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Abstract: The San Jorge Gulf, and the littoral to its north, is one of the most important fishing grounds for Argentina. 
Nevertheless, phytoplankton production has been scarcely studied. Here we analyzed during spring (2008) and summer 
(2009) the phytoplankton biomass, production, and the composition of phytoplankton and protozooplankton; their pos-
sible trophic relationships, and physical conditioners. At the south coast of the gulf during spring micro-nano-plankton 
(diatoms and dinoflagellates) were predominant and responsible for the maximum integrated production, comparable to 
that reported for the rich Argentinian shelf-break. Part of the organic carbon produced there was consumed by hetero-
trophic dinoflagellates, adding a trophic level to the food web. While at the center of the gulf, a conspicuous deep chlo-
rophyll maximum would probably add organic matter to the bottom. During the following summer (2009), the ultra-
fraction represented the largest contribution to total phytoplankton biomass, and was dominated by Synechococcus sp. 
This, plus the abundance of ciliates, indicate the prevalence of a microbial food web during summer. It has been found 
that the frontal zones in the north and south of the gulf, favoring high phytoplankton biomass and its maintenance due 
to high primary production, provide a favorable food environment for impregnated female shrimp in spring, and for lar-
vae during summer.
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Introduction

The sustainability of an ecosystem depends on the flow 
of energy between its components and is determined by 
its capacity to maintain a balance between the production 
and the loss of biomass in each of the trophic levels. Phy-
toplankton constitutes the base of the marine food webs, 
and in temperate seas some characteristics of the spring 
bloom-timing of initiation and duration, timing of peak 
and peak amplitude-will affect the larval survival and con-

sequently the next year fish recruitment (Platt et al. 2003). 
An easy way to estimate the phytoplankton biomass is the 
chlorophyll a concentration, Chla. A recent satellite analy-
sis of the last ∼20 years reported a significant increase 
in surface chlorophyll in the Argentine continental shelf, 
with potential implications for trophic relationships and 
the reproductive success of fish populations (Marrari et al. 
2017). Moreover, to evaluate the sustainability capacity of 
a system, it is necessary to know not only the biomass, but 
also the primary production, PP (e.g., Pauly & Christensen 
1995). Although, there is a relationship between Chla and 
PP, it changes according to the different assemblages of * Corresponding author: Valeria Segura; E-mail, vsegura@inidep.edu.ar
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phytoplankton present in a place and the physiological sta-
tus of the cells (Geider et al. 1986, Bouman et al. 2005, 
Segura et al. 2013).

There are not enough primary production estimations in 
the world ocean, in comparison with chlorophyll measure-
ments, which are easier to perform; and only a fraction of 
these PP studies carried out production versus irradiance 
incubations (P&E). These experiments allow the deriva-
tion on the two main photosynthetic parameters, αB (initial 
slope of production versus irradiance at low values, nor-
malized by Chla) and Pm

B (maximum production at light 
saturation, normalized by Chla), which are inputs for sat-
ellite and biogeochemical models to estimate marine pri-
mary production.

The Argentine Sea has high concentrations of Chla ac-
cording to ocean color satellite images (Gregg et al. 2005, 
Rivas et al. 2006) and seems to be highly productive ac-
cording to results from global models (e.g., Longhurst et al. 
1995). However, despite recent efforts there is still a scarci-
ty of field data on primary production for this region of the 
South Atlantic (El-Sayed 1964, Mandelli 1965, Mandelli 
& Orlando 1966, El-Sayed 1968, Villafañe et al. 2004a, b, 
Schloss et al. 2007, Garcia et al. 2008, Lutz et al. 2010, Se-
gura et al. 2013, Dogliotti et al. 2014, Lutz et al. 2018).

