within the
water mass (Moriarty 1989). Labelled DNA was
hydrolysed and counted separately from other macro-
molecules on the filters, which were also counted to
determine the proportion of tritium incorporated into
DNA compared to that incorporated into total macro-
molecules (Moriarty 1990).

At some stations, the growth of free bacteria was
compared to that of particle-bound bacteria by using
2 pm pore size filters to separate them from the total
bacterial community, which was collected on 0.2 ym
filters after incubation with tritiated thymidine.

A conversion factor of 1 x 10'® cells produced mol~!
thymidine incorporated into DNA was used to calcu-
late growth rates; the range of uncertainty with this
factor is mostly 2-fold (Riemann et al. 1987, Moriarty
1988). The average cell volume of the bacteria in all
waters was determined by microscopy to be 0.05 um?;
a carbon content of 20 fg cell™! was used in calcula-
tions (Lee & Fuhrman 1987). The precision of the
results was mostly better than +10% of the mean; a
1-way analysis of variance (ANOVA) and Least Signif-
icant Difference analysis was used to test differences
between means.

RESULTS

Bacterial productivity was generally an order of
magnitude or more lower in the water masses of the
thermocline at 400 to 600 m depth than in the upper
mixed layer (Figs. 2, 3 & 4). As predicted from
Sorokin's earlier work, however, bacterial productivity
in portions of the AAIW was greater than in water
masses at 400 to 600 m depth at 2 of the stations (Figs. 2
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& 3). At Stn 3, the bottom depth was only 1225 m and
the deepest sample was at 1150 m; at this station, bac-
terial productivity was greater in the upper portion of
the AAIW at 800 m than at 600 m (Fig. 3). At Stn 1, bac-
terial productivities were high and doubling times
short in the colder waters below the salinity minimum.
In these zones of high bacterial productivity in the
AAIW, the productivity was about 3to 5 pg C m=3d-!
and the integrated productivity would be about 1 mg C
m-2d-! in a water column 300 m thick. In the upper
mixed layer at this station, the integrated productivity
was about 90 mg C m~2d~!. At Stn 2, bacterial produc-
tivities were very low at 400 to 700 m, then increased
significantly (p < 0.01) at 800 m and just below the
salinity minimum at 1200 m {Fig. 3). The values were
about 8 ug C m3*d-!, whereas at 1500 m the produc-
tivity was only 0.4.

DNA accounted for 40 to 70 % of tritium incorporated
into macromolecules; thus it was necessary to separate
labelled DNA from other macromolecules on the filters
(Table 1). Bacterial population densities were always
greater in the upper mixed layer than in deeper
waters, and were greatest in surface waters in summer
south of Tasmania (Tables 1, 2 & 3).
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Fig. 2. Depth profiles of bacterial productivity, salinity and
temperature in the water column in February 1992 at Stn 1 on
the southern continental margin (44°42.9' S, 145° 58.05' E;
bottom depth 2789 m). Standard error bars for productivity (n
= 4) are shown, except where less than the size of the symbol
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Fig. 3. Depth profiles of bacterial doubling times, productivity,

salinity and temperature in the water column in July 1991 at

Stn 2 {41°14.2'S, 148°56.37' E; bottom depth 1888 m).
Standard error bars as in Fig. 2

Productivity (ug C m'3day'1) ——
0 8 16 24 32 40

[ T T T T 1

200

800
1000
1200 L
34.0 342 344 346 348 350 352 354
Salinity (°0) —
R . o

2 4 6 8 10 12 14 16 18 20
Temperature (°C) ---

Fig. 4 Depth profile of temperature, salinity and bacterial

productivity at Stn 3 (41° 15.16" S, 148° 48.06' E; bottom depth

1225 m). Standard error bars for productivity (n = 4) are
shown, except where less than the size of the symbol
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Table 1. Numbers of bacteria and bacterial doubling times and cell division rates in water, percent bacterial growth on particles

and labelled DNA as a percentage of total labelled macromolecules in July at Stn 2, Tasman Sea (see Fig. 3}. Means 1 SE are

shown; n = 12 for numbers, n = 4 for division rate. Within-sample variation in rates of DNA synthesis was 2 to 5% at each depth.
nd: not determined

Depth Total number Doubling Bacterial division rate Dividing bacteria DNA

(m) (x 10 m~3) time (mo) (no. cells dividing x 10* m~3 h}) on particles (%)
Total On particles (%)

