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ABSTRACT. Bacterial abundance, bacterial secondary production (BSP) a n d potential ectoproteolytic
activity (PEA) h7eremeasured at 6 stations along the Strait of Magellan, South America, toward the end
of summer 1995. Because of hydrological and climatic factors, 3 main areas could be identified in which
the bacterial component displayed specific characteristics. In the Pacific Ocean side, subjected to freshwater inputs from rainfalls and melting of glaciers, the bacterial activities showed the highest values
(BSP: 228.2 ng C I-' h-'; PEA: 12.2 nmol 1-' h-'). The bacterial biomass was greater than the phytoplanktonic biomass, probably d u e to organic inputs from land stimulating the bacterial growth. T h e
central part of the Strait demonstrated the lowest values (BSP: 32.6 n g C 1-' h-', PEA: 4.6 n n ~ o 1-'
l h-'),
although the ratio of bacter1'11b ~ o ~ n ato
s sphytoplanktonic biomass was greater than 1. In the third area,
the Atlantic Ocean openlng, subjected to strong tidal currents, BSP and PEA d ~ s p l a y e dhigh values, 80
to 88.7 n g C I-' h - ' and 11.7 nmol 1.' h-' respectively. Nevertheless, the ratio of bacterial to phytoplanktonic biomass was less than 1, like in eutrophic areas. O n the other hand, no impact of the tide
was noted on bacterial parameters. Considering all samples measured in the 0 to 50 m layer, although
BSP and PEA were positively correlated with bacterial abundance, the PEA to BSP ratio was negatively
correlated with the bacterial biomass (r = -0.72, p < 0.001,n = 22) This ratio could be a n indicator of
trophic conditions in the 3 subsystems of the Stralt.
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INTRODUCTION
The Strait of Magellan is a 550 km long channel
located in the South American subantarctic region
(52" 30' S, 69" to 74OW), between Patagonia and Terra
del Fuego, connecting the Pacific and Atlantic Oceans.
The Strait displays a complex topography including 2
sub-basins, a n abundance of bays, capes, islands,
openings of channels and fjords. Moreover, there are
irregular freshwater inputs due to precipitation and
melting of glaciers, and strong tidal currents in the
eastern part. Knowledge of processes in the Strait of
Magellan is mainly limited to hydrological studies
(Pickard 1971, Medeiros & Kjerfve 1988, Michelato et
al. 1991, Panella et al.. 1991) A Pacific origin of the
Strait of Magellan waters was observed by Glorioso
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(1987) and Saggiomo et al. (1994), whereas Pickard
(1971) suggested an Atlantic origin at least for waters
of the eastern parts of the Strait. High amplitudes of
tide, up to 8.4 m, recorded near the Atlantic entrance
suggest a strong influence of water from the Atlantic
Ocean (Medeiros & Kjerfve 1988, Michelato et al.
1991). Concerning the biology. most studies investigate the phytoplanktonic communities (Lembeye et al.
1978, Cabnni & Fonda Umani 1991, Uribe 1991, Saggiomo et al. 1994); regarding the bacterial component,
to our knowledge, only 1 study reports on bacterial
abundance (Bruni et al. 1993).
For their growth, bacteria can uptake only low molecular weight compounds able to cross the bacterial
cytoplasn~ic membrane. This process requires the
hydrolysis of large molecules that constitute the natural bulk of the dissolved organic matter (DOM). The
preliminary hydrolysis of these molecules is known to
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Fig. 1. Location of the sampling stations in the Strait of Maqellan

be a rate-limiting step for the growth of environmental
bacteria (Chrost 1991a). Thus, studies of bacterial
processes should include both bacterial production
and hydrolytic activities in addition to the biomass
determination (Hoppe et al. 1988). These 2 processes
are under environmental control and, in return, can
influence the functioning of the ecosystem (Chrost
1991b). Taking into account the 'bacterial paradox'
described by Chrost (1991a), the relative fluctuation of
bacterial secondary production, bacterial biomass and
potential ectoproteolytic activity can provide informations on the environment under consideration.
A cruise was carried out in the Strait of Magellan on
the RV 'Italica' toward the end of summer (25 March to
6 April 1995) within the framework of the Italian
National Research Program in Antarctica (PNRA). The
study was conducted along the Strait of Magellan from
west to east in order to identify the possible influence
of each ocean on the physical and biological characteristics of the investigated areas. In the present study we
investigated the zone-specific relationships between
bacterial parameters (i.e. bacterial abundance, production and ectoproteolytic activity) and physical and
chemical features, at 6 sampling stations characterized
by strong hydrological differences (Fig. 1). Moreover,
to estimate the possible effect of tide on bacterial
dynamics, repeated measurements were carried out at
a station subject to strong tidal currents from the
Atlantic Ocean.

MATERIAL AND METHODS
Location of stations and sampling. The western station (Stn 1) was located in the Pac~fic0penin.g (Fig. 1).