The San Jorge Gulf (SJG, ∼45°S to 47°S) and the littoral 
to the north between Cape Dos Bahías and Rawson loca-
tion (NL, ∼43°S to 45°S) form part of the North Patagonia 
Ecosystem (between ca. 41°S and 48°S, and from the coast 
to the isobath of 100 m) (Fig. 1). There, important phy-
toplankton spring blooms, dominated by diatoms and di-
noflagellate groups (Akselman 1996), have been observed 
associated with fronts (Akselman 1996, Carreto et al. 2007, 
Rivas et al. 2006). The SJG is an important fishing ground 
for Argentina being a focus of study since the 1980’s by 
the National Fisheries Research and Development Insti-
tute (INIDEP) and having generated a broader interest as 
a priority marine area by the initiative “Pampa Azul” since 
2014. The gulf has a diversity of habitats for feeding and 
reproduction of many species, several of them of great eco-
nomic interest such as the Argentine red shrimp (Bertuche 
et al. 2000), Argentine hake (Bezzi et al. 1995), and the 
southern king crab (Wyngaard et al. 2016). The Argentine 
red shrimp represents one of the most profitable fisheries 
for the country and the annual landings have consistently 
increased since the year 2006; in 2013 its capture repre-
sented more than 40% of the total commercial species ex-
ported by Argentina (Moriondo Danovaro et al. 2016). The 
shrimp breeding season occurs during spring and summer 
with maximum intensity from November to March along 
the Patagonian littoral with focus along the coastal area 
from 42°S to 47°S (Moriondo Danovaro 2010, Fernández et 
al. 2012). The beginning of their reproductive activity is re-
lated to the formation of oceanographic fronts, where there 
is available food for the survival of the larvae (Carreto & 
Cuchi Colleoni 2001, Souto & Moriondo Danovaro 2019).

It is known that environmental changes immediately af-

fect the lower levels of trophic webs (Legendre & Rassoul-
zadegan 1995) favoring either a classic (larvae grazing on 
large phytoplankton), a microbial (larvae feeding on small 
protozooplankton, which graze on small phytoplankton), 
or a multivorous (classic and microbial trophic webs) type. 
In the case of the Argentine red shrimp the critical period 
in the life cycle is the transition from nauplius to protozoea 
stage (planktonic), in which the larvae change from endog-
enous to exogenous feeding (Mallo & Fenucci 2004), graz-
ing on large phytoplankton (diatoms and dinoflagellates) 
via a classic food web (Moriondo Danovaro et al. 2016).

In order to better understand the base of the trophic food 
web in different zones of the SJG and NL during spring 
(2008) and summer (2009) the main aims of this study 
were: 1) to estimate the phytoplankton biomass (as Chla 
and carbon) and the primary production, 2) to characterize 
the plankton assemblages (phytoplankton and protozoo-
plankton), and 3) to explore the relationship between these 
plankton properties.

Hydrography of the study area

The San Jorge Gulf (SJG) is a semicircular basin locat-
ed in the Argentine sea between 45°S (Cape Dos Bahías) 
and 47°S (Cape Tres Puntas) and between ∼65°30′W 
and 67°43′W. This shape and the strong persistent west-
erly winds favor coastal upwelling in certain regions of 
the gulf (Pisoni et al. 2018). The bottom topography is 

Fig. 1. (a) Map of bottom topography of the San Jorge Gulf 
(SJG) and north littoral (NL); lines mark a schematic representa-
tion of the Northern Patagonian Frontal System (NPFS) and the 
Southern Patagonian Frontal System (SPFS); and arrows depict 
the summer circulation (described in Matano & Palma 2018, and 
simplified in Dans et al. 2020). The grey painted area marks the 
littoral to the north of the gulf, NL. Location of the oceanographic 
stations in the (b) spring and (c) summer cruises. Symbols indicate 
the types of in situ samples collected for different studies: diamond: 
PP+ap(λ)+Chla; black circle: plankton assemblages; and small 
dot: only Chla.
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relatively shallow with a depression located in the central 
region (∼100 m) and a shoal named South Bank (Fig. 1a), 
contouring the 80 m isobath, that separates the southern 
portion of the gulf from the open shelf (Tonini et al. 2006, 
Matano & Palma 2018). The interaction between tidal cur-
rents and bottom topography near the South Bank gener-
ates a large tidal dissipation center (Palma et al. 2004, 
Tonini et al. 2006, Luz Clara et al. 2015, Palma et al. 2020).

The gulf has a wide connection with the Patagonian 
shelf that is occupied by shelf waters (salinities of 33.4–
33.8), modified by the contribution of the low salinity wa-
ters of the Magellan Plume transported by the Patagonian 
Current (<33.4; Bianchi et al. 1982, Guerrero & Piola 
1997). When reaching the southern tip of the gulf, these 
cold and less saline waters diverge into two branches: one 
flows into the SJG along the coast (onshore), while the 
other continues towards the north-east (Palma et al. 2004, 
Palma et al. 2020). The mean circulation is dominated by 
a cyclonic gyre bounded by a relatively strong coastal cur-
rent and, on its offshore side, by the Patagonia Current 
(Matano & Palma 2018). The gulf circulation varies signif-
icantly with season, and a maximum in the onshore current 
strength has been observed in summer (Matano & Palma 
2018). The north and south shallow depth (~30 m) extremes 
of the gulf are influenced by the presence of two frontal 
systems that differ in their main forcing, as well as in their 
temporal and spatial scales (Glorioso 1987, Bogazzi et al. 
2005). The Northern Patagonian Frontal System (NPFS, 
Sabatini & Martos 2002), develops during austral spring 
and summer along the NL and enters into the northern half 
of the SJG. This is forced by seasonal thermal stratification 
and high tidal energy dissipation (Glorioso 1987, Sabatini 
& Martos 2002, Bogazzi et al. 2005). The Southern Pa-
tagonian Frontal System (SPFS, Bogazzi et al. 2005) is a 
permanent thermohaline front, characterized by the transi-
tion between coastal waters (tidally mixed, nutrient-rich 
and low salinity) (Guerrero & Piola 1997, Bogazzi et al. 
2005) and continental shelf water (higher salinity and sea-
sonally stratified).