10 3.24 £ 0.30 2 129+ 1.5 275+0.11 21 54
80 2.43 £ 0.07 1 13.6 +0.3 2.21+£0.02 16 50
200 2.10 £ 0.04 1 13.5+0.9 3.97£0.88 3 46
400 1.03 £ 0.008 11 0.7+0.08 0.23+£0.05 34 38
600 0.55 £ 0.003 5 0.7 £ 0.09 0.26 + 0.02 36 60
700 Sample lost 0.8+0.11 0.23 +0.04 29 53
800 0.29 + 0.001 2 1.2 +£0.08 0.65 + 0.04 52 59
900 0.25 £ 0.004 4 0.5+0.29 0.21 £ 0.06 42 54
1000 0.21 + 0.007 3 0.6 + 0.06 0.18 £ 0.02 29 44
1200 0.18 + 0.008 1 0.5 + 0.002 nd 58
1500 0.12 £ 0.005 7 0.15 + 0.005 nd 74

The doubling times for the populations varied
between water masses; it was fast in surface layers and
very slow below the mixed layer around 400 m depth.
Doubling times of the bacterial populations in the
AAIW were faster than in waters immediately above or
below (Tables 1, 2 & 3). At Stn 1, doubling times were
just as fast (1 mo) in the lower portion of the AATW
water mass as those of bacteria in the surface water;
they were also significantly faster in the water mass at
800 m than at 600 m (p = 0.01).

In the east coast waters, many bacteria were
observed by epifluorescence microscopy to be
attached to particles of around 20 to 50 pm diameter. A
considerable portion of the bacterial production
occurred on particles in the deeper layers, although
immediately below the photic zone at 200 m, only 3%

Table 2. Numbers of bacteria, doubling times and percent of
bacterial growth on particles in water at Stn 1 (see Fig. 2)
south of the continental margin of Tasmania in February
1992. Standard errors (n = 12) of bacterial numbers are shown

Depth Number  Doubling time Bacterial growth

{(m) (x 101 m %) (mo) on particles (%)
1 11.3+09 0.5 1
75 369+0.16 4 10
150 2.12£0.54 3 10
400 0.60 £ 0.89 9 <7
600 0.59 £ 0.03 19 70
700 0.50 £ 0.02 12 <2
800 0.41 £0.01 9 40
900 0.40 +0.02 13 <10
1000 0.28 + 0.01 2.6 <2
1100 0.35+0.02 4 3
1200 0.31 +£0.03 17 <2

of growing bacteria were attached to particles
(Table 1). At the southern station, however, less bacter-
ial growth was associated with particles, except at
depths of 600 and 800 m, where significantly (p = 0.05)
large proportions of growing bacteria were on parti-
cles (Table 2).

DISCUSSION

The exponential decrease in bacterial productivity
with depth to 400 m is expected if the source of organic
matter for the bacterial growth were particles sinking
from the photic zone (Cho & Azam 1988, Karl 1988).
However, bacterial productivities and growth rates
were greater in the AAIW than in the water masses
above at 400 to 600 m. This indicates that there was a
large pool of labile organic matter being oxidised by
bacteria in these subantarctic water masses. The most
likely mechanism that would explain its origin or

Table 3. Numbers of bacteria and doubling times in July at
Stn 3, east of Tasmania (see Fig. 4). Standard errors of bac-
terial numbers are shown

Depth Total number Doubling time
(m) (x 10" m~3) (mo)
10 1.51 £ 0.07 3
80 1.14 £ 0.04 2
200 1.09 +0.01 5
400 0.54 £ 0.006 7
600 1.09 + 0.009 18
800 0.42 + 0.002 3
1000 0.03 £ 0.001 6
1200 0.03 £ 0.001 18
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source 1s that the organic matter was sinking with
water masses at a convergence zone to the south, i.e. in
the subtropical and subantarctic frontal zones. The
highest bacterial growth rate occurred in the water
mass below the salinity minimum, which probably
originated a little south of the subantarctic front. Simi-
lar high rates of bacterial growth in the AAIW have
been observed just north of the subantarctic and sub-
tropical frontal zone in the Indian Ocean (Moriarty &
Bianchi 1994).