Still on the Pacific Ocean side of the Strait, Stn 2 and
Stn 4 were respectively located at the 2 extremities of
the Paso Largo area, a narrow channel implying strong
surface currents. Stn 6, located off Cape Froward (central part of the Strait of Magellan), was influenced by
the Pacific waters reaching this area through the Magdalena Channel. Both Stns 9 and 18 were located in the
Paso Ancho basin, the widest part of the Strait. Stn 9
was located in the central part of the Paso Ancho basin
while Stn 18 was close to the exit of a channel connected to the Atlantic Ocean and characterized by
strong tidal currents (Medeiros & Kjerfve 1988).Daily
samplings over a period of 3 d were carried out at Stn
9 for the study of the tidal effects.
Samples were taken towards the end of summer (25
March to 6 April 1995) by using a General Oceanic
rosette equipped with a set of 24 Niskin bottles. Sampling depths ranged betwen surface and 755 m. Measurements of enzymatic activity and bacterial production were performed at in situ temperature (8 + 1°C)
within 1 h after sampling.
Bacterial abundance and bacterial biomass. Immediately after sampling, 50 m1 of seawater was preserved with 0.22 pm pore size filtered buffered formalin (2% final concentration). In order to prevent
reduction of counts due to storage (Turley 1993, Gundersen et al. 1996), slides were prepared aboard the
research vessel within 4 h after sampling. Cells were
collected onto a 25 mm diameter black polycarbonate
Nuclepore membrane (0.2 pm pore size) and stained
with DAPI ( 4 ' ,6-diamidino-2-phenylindole) (Porter &
Feig 1980). Slides were kept at -20°C until they were
counted. Forty random fields per slide were counted
with an Olympus BHA epifluorescence microscope
coupled to an image analysis system (Van Wambeke
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1988) Bacterial numbers were converted to carbon
equivalents by using a converslon factor of 20 fg C
cell-' (Lee & Fuhrman 1987)
Bacterial production. Bacterial secondary ploduction (BSP) was determined by the L-[4,5 3H]-leuc~ne
incolporation method (IGrchman et a1 1985), using a
cold tlichloroacetic acid (TCA) treatment followed by a
cold ethanol \vash step (Wlcks & Robarts 1988) Tripllcate watei samples of 40 m1 including 1 TCA-killed
blank, were incubated with 3 nM of L-[4,5 3H]-leucine
(Amersham 131 C1 mmol-l) and 30 nM of unlabelled
leucine (Sigma) for 2 h Prevlous experiments indicated that this concentration (33 nM of total added
leucine) was sufflclent to obtain maximum uptake
rates Incubatlons were stopped by the addltion of
TCA to a final concentlation of 5 % The samples were
filtered onto 0 22 pm cellulose acetate fllters, nnsed
4 times wlth 3 m1 of ice-cold 5"; TCA and twice with
2 m1 of ice-cold 80% ethanol The dried fllters were
then placed in scintillat~onvials and dissolved with
1 m1 of ethyl acetate Then 5 m1 of santillation cocktail
(PCS Amersham) was added to each vlal and radioactiv~tywas determined on board using a Packard 1600
Tr liquid scintillation counter Quenching was corrected by extelnal standards L-[4 5 'H]-leucine incorpoiation \was converted into bacterial net carbon production by an empirical converslon factor of 3 0 kg C
n ~ o l (Simon & Azam 1989 Bjornsen & Kupannen
1991)
Ectoproteolytic activity. The potent~alectoproteolytic activity (PEA) was e s t ~ m a t e dby measuring the
hydrolysis rate of L-leucine 7-amldo-4-methyl coumarin (leu-MCA, Sigma), which competes well with
easily d e g ~ a d a b l e natural peptldes (Chrost 1991b)
Three 20 m1 subsamples (2 replicates and 1 autoclaved
control) were used per sample The leu-MCA, dissolved in ethylene glycol monomethyl ether was
added to a 200 pM final concentration (experimentally
verlfled saturated concentration) Upon hydrolysis, the
leu-MCA releases the highly fluorescent product
7-amido-4-methyl coumarln (MCA) (Hoppe et a1
1988) The Increase in fluorescence with time was
monitored over 2 h using a Hoefer TKO 100 fluororneter (excitation 365 nm, emission 460 nm) The avelage
dlffelence between the 2 replicates was less than 10%
A standard curve was obtained with a range of MCA
concentrations
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lowest values were typical of the central part of the
Strait (Stn 6; BSP: 32.6 ng C 1 - I h-'; PEA: 4.6 nmol 1-'
h-') (Table 1). In the Paso Ancho basin, intermediate
values were recorded for BSP (80.1 and 88.7 ng C I-'
h-', Stns 9 and 18 respectively), whereas values for
PEA were similar to Stn 1 (11.7 nmol 1-' h-',Stn 9)
At all of the stations except Stn 18, BSP and PEA
showed similar vertical profiles, characterized by
decreasing values of activity from the surface to the
deeper layers (Fig 2 ) . At the shallow Stn 18, the maximum value was measured in the deepest layers
(50 a n d 80 m ) , probably because of a positive stimulation by the sedlment on bacterial activities (Flg. 2).
The BSP and the PEA vertical profiles were closely
parallel and showed a high positive correlation ( r =
0.88, p < 0.001, n = 51) (Table 2). This coupling
between ectoproteolytic activity and bacterial production is expected to increase the efficiency of organic
matter utilization by bacteria in aquatic ecosystems
(Somville & Billen 1983, Chrost 1991a). The BSP values were also closely correlated to chlorophyll a (chl a )
concentrations (r = 0.84, p < 0.001, n = 51). The phytoplanktonic biomass was calculated by applying a C to
chl a ratio of 50 (Redalje 1983) to chl a data measured
during the same cruise by Carrada et al. (1996).Chl a
concentrations were also correlated with PEA, and
inversely correlated with the concentrations of monomeric compounds, i.e total free amino-acids (TFAA)
(Table 2). On one hand, chl a is a good indicator of the
phytoplanktonic biomass, and on the other hand, most
of the organic compounds produced by phytoplankton
have a polymeric structure, thus, the relations

Table 1 I\/laxlmum surface or subsurface values of different
parameters Data for Stn 9 are the mean of 3 sampllngs in d ~ f ferent tidal c o n d ~ t ~ o (data
n s In parentheses are the extleme values) BSP bactellal secondary production, PEA potential ectol
GR growth rate
proteolytic activity, BA b a c t e ~ l a abundance,
Stn

BSI?