Methods

Measurements

Field sampling took place in the SJG and the NL (from 
43° to 47°S and from 65°W to the coast) on board the RV 
Capitán Oca Balda: spring cruise (OB03/2008; 20 Novem-
ber-11 December 2008) and summer cruise (OB01/2009; 
21 January-11 February 2009) (Fig. 1b, c). A total of 122 
oceanographic stations were occupied in the spring cruise 
and 113 stations in the summer one (Fig. 1b and c). At each 
of the stations, temperature and conductivity profiles were 
carried out using a CTD (SBE19); these data were pro-
cessed, quality checked and stored in the Regional Ocean-
ographic Data Base (BaRDO) at the Physical Oceanogra-
phy laboratory of INIDEP.

At selected stations (see Fig. 1b and c) samples were 
collected at three depths: surface using a bucket and two 
other depths using Niskin bottles: one at the fluorescence 
maximum and another one below it (in spring); or one at 
the thermocline and another one below it (in summer, since 
no fluorescence sensor was available). When profiles were 
homogeneous, two intermediate depths in the water col-
umn were sampled. These water samples were used for the 
determination of the following variables:

a) In situ Chla (n=310 samples in spring and 324 in 
summer). After collection seawater samples were filtered 
under dim light and low pressure (35 kPa), onto Millipore 
APFF (GF/F) glass fiber filters. These filters were kept in 
liquid nitrogen (−196°C) on board and in an ultra-freezer 
(−86°C) in the laboratory until analysis. The fluorometric 
method of Holm Hansen et al. (1965) with modifications 
(Lutz et al. 2010) was used to determinate the Chla con-
centration.

b) Particulate absorption coefficients (n=21 in both 
spring and summer cruises). A known volume of water 
samples (300 ml) were filtered under dim light and low 
pressure (35 kPa), onto Millipore APFF (GF/F) glass fiber 
filters, which were then placed flat (particles facing up) on 
histology-type cassettes, kept in liquid nitrogen (−196°C) 
on board and in an ultra-freezer (−86°C) in the laboratory 
until analysis. Once in the laboratory, the quantitative filter 
technique (Mitchell 1990) was used to determine the ab-
sorption spectrum of total particles (ap(λ)) and the method 
of Kishino et al. (1985) for the non-algal particles (aNAP(λ)) 
using a UV-2450 Shimadzu spectrophotometer with an in-
tegrating sphere; the coefficients of Hoepffner & Sathy-
endranath (1992) were used to account for the path-length 
amplification factor. Then, the absorption coefficient 
of phytoplankton (aPh(λ)) was estimated by subtracting 
aNAP(λ) from ap(λ) absorption coefficients. The specific ab-
sorption coefficient of phytoplankton at 440 nm (aph

B  (440)) 
was obtained through normalizing by Chla.

c) Primary Production (n=11 each in spring and sum-
mer). The method used was that proposed by Hama et al. 
(1983), as detailed in Lutz et al. (2010). A surface seawater 
sample was inoculated with a solution of NaH13CO3 to a fi-
nal enrichment of 8.02%, dispensed into 17 bottles (500 ml 
square polycarbonate Nalgene): 15 of them set at different 
light intensities from E ∼1.28 to 950 µmolquanta m−2s−1 
(measured within each bottle with a Biospherical QSL-100 
radiometer) and one in the dark (as a control), and in-
cubated for 3 hours in a “production & irradiance box” 
(P&E), with halogen lamps and the aid of a circulating 
bath to maintain the temperature as it was at the site of 
collection. A known volume of sample (between 200 ml 
to 300 ml) not inoculated was filtered at the beginning of 
the experiment for the determination of natural 13C abun-
dance in the water. After the incubation, each bottle was 
filtered onto pre-combusted Whatman GF/F glass-fiber-
filters. The volume of filtration varied between 200 ml 
and 350 ml depending on the color of material above the 