Our values for bacterial production are mostly lower
than those reported recently for the northern Pacific by
Cho & Azam (1988), who used similar techniques and
conversion factors. Their values for the upper mixed
layer were around 1 to 10 mg C m~3d~! compared to
0.03to 1.2 mg C m~3d~!in the Tasman Sea; at 400 m
depth, their values were 10 to 30 pg C m=3d-",
whereas in the Tasman we found values of 2 to 3 ug C
m=3d-%

Bacterial production, which is calculated from
growth rates determined from the rates of DNA syn-
thesis, is a measure of the carbon flux through bacteria.
The growth efficiency must be determined for an accu-
rate estimate of total carbon flux through bacteria, but
this is difficult to measure in situ. Efficiencies varying
from <10% to over 50 % have been reported (Payne &
Weibe 1978, Moriarty 1987). In a closed system, carbon
flux equals bacterial productivity when the growth
efficiency is 50%, whereas carbon flux is twice the
productivity in an open system, i.e. where there i1s no
recycling of carbon (Moriarty 1989). If nitrogen or
other nutrients are scarce, growth efficiency would be
lower, and more organic carbon may be converted to
extracellular polysaccharides, which are not included
in biomass determinations. Thus the values for bacter-
ial production give minimum values for rates of
organic matter cycling through the bacteria. In consid-
ering the water column ecosystem to be an open one,
we estimate carbon flux to be twice the values for bac-
terial productivity, and the values for oxygen con-
sumption (calculated from carbon respiration assum-
ing a respiratory quotient, RQ, of 1) to be equivalent to
productivity. A good correspondence has been found
for carbon oxidation rates in continental margin sedi-
ments at depths of 400 to 1000 m calculated both from
rates of DNA synthesis in bacteria and rates of oxygen
consumption determined from oxygen concentration
gradients (Moriarty et al. 1991).

In the AAIW, we estimate carbon oxidation rates to
be 6 to 16 pg C m~3d~!, and oxygen utilisation rates to
be 16t042 pg O, m>d™!' (2to 5ml O, m~> yr~Y. In the
deep water at 1500 m, carbon flux through bacteria is
about 0.9 pg C m~3d~" and oxygen utilisation would be
only 0.6 pl m= yr~!. These values for bacterial produc-
tion and oxygen utilisation are an order of magnitude

lower than those of Sorokin's (Sorokin 1978, Sorokin et
al. 1985).

Sorokin used a method for determining bacterial
production based on the incorporation of "“CO, into
organic matter in the dark, but this procedure does
not give accurate results, because there is not a direct
relationship between the various biochemical and
physiological processes leading to CO,; fixation and
cell division. Although his actual values were too high,
our results indicate that he was correct in concluding
that bacterial activity and the pool of labile organic
matter in intermediate waters was substantially more
than that likely to be due to vertical sedimentation of
organic matter. He suggested that the organic matter
was only slowly mineralised in transit because the
water temperature was low, until it reached the
warmer tropical regions and moved towards the sur-
face or mixed with warmer water en route (Sorokin
1978). Bacterial metabolic activity could have been low
not only because the temperature of the AAIW was
low, but because the bacteria may have been inhibited
by the increase in pressure after sinking to depths of
about 1000 to 1200 m at the frontal zone. Bianchi &
Garcin (1993) noted that when surface bacteria in the
Mediterranean Sea were compressed to a pressure
equivalent to a depth of 1100 m, rates of metabolic
activity decreased considerably. We did not have a
pressure vessel, but clearly more research is needed
with pressure control of the type used by Bianchi &
Garcin (1993).

The doubling times in the AAIW were comparable to
those in the surface waters in winter (Table 1). The
similar population density but faster doubling times of
the bacteria in the AAIW compared to overlying water
indicate that grazing animals were feeding on the bac-
teria at a greater rate in the AAIW. A high abundance
of flagellates was associated with the bacterial activity
in similar water masses in the Indian Ocean (Sorokin et
al. 1985). The bacterial productivity in the intermedi-
ate waters indicates that mineralisation of organic mat-
ter to carbon dioxide and inorganic nutrients occurs as
these water masses move from the formation region.
Thus budgets and models of carbon cycling in the
Southern Ocean will need to take into account this lat-
eral advection of primary production, if further work
shows it to be substantial.