(ng C
l

h-')

PEA
(nmol
l h )

BA
( l o 5 cells
n1l-'1

GK
(d. )

PEA/BSP"

0 19
0 09
0 12
0.04
0 13

3.8
13 7
14 8
10.2
10 5

-

P

12 2
10 3
11.8
4 6
11 7

14.3
7 1
58
10.5
97

( 9 b.15 6) (8.1-15 3 ) (0.10-0 17) (8.3-13 G )

82

RESULTS
By considering the surface (0 to 50 m ) layer of the
water column, both the BSP and the PEA showed
the highest values at the western station (Stn 1; BSP228.2 ng C 1-' h-'; PEA: 12.2 nmol 1-' h-'), while the

13 0

0 08
(0 22")

6.6

"For the deepest sample (80 m )
"For the ratio calculatlon, PEA are expressed In the same
unlts as BSP, n g C 1-' h-', assuming 1 molecule of leucine
IS released from each enzymatic cleavage
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105 cells ml-'1. As for the rates of bacterial
activities, bacterial numbers decreased
with increasing depth (Fig. 3) Because of
the different patterns of vertical distributions of BSP, PEA and bacterial abundance
at the different stations, integrated values
were calculated for a 0 to 50 m depth layer
(Fig. 4). The maximum values of integrated
BSP were found in the Paso Ancho basin
(3.89 a n d 4.84 mg C m-' h-' for Stns 9 and
18 respectively) and in the Panfic opening
(5.22 mg C m-2 h-', Stn 1).Between these 2
extremities of the studied zone, lower BSP
rates were observed in the Paso Largo area
(Stns 2 and 4) a n d in the central part of the
Strait, near Cape Froward (Stn 6). Bacterial
biomass had similar spatial distributions,
except at Stn 6, which showed a higher
abundance of bacteria than in the other stations of the central area (Fig. 4). The distribution patterns of integrated PEA and BSP
did not show a CO-geographicaldistribution
at all the stations. High PEA was concomitant with high BSP in the Paso Ancho basin
(Stns 9 and 181, whereas at the Pacific border (Stn 1) low PEA a n d high BSP were
simultaneously recorded (Fig. 4). For this
period of the austral summer, the bacterial
biomass at Stns 1 and 6, estimated using a
conversion factor of 20 fg C cell-' (Lee &
Fuhrman 1987), exceeded the phytoplanktonic biomass (from Carrada et al. 1996)
(I
.I
X
11
6
IL
I 11
(Fig. 4).
HI
Bacterial abundances, BSP a n d PEA
were measured in high, low and mid-tide
conditions at Stn 9 in the Paso Ancho basin
(Fig 5), where tides of very high amplitude were recorded by Medeiros & Kjervfe
(1988) and Michelato et al. (1991). Whatever the tide conditions, the salinity a n d
temperature profiles (G. Budillon pers.
"" " comm.) as well as profiles of BSP (Fig. 5)
. Y I ~9~
were similar The profiles of bacterial
Fig. 2. Depth distr~butionsof bacterial secondary production (BSP) and
variaabundance and PEA
potential ectoproteolytic actlvity (PEA). Stns 9.9C and 9E:conditions of
low t ~ d ehigh
,
tide, and mid-tide respectively
tions with time, but they could not be
related to the ti.de. The peripheric circulation of currents around the Paso Ancho
basin (data from current meters deployed during the
between chl a a n d bacterial enzymatic activity were
easily understandable (Lancelot & Billen 1984,
cruise; G . Budillon pers. comm.) may explain the
Fuhrman et al. 1985, Chrost et al. 1989).
weak influence of tidal currents on physical, chemical
The distributions of bacterial densities in the surface
a n d bacteriological parameters at Stn 9. Further
investigations with several tidal cycles covering a
layers were similar to those observed for BSP and PEA
wider area of study need to be undertaken to better
at all stations (Fig. 3). The hlghest bacterial counts
define the possible influence of the tide on the funcwere measured at both extremities of the Strait (Stn 1
14.3 X 1Okells ml-l, maximum value, a n d Stn 18: 13.0 X
tioning of the ecosystem.
PEA (0)
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Table 2 Spearman's rank correlation between different pdrdmeters Correlation coefflclents (Spearman's rhos) shown, with n = 51 (excepted correlation wlth TFAA and T O C , n = 37) a n d " ' p < 0.001, ' ' p < 0.01, ' p <
0.1 BSP: bacterial secondary production; PEI\: poter~lialectoproteolytic
activity; BA: bactt,rial abundance; TOC: total organic: carbon; POC: particulate organic carbon; TFAA: total free amino-acids; Sal: salinity. T O C a n d
TFAA values from R. Sempere et al. (unpubl.). PO(' values from Povero e t
al. (1996)
BSP

PEA

BA

PEA
0.88"'
BA
0.74 " ' 0.66"'
TOC
0.32'
0.54"
0.46"
POC
0.91"'
0.86"'
0.70"'
TFAA -0.01
-0.14
0.14
Chl a
0.84 " ' 0.80"'
0.65"'
Sal
0 . 8 5 " ' -0.80"' -0.80"'

TOC

POC

0.36'
0.15
0.38'
-0.59"

-0.08
0.90"'
0.82"'

Bacterial abundance

(

1 0 ' cell

TFAA

-0.40'
-0.07

Chl a
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DISCUSSION

Proceeding eastwards from the Pacific
entrance of the Strait of Magellan, in the 3
subsystems identified by land and sea
forcing factors, the bacterial populations
displayed specific characteristics: (1) the
zone of the Pacific opening (Stn 1) with, in
surface water, high bacterial abundance
and production but with relatively low
ectoproteolytic activity; (2) the Paso
Largo/Cape Froward zone (Stns 2, 4 and
6) with low bacterial abundance and

-0.77"'

BSP

rill-0

PEA

Stn I

Stn L

Hactcrial ( W ) and phytoplankton (D) hiurnasses
IJllll

-7
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1

2

.