27Primary production & plankton in San Jorge Gulf

filter. The filters were stored dry; in the laboratory they 
were fumed with HCl and encapsulated. The amount of 
particulate organic carbon and the 13C in the sample was 
analyzed on an Elementar Vario Micro Cube elemental 
analyzer (Elementar Analysensysteme GmbH, Hanau, 
Germany) interfaced to a PDZ Europa 20-20 isotope ra-
tio mass spectrometer (Sercon Ltd., Cheshire, UK) at UC 
Davis Stable Isotope Facility. The assimilated carbon in 
each sample, p (mg C m−3 h−1) was computed according to 
Hama et al. (1983), Collos & Slawyk (1985) and Fernán-
dez et al. (2005). The value of the abundances of total 
dissolved inorganic carbon (DIC) in the natural seawater 
used was 2400 µmol L−1(Collos, personal communication) 
and the % atom 13C in DIC was 1.11%. The exponential 
equation of Platt et al. (1980) was used to fit the curve of 
production versus irradiance (P&E) and to calculate the 
main photosynthetic parameters: α and Pm. The value of α 
was corrected for the spectrum of the lamp and the absorp-
tion coefficient of phytoplankton according to Dubinsky 
et al. (1986). These parameters were normalized by the 
Chla determined for the surface at that place (ChlasPP) to 
obtain: αB (mg C (mg Chla)−1 h−1 (W m−2)−1) and Pm

B (mg C 
(mg Chla)−1 h−1). The instantaneous primary production at 
the surface at noon, p0 (mg C m−3 h−1) and daily water-
column integrated production, PZ,T (mg C m−2 d−1) were 
calculated at each station following the parameterization 
of Platt et al. (1980, 1990); due to logistic restrictions P&E 
incubations were performed only for surface samples and 
were collected at different times of the day at the different 
stations (according to the cruise schedule); hence, the pho-
tosynthetic parameters were treated as being constant with 
depth and throughout the day. The maximum quantum 
yield of photosynthesis was computed as Øm= f*αB/āph

B; 
where āph

B is the spectrally averaged (400–700 nm) specific 
absorption coefficient of phytoplankton, and f is a factor 
0.023 to account for the conversion of mg into moles of C, 
μmoles into moles of quanta, and hours into seconds (Kirk 
2011, Bouman et al. 2018).

d) Phytoplankton and proto-zooplankton communities. 
Surface seawater samples (250 ml) were preserved with 
neutralized formaldehyde (0.4% final concentration) for 
phytoplankton and proto-zooplankton analysis (Thrond-
sen 1978). An aliquot of 50 ml was stained by two fluoro-
chromes: DAPI (to mark DNA) and proflavin (to mark the 
cellular membrane) using the method of Verity & Sieracki 
(1993) and then filtered onto a black polycarbonate mem-
brane with pore size of 0.2 µm using low pressure; then 
mounted on slides with immersion oil and preserved at 
−20°C to study the ultra-plankton class size (Ultra, cells 
<5 µm). A combination of classic and fluorescence mi-
croscopic methods (Olympus IX 70 microscope) was used 
to identify and quantify the phytoplankton and proto-zoo-
plankton communities from 0.2 µm to 200 µm size. Ultra 
was identified and enumerated using a fluorescence micro-
scope with blue, green and ultraviolet filters to allow char-
acterization of autotrophic and heterotrophic cells (Verity 

& Sieracki 1993). Cells belonging to nano-plankton (Nano, 
5–20 µm) and micro-plankton (Micro, 20–200 µm) class 
sizes were identified and quantified using the sedimenta-
tion technique with an inverted microscope (Hasle 1978, 
Tomas 1997). Cell dimensions were measured throughout 
the counting procedure through analysis of images. Plank-
ton cell volumes, V, (µm3) were calculated by assigning 
simple geometric shapes to each species according to Hil-
lebrand et al. (1999). The V were converted into carbon 
content, hereafter called biomass in terms of carbon, BC 
(mg C m−3) using different carbon-to-volume ratios for the 
different groups (Borsheim & Bratbak 1987, Put & Stoeck-
er 1989, Menden Deuer & Lessard 2000).