Most growing bacteria in the oceanic water columns
have been reported to be living freely and not attached
to particles (Cho & Azam 1988). The high proportion of
growing bacteria attached to particulate material in
many of the samples at the east coast stations is in con-
trast with such data from the northern oceans, but is in
agreement with observations made by Sorokin in the
Central Pacific who reported 20 to 30 % of bacteria on
aggregates. There is a high concentration of organic
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matter that binds copper in these waters, especially in
the AAIW, it was interpreted as a biological phenome-
non associated with organic matter derived from the
Antarctic (Mackey 1986). As extracellular polysaccha-
rides from bacteria bind copper strongly, they could be
the copper-binding ligands observed by Mackey
(1986). Fine material that appeared to be slime or
mucus was observed under the microscope, and many
bacteria were embedded in it. It is possible that the
slime was derived from faecal matter or slime pro-
duced by animals in the water column, as deep-scat-
tering layers were prominent in the waters off the east
coast of Tasmania.

The differences in rates of bacterial production with
depth at the different stations indicate different spatial
and temporal origins of the water masses, e.g. at Stn 2,
productivities were greater at 800 and 1200 m than at
600 or 1100 m (Fig. 3). The origin of the AAIW in the
Pacific Ocean is not well understood, but it has been
suggested recently that it is formed mainly west of
South America and then some of it moves west in
the subtropical gyre; this meets older AAIW that is
advected from other formation sites to the west (Tom-
czak & Godfrey 1994). In the Tasman Sea, the west-
ward-moving water enters from the north and it meets
AAIW with a minimum salinity of <34.4%. entering
from the south. Variations in bacterial productivity in
the AAIW may indicate different origins (reflecting
seasonal or spatial variations in primary production
and bacterial communities dependent on it) and age of
the water mass in the AAIW. Older water masses
would have less bacterial activity due to exhaustion of
labile organic matter for bacterial growth. There is
greater bacterial productivity in the colder water
below the salinity minimum than in the water at the
salinity minimum (Figs. 2 & 3). This greater productiv-
ity indicates substantially greater availability of labile
organic matter than at the core of the AAIW. This sug-
gests that the core of the AAIW mass is older than that
at the lower boundary and, thus, that the deeper water
with greater bacterial productivity has been subducted
at or near the Polar Front closer to the Tasman Sea than
the rest of the AAIW.

Sorokin's suggestion that there is a pool of organic
matter moving under the upper layers of the oceans
from the Antarctic to the tropics is substantiated by the
data reported here, although more detailed experi-
ments and sampling stations are needed to delineate
the extent to which organic matter is advected. Further
support for his hypothesis is provided by 2 other stud-
ies. Firstly, Wangersky (1976} reported higher concen-
trations of particulate organic carbon in AAIW all the
way from the Southern Ocean to the Equator. Sec-
ondly, the water in the Peruvian upwelling originates
in the Equatorial Undercurrent and this is derived from

Subantarctic Mode Water (SAMW), which originates
from surface waters between the Subtropical Conver-
gence and the Polar Front in the Antarctic (Toggweiler
et al. 1991). Evidence for this is given by the low ratio
of MC:!2C in the waters of the Peruvian upwelling and
the SAMW We would predict that bacterial productiv-
ity, and thus the availability of organic carbon to het-
erotrophic bacteria, would be greater in the SAMW
than in surrounding water masses, because of the
recent surface origin of SAMW. It is possible that the
relatively high values for bacterial activity reported by
Sorokin in the Pacific related to SAMW, as the temper-
atures and depths at which he found greater activity
were above those where AAIW would be expected.
Bacterial productivity is higher in mode waters of the
Indian Ocean than in water masses above or below
(Moriarty & Bianchi 1994). The bacterial growth rates
would be influenced by the proportions of bacterial
populations mixed from recent and old water and also
by any organic matter derived from vertically sinking
particles.

The results reported here are only from a prelimi-
nary study, as the cruises were not planned around
these experiments. The results demonstrate, however,
that further studies of bacterial productivity in both the
AAIW and mode waters on a wider time and spatial
scale would be profitable. A series of measurements
could help determine rates of water mass movement
from seasonal or spatial variation in bacterial growth
rates and species composition, because these would
depend on the amount and nature of the organic mat-
ter being mineralised and the period of time since the
water was subducted. A study of the bacterial commu-
nity structure and productivity in vertical profiles from
the subantarctic to the Equator would be complemen-
tary to physical and chemical data in delineating water
mass origins and possibly rates of movement if sea-
sonal signatures are apparent. The paradigm that all
organic carbon is either recycled in the photic zone or
sinks vertically has to be changed to include the sce-
nario, at least in the southern oceans, that labile
organic carbon is advected horizontally for long dis-
tances and perhaps long time scales.
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