4
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1

8

Stations

Fig. 3. Depth distributions of bacterial abundances. Values for Stn 9
a r e mean of 3 samplings in different tidal conditions

Fig. 4. Spatial distributions of integrated values of
BSP. PEA, a n d bacterial biomass a n d phytoplankton
biomass (values a r e integrated for 0 to 50 m layer)
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Fig. 5. Depth dlstr~butions

of BSP, PEA and bacterial
abundance at Stn 9 in low
tide (+), hlgh tide (0)a n d
mid-tide ( V ) conditions

activities; (3)the Paso Ancho zone (Stns 9 and 18) with
high bacterial abundance and activities.
At the Pacific opening, the high negative correlations between salinity and other parameters (Table 2)
indicated a strong influence of freshwater inputs. At
Stn 1, a drastic drop of bacterial and chemical parameter values was correlated with a sharp halocline from
27.3 in surface water to 33.2 at 150 m (G. Budillon pers.
comm.) (Fig. 6a). According to Panella et al. (1991),the
superficial freshwater originated from heavy ralnfalls,
characteristic of the western part of the Strait (maximum of 5090 mm yr-'; Pickard 1971),and from the iceedge of the Andean glaciers. Previous studies in this
sector demonstrated that freshwater run-off could supply degradable pigments (Saggiomo et al. 1994).Probably due to these freshwater enrichment effects, the
water column of Stn 1 was characterized by the largest
organic fraction of total particulate matter (98%;
Povero et al. 1996, data from the same cruise), by the
highest concentration of total free amino-acids (TFAA)
and by a clear decrease of total organic carbon (TOC)
from 1.21 mg 1-' In surface water to 0.84 mg 1" at 120 m
depth (R. Sempere et al. unpubl.).Concomitantly, high
BSP was coupled with relatively low PEA values.
These chemical and biological characteristics could
reflect the presence of an organic matter bulk which
had already undergone the first steps (ectoenzyme
hydrolysis) of degradation. The dominance of bacterial
over phytoplanktonic biomass (Fig. 4 ) is usually characteristic of oligotrophic conditions (Simon et al. 1992),
meanwhile in this Pacific opening area, such a ratio is
due to the extra supply of organic matter by freshwater
inputs favouring heterotrophic processes.
At the Pacific opening, the bacterial production was 3
times higher than in the central area (Paso Ancho),
while the PEA values were similar both at the Pacific
opening and in the Paso Ancho area. The high variability of the PEA to BSP ratio for the surface samples from
the different stations may show the relative importance
of each step involved in the bacterial process of degradation of the organic matter bulk, i.e. ectoenzvmatic
hydrolysis of polymers-uptake of monomers-bacterial production, along the Strait. At the Pacific opening,

a PEA to BSP ratlo of 3.8 was 2 to 4 times lower than
those measured at the other stations (Table l ) , demonstrating a relatively low ectoenzymatic activity. At the
same time, the highest growth rate (0.19d-l) for bacterial popul.ation was recorded in this area (Table 1).Most
of the ectoenzymes produced by bacteria are inducible
catabolic enzymes, whose synthesis is under the control
of the repression/induction mechanism and therefore
strongly correlated to the influx of polymeric com-
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Fig. 6 . Depth distributions of BSP (+l, PEA (0)a n d salinity
(----l
( G . Budillon pers, comm.) ( a ) at the Pacific opening
(Stn l ) ,( b ) at the Atlantic openlng (Stn 18)
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pounds, and/or to the availability of readily utilizable
organic matter (Chrost 1990). Miinster (1991) showed
that high PEA is correlated with low dissolved free
amino-acid concentrations. In our study, the highest
concentration of TFAA was measured In the surface
waters of Stn 1 located on the Pacific side of the Strait
(192 nM; R. Sempere et al. unpubl.).Consequently, d u e
to this high concentration of r e a d ~ l yutilizable nutrients,
there was no need for a n enhanced ectoenzyme synthesis. The low PEA combined with the high BSP measured in this Pacific area were in accordance with the
environmental parameters describing organic matter
which has already undergone the early stage of mineralization (i.e. the hydrolysis step), or which was originally rich in monomeric organic compounds available
for bacterial growth.
Although BSP and PEA were positively correlated
with bacterial abundance (Table 2), the PEA to BSP
ratio was negatively correlated with bacterial abundance (r = -0.72, p < 0.001, n = 22) (Fig. 7 ) . Several
mechanisms could be involved to explain this negative
correlation. (1) There is a lack of knowledge concerning the proportion of 'active' bacteria in natural communities (Grossman 1994, Zwelfel & Hagstrom 1995,
Bianchi & Giuliano 1996, Lovejoy et al. 1996); (2) it
remains to be shown whether ectoenzymatlc activlty
and BSP are medlated by the same organisms; (3) a low
bacterial abundance may result either from a low substrate availability or a hlgh predation pressure; and
(4) if bacteria are comnlonly considered to be responsible for ectoenzymatic activity (Hoppe 1983, VivesRego et al. 1985),recent studies suggest a possible role
of protozoa due to their grazing activity on bacteria
(Karner et al. 1994, Karner & Rassoulzadegan 1995). In
fact, a high proportion of free ectoenzymes could be
the by-product of bacterial mortality due to protozoa
grazing and thus explain the inverse relationship
between the PEA to BSP ratio and bacterial abundance.
Another explanation for low bacterial abundance
could be a limitation by resources. When easlly utilizable monomers are lacking, ectoenzymatic hydrolytic
processes could be favoured in order to increase the
utilization of available substrates at the expense of
growth processes. From a physiological point of vlew,
energy used for bacterial metabolism would be
monopolized for ectoenzyme synthesis rather than for
cell production. Thus, to bypass the substrate limltatlon, bacteria would produce ectoenzymes at a higher
rate, as suggested by Chrost & Rai (1993) After all, the
correlation observed between bacterial abundance
and PEA to BSP ratio could be specific of the peculiar
conditions encountered in the Strait of Magellan (i.e.
freshwater inputs). Thus, a concomitance of a high
bacterial abundance and a low PEA relative to BSP
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Fig. 7 Plot of p o t e n t ~ a lectoproteolytic activity to bacterial
secondary product~onratio (PEA/BSP) vs bacteria abundance
in the euphotic zone