The Shannon index (H′), commonly used as a measure 
of species evenness (Shannon & Weaver 1949), was es-
timated to evaluate the diversity. H′ is a measure of the 
relative abundance of each species within a sample and is 
defined as

 1
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where pi is the proportion of the total plankton biomass of 
taxa i and S is the total plankton biomass.

e) Photosynthetically Active Radiation (PAR). Irradiance 
values crucial for the computation of PP were estimated 
as follows: The values of PAR irradiance at the surface, 
Es, were continuously monitored during the cruise using a 
LI-COR cosine sensor. Following our previous work (Lutz 
et al. 2010), the study area was divided every 2° into latitu-
dinal ranks (LR), and in turn each one was divided every 
2 h (during daylight) into different hour-ranks (HR). The 
average Es from all the measurements recorded by the con-
tinuous sensor within the same LR and HR were calculated 
and assigned to the stations according to their location (to 
which LR they belonged). The downwelling attenuation co-
efficient of light, Kd (PAR), was computed using the model 
of Sathyendranath & Platt (1988). Then, these values were 
used to calculate the PAR downwelling irradiance profiles 
(EZ).

f) Chlorophyll profiles. The continuous Chla profile in 
the water-column for all the station (Chlaz) and for the PP 
station (ChlazPP) was estimated from the fluorescence pro-
file (Fl) and the discrete measurements of Chla in spring. 
In summer (OB01/2009) a linear fitting to the discrete Chla 
values was used to obtain the continuous Chla profile since 
the in situ fluorometer was not available.

g) Water column stability. To determine the location of 
ocean fronts, the stability Simpson parameter (φ; see list 
of symbols in Table 1) was estimated (Simpson 1981). This 
is a measure of the mechanical work required to vertically 
mix the water column, and is defined as
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where g is the gravity, h is the depth, and ρ0 is the mean 
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density of the water column. Small values of φ indicate 
poorly stratified waters while high values are associated 
with stratified ones. In this work, the value of 40 J m−3 was 
used as the limit between homogeneous (φ<40) and strati-
fied (φ>40) waters, as established by Sabatini & Martos 
(2002). Ocean Data View (ODV; Schlitzer 2018) software 
was used to convert the hydrographic data sets into a for-

mat readable by the DIVA (Data-Interpolating Variational 
Analysis) software, that allows one to spatially interpolate 
(or analyze) those observations on a regular grid in an op-
timal way.

h) Satellite chlorophyll, Chlasat. Level 3 Aqua-MODIS 
satellite images (4 km spatial resolution and 8 days tem-
poral resolution) were downloaded from the NASA ocean 

Table 1. List of symbols and abbreviations used with their description and units.

Notation Description Units

aNAP(λ) Absorption coefficient of non-algal particles at wavelength (λ) m−1

aph
B (440) Specific absorption coefficient of phytoplankton at 440 nm wavelength m2 (mg Chla)−1

ap(λ) Absorption coefficient of total particulate matter at wavelength (λ) m−1

α Initial slope of production versus irradiance (at low values) mg C h−1 (W m−2)−1

αB Initial slope of production versus irradiance (at low values) normalized by Chla mg C (mg Chla)−1 h−1 (W m−2)−1

BC Biomass of phytoplankton in terms of carbon mg C m−3

13C Isotope of Carbon 13
Chla Chlorophyll a concentration at a discrete depth mg m−3

Chlas Chlorophyll a concentration at the surface mg m−3

ChlasPP Chlorophyll a concentration at the surface coincident with PP estimations mg m−3

ChlaZPP Chla integrated in the water-column coincident with PP estimations mg m−2

ChlaZ Chla integrated in the water-column mg m−2

Chlasat Satellite chlorophyll a concentration mg m−3

DCM Deep Chlorophyll Maximum m
Es Irradiance in the visible range at surface µmol quanta m−2 s−1

E Irradiance µmol quanta m−2 s−1

EZ Irradiance in the visible range at depth z µmol quanta m−2 s−1

Fl In vivo Fluorescence relative fluorescence units
H′ Shannon index
HR Hour ranks
Kd(PAR) Diffuse attenuation coefficient for downwelling irradiance in the PAR m−1

LR Latitudinal ranks
Micro Micro-plankton class size (cells >20 µm)
Nano Nano-plankton class size (cells from 2.0 to 20 µm)
Phyto Phytoplankton
Proto Proto-zooplankton
p Assimilated carbon mg C m−3 h−1

PAR Photosynthetically Active Radiation (400–700 nm)
PC Plankton community
PP Primary production
p0 Instantaneous primary production at surface at noon mg C m−3 h−1