could be explained by the different mixture of organic
matter sources. Consequently, the PEA to BSP ratlo, as
directly correlated wlth the bacterial abundance,
appeared to be a reliable indicator of the trophic conditions in the different areas of the Strait.
The Paso Largo and Cape Froward zones (Stns 2, 4
and 6) presented similar integrated BSP, lower than
those of neighbouring zones (Fig. 4). In spite of these
low rates of bacterial production and ectoproteolytic
activity, the central part of the Strait of Magellan
(Stn 6) was characterized by a bacterial biomass 2
times greater than the phytoplanktonic biomass,
demonstrating an oligotrophic trend in comparison
with other studied stations (Cho & Azam 1990, Simon
et al. 1992) (Fig. 4). Indeed, this section of the Strait has
been shown to be oligotrophic, probably because of
specific hydrological features (Saggiomo et al. 1994,
Saggioino pers. comm. for the present cruise). This
area is subnutted to strong vertical mixing connected
with the tidal front of the eastern area inducing a
honlogeneous physical and chemical structure of the
water column (G. Budillon pers. comm.).Moreover, the
presence of the Carlos 111 Island sill, in the western
boundary of this area, prevents the entrance of
enriched waters from the Pacific opening (h4edeiros &
Kjerfve 1988, Mazzocchi et al. 1995, G . Budillon pers.
comm.).The bacterial abundance and bacterial growth
rate of this central area were also the lowest values in
the Strait (Table 1, Fig. 3), except Stn 6 displaying high
bactellal abundances at 190 nl depth. Such increased
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bacterial abundance did not correspond to an)increase of bacterial activities. At Stn 6, a warmer and
more salted tvater current was identified at the same
depth (190 m) as incoming Pacific waters through the
Magdalena channel (Artegiani & Paschini 1991, Saggiomo et al. 1994, G. Budillon pers, comm.).
The Paso Ancho basin (Stns 9 and 18) demonstrated
eutrophic features, as already described by high chl a
concentrat~ons(2 mg m-3), high primary production
values (6 mg C m-3 h-') (Magazzu et al. 1991, Saggiomo et al. 1994) and the highest particulate organic
carbon concentrations of the Strait, i.e. 150 pg 1-' at
Stn 9 (Fabiano et al. 1991, Povero et al. 1996).Bacterial
activities and biomass were also highest (Fig. 4). In
contrast to the classical vertical profiles of bacterial
activities in the Strait of Magellan, Stn 18, in the northern part of the Paso Ancho basin, showed the highest
values of BSP and PEA in the deepest samples. Due to
the shallow bottom (82 m), its location at the vicinity of
a channel opening to the Atlantic Ocean and the
resulting strong tidal currents (up to 4.5 m S-';
Medeiros & Kjerfve 1988), Stn 18 showed a mixed
water column confirmed by the homogenous vertlcai
distributions of salinity (Fig. 6b). Sediment resuspension due to tidal currents could be an intermittent
source of inorganic nutrients and organic matter for
the microbial communities of the water column (Rowe
et al. 1975), and could provoke strong ectoenzymatic
bacterial activities (Chrost & Riemann 1994).
Table 3 shows that bacterial abundances and BSP
values measured in the Strait of Magellan were higher
than those from the Weddell Sea, collected during the
same season of study (Cota et al. 1990),and from a subantarctic zone (SAZ), approximately at the same latitude (45" to 52OS), in the Indian sector of the Southern
Ocean (Talbot 1995. Moriarty et al. 1997, Talbot &
Bianchi 1997) or other regions of the Southern Ocean
(Cota et al. 1990, Ducklow & Carlson 1992). With values of bacterial densities exceeding 106 cells ml-l, the

waters of the Strait of Magellan appear closer to temperate or tropical offshore, or even coastal, than to
Antarctic waters (Cho S1 Azam 1990, Cho et al. 1994,
Caron et al. 1995).
High values of BSP (e.g. 279 nmol C 1-' h-') were
recorded in the oligotrophic Southern Ocean, near the
ice-edge (Gillespie et al. 1976, Hanson et al. 1983, Cota
et al. 1990, Sullivan et al. 1990).Such values are of the
same order as those we measured in the superficial
waters of Stn 1 (228 nmol C 1-' h-'). Several studies in
the Southern Ocean have shown that the melting ice
may seed the water column by releasing DOM and
nanoplankton and thus, the ice-edge system constitutes an important area for enhanced bacterial activity
(Ackley et al. 1979, Smith & Clement 1990, Talbot
1995).Similar favourable mechanisms could be considered for the Pacific opening of the Strait of Magellan
(Stn l ) ,characterized by low salinity and high bacterial
activity. In contrast wlth bacterial abundance and production values discussed above, all PEA values from
coastal subantarctic areas were surprisingly similar to
those measured in oligotrophic open ocean areas
(Table 3). The values of PEA we measured in the Strait
(4.5 to 15.6 nmol 1-' h-') were equivalent to those
observed by Christian & Karl (1995) during several
cruises in the Southern Ocean (mean of 10.8 nmol 1-'
h-') and by Talbot (1995) in a subantarctic zone (5.9 to
16.1 nmol 1-' h-'). The higher PEA activities (21 to
78 nmol 1-' h-') found in the same subantarctic zone by
Talbot & Bianchi (1997) could be explained by a seasonal variation (March and May respectively).
Due to the lack of studies on bacterial activities concerning the coastal ecosystems of subantarctic zones,
our nearshore data are compared to offshore data. We
have to keep in mind that nearshore marine environments are expected to receive significant inputs of
allochthonous organic matter. Nevertheless, by showing similar PEA rates, the waters of the Strait of Magellan seem to be weakly influenced by terrestrial poly-

Table 3. Estimates of bacterial abundance (BA), secondary production (BSP),growth rate (GR) and potential ectoproteolytic activity (PEA). Values are given as the ranges of observations for the euphotic zone or for depth < l 0 0 m , nd: no data. SAZ: subantarctic zone
Site and time

BA
(105cells ml-l)

Indian Ocean Sector SA2 (45" to 52's)
March
4-6
3-6
May
Weddell Sea
March
Strait of Magellan
March

BSP
(ng C 1-' h-')
10-21
1-4.3

GR

K-')

PEA
(nmol I-' h-')

Source

Talbot (19951
Mor~artyet al. (1997).
Talbot & Bianchi (1997)
Cota et al. (19901
This study

Talbot et al.: Bacterial abundance, production and ectoproteolytlc act~vity

merit organic matter inputs but strongly influenced by
freshwater inputs rich in monomeric compounds
enhancing the bacterial growth.
In conclusion, specific sets of bacterial parameters
could be described for each of the 3 subsystems identified in the Strait of Magellan. The zone of the Pacific
opening receiving freshwater inputs via rainfalls and
melting of the ice-edge of glaciers showed high bacterlal abundances in surface water, leading to a bacterial
to phytoplanktonic biomass ratio higher than 1 The
low ectoproteolytic activity associated with the bacteria of this area was probably a consequence of the
nature of the external organic matter inputs. In the
central part of the Strait, the Paso Largo/Cape Froward
zone, bacterial parameters had the lowest values of
this study, and the bacterial to phytoplanktonic biomass ratio was greater than 1, suggesting a n oligotrophic trend in this area. The eastern side, corresponding to the Atlantic opening, was the Paso Ancho
zone. In this shallow area, under the influence of
strong tlde currents, the highest values of bacterial
parameters were measured. The ratio of bacterial to
phytoplanktonic biomass was less than 1.
Acknowledgements. This research was supported by the
Italian National Programme for Antarctica (PNRA) funded by
the Itallan Government and by CNRS/INSU (France). We
thank Drs G. Budillon, F. Galeotti, G. Tangaro and V. Sagglomo for providing unpublished data which helped us to
understand the functioning of the Stralt of Magellan ecosystems. We a r e grateful to the Captain and the creiv of the RV
'Itallca' for their efficient and cordial ass~stance.W e thank
J . P Torreton for helpful suggestions, R Sempere and A.
Bianchi for cntical comments on the manuscript. We also
thank T Chinula for proof-reading the English.
LITERATURE CITED
Ackley SF, Buck KR, Taguchi S (1979) Standlng crop of algae
in the sea ice of the Weddell Sea region. Deep Sea Res 26:
269-281
Artegiani A, Paschini E (1991) Hydrological characteristics of
the S t r a ~ t sof Magellan: austral summer 1990/1991 (February-March 1991).Mem Biol Mar Oceanogr 19:77-81
Bianchi A, Giuliano L (1996) Enumeration of viable bacteria in
the m a n n e pelagic environment Appl E n v ~ r o nMicrobiol
62.174-177
Bjornsen PK. Kuparinen J (1991) Determlnat~onof bacterioplankton biomass, net production a n d growth efficiency in
the Southern Ocean. Mar Ecol Prog Ser 71:185-194
Bruni V. Crisafi E, Acosta Ponlar ML, La Ferla R. Maugeri TL,
Monticelll LS, Zaccone R (1993) Distribution of microbial
populations in the Straits of Magellan. In: Faranda F,
Guglielmo L (eds) S t r a ~ t sof Magellan-Oceanographic
cruise February-March 1991-Data report. Vol 2. G Lang,
Genova, p 5-64
Cabrini M, Fonda Umanl S (1991) Phytoplankton population
In the Strait of Magellan. Boll Ocean01 Teor Appl 9 (2-3).
137-144
Caron DA, Dam H G , Kremer P, Lessard E J , Madln LP, Malone
TC, Napp J M , Peele ER, Roman MK, Youngbluth hIJ