Pm Maximum production at saturating irradiance mg C h−1

Pm
B Maximum production at saturating irradiance normalized by Chla mg C (mg Chla)−1 h−1

PZ,T Integrated daily water column primary production. mg C m−2 d−1

SSS Surface Seawater salinity practical salinity units
SBS Bottom seawater salinity practical salinity units
SST Surface seawater temperature °C
SBT Bottom seawater temperature °C
Øm Maximum quantum yield of photosynthesis mol C mol quanta−1

φ Stability parameter of Simpson J m−3

Ultra Ultra-plankton class size (cells <5 µm)
V Plankton cell volumes µm3

Z Depth of the station m
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color website (https://oceandata.sci.gsfc.nasa.gov/). The 
Chlasat values were obtained by averaging a 3×3 pixel 
window around the pixel closest to the sampling stations 
(Bailey & Werdell 2006).

Results

Physical properties

Spring 2008: Sea surface temperature (SST) ranged 
from 10.2 to 14.9°C, while sea bottom temperature (SBT) 
varied from 7.1 to 12.9°C. At the surface, low values were 
observed in the south-western and south-eastern sectors 
of the gulf, while maximum values were observed at the 
northwest, inside the gulf, and the NL (Fig. 2a). At the 
bottom, low values of temperature (SBT) occurred in the 
middle of the gulf, and higher values were observed in the 
north and south ends of the gulf (Fig. 2b). The range of sea 
surface salinity (SSS) varied from 33.0 to 33.5 with the 
maximum values in the center of the basin and towards the 
north, and the minimum values in the south coast and over 
the South Bank (Fig. 2c). The sea bottom salinity values 
(SBS) varied from 32.9 to 33.4 with a spatial distribution 
similar to that at the surface (Fig. 2d). The Simpson’s pa-
rameter allowed identification of the location of the frontal 
regions: one in the southern coast extending over the South 
Bank (SPFS) and another on the north (NPFS) of the gulf 
to 44°S which, according to the φ value, was cut and reap-
peared as a third small front at the region of Isla Escondida 
(43.7°S) in the NL (Fig. 2e).

Summer 2009: The SST ranged from 13.6 to 18.3°C, and 
the SBT from 7.4 to 16.2°C. At the surface, minimum val-
ues were located at the South Bank, while at the bottom 
low values were distributed in the central region of the SJG 
(Fig. 3a and b). Salinity oscillated from 33.0 to 33.5 at the 
surface, and from 33.0 to 33.4 at the bottom; its distribu-
tion was similar at both depths, with the highest values 
in the north of the gulf and the lowest ones at the south-

ern end extending over the South Bank (Fig. 3c and d). 
The Simpson’s parameter marked again the presence of the 
two oceanic fronts, the one located in the southern region 
(SPFS) and the other extending from the north (NPFS) of 
the SJG and to the NL (Fig. 3e).

Characterization of the spring bloom development and 
demise

Distribution of Chlasat in spring showed high values as-
sociated with frontal regions, external regions and the NL, 
and low values at the center of the gulf. The maximum 
value of Chlasat was 9.03 mg m−3, located at the NL, while 
the minimum value was 0.30 mg m−3, at the center of the 
gulf (Fig. 4e). A succession of satellite images from prior, 
during and after the cruise indicate that the sampling took 
place at a moment of decline of the spring bloom (Fig. 4e); 
with the maximum occurring at the end of October–begin-
ning of November (Fig. 4a, b, c). In the summer period, the 
maximum value of Chlasat was 8.78 mg m−3 and the mini-
mum was 0.49 mg m−3, both located in the external region 
of the gulf (>64°W, Fig. 4l). Overall the Chlasat in sum-
mer was decreased in comparison with the spring (Fig. 4), 
however, high values were maintained in the frontal zones 
and in the NL, and after the summer cruise an increase in 
the central region of the gulf and in the external zone was 
observed (Fig. 4m, n, o, p).

A time series of weekly values of Chlasat for sites select-
ed to describe conditions across the SJG (corresponding to 
the positions I: st. 226 in the south, II: st. 211 in the center 
and III: st. 280 in the north, according to station numbers 
in the spring cruise) showed clearly that the spring sam-
pling was done after the peak of the bloom (Fig. 5). Site I 
still had higher Chlasat values than the other sites during 
the spring cruise, and showed a similar value during the 
summer cruise (corresponding to st. 51), and also seem-
ingly another peak during autumn; while Chlasat at sites II 
and III remained at relatively low values (Fig. 5).

To assess differences in the environmental conditions 
on the coasts and center of the gulf (Fig. 6a), a plot show-

Fig. 2. Distribution of the temperature (a) at the surface, (b) at 
the bottom; and distribution of the salinity (c) at the surface and 
(d) at the bottom. A plot of the Simpson’s parameter identifying the 
location of the frontal regions is shown (e) for spring (PP stations 
are marked).

Fig. 3. Distribution of the temperature (a) at the surface, (b) at 
the bottom; and distribution of the salinity (c) at the surface and 
(d) at the bottom. A plot of the Simpson’s parameter identifying the 
location of the frontal regions is shown (e) for summer (PP stations 
are marked).
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ing vertical variations in temperature, salinity and fluo-
rescence across the area (South to North) was drawn (Fig. 
6b, c and d). The thermocline appeared less pronounced 
and shallower on the southern coast, where it reached the 
surface leaving a homogeneous coastal zone; and then it 
intensified and got deeper to the center and north of the 
section (Fig. 6b). The salinity profile clearly showed low 

salinity waters in the south and (a milder signal) in the 
north, throughout most of the water column, indicating 
the entrance of waters from a branch of Patagonian Cur-
rent, and higher values at the center especially in the upper 
layer (Fig. 6c). The fluorescence values showed a deepen-
ing of the signal from near the surface at the south to about 
50 m at the center with a slight shoaling towards the north-
ern coast, following the thermocline distribution (Fig. 6d). 
These features can be observed in detail in the individual 
profiles of stations 226 (southern coast), 211 (center), and 
280 (northern coast), where a sharp deep chlorophyll maxi-
mum (DCM) is evident at the center (Fig. 6e). It can be 

Fig. 4. Succession of weekly satellite images of Chlasat 
(mg m−3) from Aqua-MODIS L3 SMI, (a, b, c, d) previous, (e) 
during and (f, g, h) after the spring cruise, (i, j, k) previous, (l) dur-
ing and (m, n, o, p) after the summer cruise. Black circle symbols 
indicate PP stations.

Fig. 5. Time series of values of weekly Chasat for selected sites: 
I (south), II (center) and III (north), located in a section across the 
SJG. The star symbols indicate when in situ samples were col-
lected.

Fig. 6. Section across the SJG including the stations 226, 211 
and 280 (a) Distribution of isolines of ChlaZ in the area. Distribu-
tion of the gradients for the spring cruise of: (b) temperature, (c) 
salinity and (d) fluorescence. Vertical profiles (e) of: temperature 
(T), downwelling irradiance (Ez) and chlorophyll a (Chla) for the 
selected stations.

Fig. 7. Spectral absorption of phytoplankton (aph) and non-algal 
particles (aNAP) for stations (a) 226, (b) 211 and (c) 280 at the sur-
face and second sampled depth. Spectral absorption normalized at 
676 nm for the three selected stations (d).
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observed that the EZ at the coastal stations is extinguished 
(Ez<1% Es) at a shallower depth (around 16 m at st. 226, 
and 39 m at st. 280), and it reaches up to about 90 m at the 
center (Fig. 6e). This is probably due to the heavy load of 
suspended matter, as shown by the aNAP(440) for surface 
samples at stations 226 and 280 being about 4 times higher 
than at station 211 (Fig. 7) . The absorption spectra of phy-
toplankton and non-algal-particles for these three stations 
is evidence that NAP was always higher at the surface 
than at the second depth, bearing in mind that this second 
depth was not too close to the bottom, and this could be 
due to the intense westerly winds prevalent in the area 
bringing dust from the arid Patagonian landscape (Fig. 7). 
Phytoplankton absorption showed variations in spectral 
shapes, aph(λ)/aph(676), indicating the presence of different 
taxonomic groups or different physiological states at the 
different stations of the section (Fig. 7d). It is clear for sta-
tions 211 and 280 that surface samples had higher values of 
aph(440)/aph(676) than those from the second depth, which 
is expected in cells acclimated to higher light conditions 
(Sosik & Mitchell 1995), that was less marked at station 
226 since the water column was well mixed and the second 
depth was not far from the surface (12 m). At this last sta-
tion (226) another noticeable feature is that although there 
is a shoulder around 440 nm (usual peak in healthy phyto-
plankton), the maximum value was shifted towards 410 nm 
wavelength at which degradation products of chlorophyll 
absorb (Babin et al. 2003). This could have been due to 
senescent cells being removed from the bottom at this 
well-mixed coastal site (station depth ∼60 m); on the other 
hand, during microscope analysis not many cells were in 
bad condition (broken or collapsed). Hence, another fac-
tor that could have contributed to this absorption spectral 
shape may be because the dominant diatom species was 
Asteronellopsis glacialis (Castracane) which is known to 
be highly susceptible to the decomposition of chlorophyll 
into chlorophyllide (easily converted into phaeophorbide 
absorbing at 410 nm) under the stress of filtration (Jeffrey 
& Hallegraeff 1987).