301

(1995) T h e contribution of microorganisms to particulate
carbon a n d nltrogen in surface waters of the Sargasso Sea
near Bermuda. Deep Sea Res. 42:943-972
Carrada GC. Mangoni 0 ,Sgrosso S, Basualto S (1996) Spatial
d ~ s t n b u t i o nof size fractlonated phytoplankton pigments
along the Straits of Magellan and. their daily variation in
the Paso Ancho area (autumn 1995). In: Faranda F,
Guglielmo L, Povero P (eds) Nat Prog Ant Res. Straits of
Magellan-Oceanographic
cl-ulse, March-April 1995 Data Report 1996. G Lang, Genova, p 107-120
Cho BC, Azam F (1990) Biogeochem~calsignificance of bacterial biomass in the ocean's e u p h o t ~ czone Mar Ecol Prog
Ser 63:253-259
C h o BC, Choi JK, C h u n g CS, Hong G H (1994) Uncoupling of
bacteria and phytoplankton during a spring diatom in the
mouth of the Yellow Sea. Mar Ecol Prog Ser 115:181-190
Christian JR. Karl DM (1995) Bacterial ectoenzymes In marine
waters: activity ratio a n d temperature responses in three
oceanographic provinces. Limnol Oceanogr 40:1046-1053
Chrost RJ (1990) Microbial ectoenzymes in aquatlc environments In: Overbeck J , Chrost RJ (eds] Aquatic microbial
ecology Springer-Verlag, New York, p 47-74
Chrost KJ (1991a) Ectoenzyme in aquatic e n v i r o n m ~ n t s :
m~crobialstrategy for substrate supply Verh Int V ~ r e i n
Limnol24 2597-2600
Chrost RJ (ed) (1991b) Microbial enzymes in aquatic environments. Springer-Verlag, New York
Chrost RJ, Miinster U, Rai H. Albrecht D, Witzel KP, Overbeck
J (1989) Photosynthet~c production a n d exoenzymatic
degradation of organic matter in the euphotic zone of a n
eutrophic lake. J Plankton Res 11:223-242
Chrost RJ. Rai H (1993) Ectoenzyme activity a n d bacterial
secondary production in nutrient-impoverished and nutrient-enrlched freshwater mesocosms. Microb Ecol 2512):
131-150
Cota GF, Kottmeir ST, Smith WO Jr, Sullivan VW (1990) Bacterloplankton In the marginal ice zone of the CVeddell Sea:
biomass, production a n d m e t a b o l ~ cactivities during austral autumn. Deep Sea Res 37:1145-1167
Ducklow HW, Carlson CA (1992) Oceanic bacterial production. In: Marshal1 KC ( e d ) Advances in microbial ecology,
Vol 12. Plenum Press. New York, p 113-181
Fabiano M. Povero P. Danovaro R, Bruzzone R (1991) Biochemical composlt~onof particulate organic matter in the
Straits of Magellan. In: Anonymous ( e d ) Straits of Magellan-Oceanographic cruise, February-March 1991-Data
report, Vol l . G Lang, Genova, p 155-168
Fuhrman JA, Eppley RW, Hagstrom A, Azam F (1985) Diel
variation in bacterioplankton, phytoplankton, a n d related
parameters In the Southern California Bight. Mar Ecol
Prog Ser 27 9-20
Gillespie PA, M o r ~ t aRY, Jones LP (1976) The heterotrophic
actlvlty for amino a c ~ d s glucose
,
and acetate in Antarctic
waters. J Oceanogr Soc J a p a n 32:74-82
Gloriosio P (1987) Temperature distnbution related to shelfsea fronts on the Patagonian Shelf. Cont Shelf Res 7:27-34
Grossmann S (1994) Bacterial actlvity in sea ice and open
water of the Weddell Sea. Antarctica: a microautoradiographic study. Microb Ecol 28:l-18
Gundersen K, Bratbak G, Heldal M (1996) Factors influencing
the loss of bacteria in preserved seawater samples. Mar
Ecol Prog Ser 137:305-310
Hanson RB, Shafer D, Ryan T, Pope DH, Lowery HK (1983)Bactenoplankton In Antarctic Ocean waters d u n n g late austral
xnnter abundance, frequency of divldmg cell, and estimates
of production Appl Environ Microbiol 45:1b22-1632
Hoppe HG (1983) Significance of exoenzymatic act~vitlesin

302

Mar Ecol Prog Ser 154 293-302, 1997

the ecology of brackish water- measurement by means of
methylumbelliferyl-substrates. Mar Ecol Prog Ser 11.
299-308
Hoppe HG, Kim SJ, Gocke K (1988) Microbial decomposition
in aquatic environments: combined process of extracellular enzyme activity and substrate uptake. Appl Environ
Mlcrobiol 54:784-790
Karner M, Ferrier-Pages C , Rassoulzadegan F (1994) Phagotrophic nanoflagellates contribute to the occurrence of
glucos.idase and am~nopetidasein marine environments
Mar Ecol Prog Ser 114-237-244
Karner M, Rassoulzadegan F (1995) Extracellular enzyme
activity: ~ n d ~ c a t ~for
o n high short-term variability in a
coastal manne ecosystem. Microb Ecol 30:143-156
Kirchman DL, K'nees E, Hodson R (1985) Leucine incorporation and its potent~alas a measure of protein synthesis by
bacteria in natural aquatic systems. Appl Environ Microbio1 49:599-607
Lancelot C , Billen G (1984) Activity of heterotrophic bacteria
and its coupling to primary production during the spring
phytoplankton bloom in the southern bight of the North
Sea. Limnol Oceanogr 29:721-730
Lee S, Fuhrman JA (1987) Relationships between biovolume
and biomass of naturally derived marine bdcterioplankton. Appl Environ Microbiol 53:1298-1303
Lembeye GV, Guzman LM, Campodonico IG (1978) Fitoplancton del sector oriental del Estrecho de Magallanes,
Chile (5 a1 13 de abril de 1976). An lnst Patagonia 9:
221-228
Lovejoy C, Legendre L, Kleln B , Tremblay JE, Ingram RC,
Therriault J C (1996) Bacterial activity during early wlnter
mixing (Gulf of St. Lawrence, Canada). Aquat Microb Ecol
1O:l-13
Magazzu G , Saggiomo V, Decembrini F (1991) Primary production in the Stralts of Magellan. In: Anonymous (ed)
Straits of Magellan-Oceanographic
cruise, FebruaryMarch 1991-Data report. Vol1. G Lang, Genova, p 89-154
Mazzocchi MG. Zagami G. Ianora A. Guglielmo L, Crescenti
N, Hure J (1995) Copepods. In: Guglielmo L, Ianora A
(eds) Atlas of marine zooplankton Straits of Magellan.
Springer Verlag, Berlin, p 1-16
Medeiros C , Kjerfve B (1988) Tidal characteristics of the Strait
of Magellan. Cont Shelf Res 8:947-960
Michelato A, Accerboni E, Berger P (1991) Current meter
observations in the eastern and central sectors of the S t r a ~ t
of Magellan Boll Oceanol Teor Appl 9(2-3):261-271
Monarty DJW, Blanch1 M , Talbot V (1997) Bacterial productiv~tyand organic matter flux in the Southern Ocean and
In the Antarct~cIntermediate water and mode waters of
the l n d ~ a nOcean. Deep Sea Res (in press)
Miinster U (1991) Extracellular enzyme activity in eutrophic
and polyhum~c lakes. In: Chrost RJ (ed) M~crobial
enzymes in aquatic environments. Springer-Verlag. New
York, p 96-122
Panella S, Michelato A. Perdicaro R, Magazzu G. Decembrini
F. Scarazzato P (1991) A preliminary contribution to
understanding the hydrological characteristics of the
Strait of Magellan: Austral Spring 1989. Boll Oceanol Teor
Appl 9(2-3):107-126
Pickard GL (1971) Some physical oceanographic feature of
inlets of Chile. J Fish Res Bd Can 28:1077-1106

Porter KG. Feig YC (19801The use of DAPI for identifying and
counting aquatic microflora. Limnol Oceanogr 25:943-948
Povero P, Tucci S, Cisterna M, Cape110 M , Misic C , Fabiono M
(1996) Distribution and composition of suspended particulate matter in the Straits of Magellan. In: Faranda F,
Guglielmo L, Povero P (eds) Nat Prog Ant Res. Straits of
Magellan-Oceanographic C r u ~ s e ,March-April 1995Data Report 1996. G Lang, Genova, p 219-232
Redalje DC (1983) Phytoplankton carbon biomass and specific growth rates determined with the labeled chlorophyll
a technique. Mar Ecol Prog Ser 11:217-225
Rowe GT, Clifford CH, Smith KL, Hamilton PL (1975) Benth~c
nutrient regeneration and its coupling to p r ~ m a r yproductivlty In coastal waters. Nature 255:215-217
Sagg~omoV, Goffart A, Carrada GC, Hecq J H (1994) Spatlal
patterns of phytoplanktonic pigments and primary production in a semi-enclosed periantarctic ecosystem: the
Strait of Magellan. J Mar Syst 5:119-142
Simon M, Azam F (1989) Protein content and protein synthesis rates of planktonic marine bacteria. Mar Ecol Prog Ser
51:201-213
Simon M. Cho BC, Azam F (1992) Significance of bacterial
biomass in lakes and t h ocean:
~
comparison te phytoplankton biomass and biogeochemical implications. Mar
Ecol Prog Ser 8'5103-110
Smith REH, Clement P (1990) Heterotrophic and bacterial
productivity in assemblages of mlcrobes from sea ice in
the high Arctic. Polar Biol 10:351-357
Somv~lleM, Billen C (1983) A method for determining exoproteolytic activity in natural waters. Limnol Oceanogr 28:
190-193
Sulhvan CW, Cota GF, Kremplin DW, Smith WO J r (1990) Distributlon and activity of bacterioplankton in the marginal
ice zone of the Weddell-Scotia Sea dunng austral spring.
Mar Ecol Prog Ser 63:239-252
Talbot V (1995) Activite proteolytique et dynamique bacterie n n e e n Ocean Austral. PhD thesis. Universite d e la
Mediterranee, Marseilles
Talbot V, Bianchi M (1997) Bacterial proteolytic activity in
sediment of the Subantarctic Indian Ocean sector Deep
Sea Res (in press)
Turley CIM (1993) Direct estimates of bacterial numbers in
seawater sample without incurring cell loss d u e to sample
storage. In: Kemp PF, Sherr BF, Sherr EB, Cole J J (eds)
Handbook of methods in aquatic microbial ecology. Lewis,
Boca Raton, p 143-147
Uribe J C (1991) Net-phytoplankton distribution in the Strait
of Magellan. Boll Oceanol Teor Appl 9(2-3).145-150
Van Wambeke F (1988) Numerat~onet ta~lledes bacteries
planctoniques au moyen de l'analyse d'lmage couplee a
l'epifluorescence. Ann Inst Pasteur 139:261-272
V~ves-RegoJ , Billen G, Fontigny A , Soml-ille M (1985) Free
and attached proteolytic activity in water environments.
Mar Ecol Prog Ser 21:245-249
Wicks RJ, Robarts D (1988) Ethanol extraction requirement
for purification of protein labeled with 3H-leucine in
a q u a t ~ cbacterial production studies. Appl Environ blicrobiol 54:3191-3193
Zweifel UL. Hagstrom 4 (1995) Total counts of marine bacteria include a large fraction of non-nucleoid-containing
bacteria (ghosts). Appl Environ Microbiol 61:2180-2185

T h ~ article
s
was submitted to the editor

Manuscr~ptreceived: ~blarch14, 1997
Revised version accepted: M a y 30, 1997