Variability in the photosynthetic and bio-optical prop-
erties

High variations in photosynthetic and bio-optical prop-
erties were observed in the two periods (Table 2). Chla at 

the stations where primary production experiments were 
performed (ChlasPP) showed similar ranges in spring (0.32 
to 2.38 mg m−3) and in summer (0.54 to 2.63 mg m−3). 
The total range of variation for the phytoplankton specific 
absorption coefficient aph

B (440) at the surface was from 
0.027 to 0.124 m−2 (mg Chla)−1 (Table 2). The variability 
in the parameters Pm

B and αB in both periods was over one 
order of magnitude, Pm

B ranged from 0.97 to 10.08 mg C 
(mg Chla)−1 h−1 and αB from 0.027 to 0.206 mg C 
(mg Chla)−1 h−1 (W m−2)−1. The lowest value of Pm

B was 
found in summer at st. 21, associated with low values of p0 
(p0=0.797 mg C m−3 h−1). Overall Øm had similar means 
and ranges for both periods (Table 2). Øm was higher where 
there was more phytoplankton and higher integrated pro-
duction; i.e., where phytoplankton was growing under fa-
vorable conditions such as the SPSF in spring (st. 226 had 
one of the highest values of Øm 0.0134 mol C mol quan-
ta−1).

During spring 2008, in situ Chla values for the whole 
area and all sampled depths (including stations where no 
PP was estimated) ranged from 0.23 mg m−3 (st. 246 at 
0 m) to 8.80 mg m−3 (st. 185 at 46 m). There was a marked 
vertical variation in Chla distribution: a) at the surface 
values were low (except at the southeast coast and up to 
the NL), b) in intermediate layers a DCM was evident with 
Chla values >8 mgm−3 at the center and in the south in the 
external zone, and c) at depths closer to the bottom Chla 
concentrations decreased extremely (except at the SPFS 
which was well mixed) (data not shown). The spatial distri-
bution of the photosynthetic parameters showed the maxi-
mum values associated with the maximum values of p0 
were obtained at st. 226 (p0=24.047 mg C m−3 h−1). During 
this spring, high values of Chlaz were observed in the area 
(Fig. 6a); specially values of ChlaZPP>60.0 mg m−2 were 
located in the south and center of the gulf and adjacent 
waters (Fig. 6a), related to high primary production values.

During summer 2009, in situ Chla ranged from 
0.09 mg m−3 (st. 79 at 0 m) to 5.31 mg m−3 (st. 7 at 40 m). 
The distribution of Chla in this period was spatially more 
homogeneous and lower than in spring at all sampled 
depths, with slightly higher values in the southern region 
at the surface (Cape Dos Bahías) and in the external zone, 
especially at the second sampled depth (data not shown).

Table 2. Ranges of variation in the photosynthetic and bio-optical properties for spring (2008) and summer (2009) at SJG.

Properties spring range mean summer range mean Total range mean

αB 0.027–0.206 0.085 0.040–0.129 0.083 0.027–0.206 0.084
Pm

B 1.420–10.080 4.931 0.973–8.280 4.294 0.973–10.080 4.613
p0 0.430–24.047 6.83 0.797–9.514 4.93 0.430–24.047 5.88
PZ,T 813–3,523 1702 173–926 521 173–3,523 1,112
Øm 0.003–0.013 0.007 0.003–0.014 0.008 0.003–0.014 0.007
ChlasPP 0.32–2.38 1.17 0.54–2.63 1.19 0.32–2.63 1.18
aph

B (440) 0.029–0.124 0.068 0.027–0.088 0.060 0.027–0.124 0.064
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Integrated water column primary production

Values of integrated water column primary production 
(PZ,T) were also highly variable in both periods (Fig. 8). 
In spring, the mean value of PZ,T (1702 mg C m−2 d−1) was 
three times higher than in summer (521 mg C m−2 d−1) (Ta-
ble 2, Fig. 8). Overall, in summer the PZ,T values were not 
high, except at st.125 (Fig. 8).

Phyto- and Protozoo-plankton communities at the sur-
face

During spring 2008 the distribution of total phytoplank-
ton biomass (BC) showed high values in the south of the 
gulf, including the maximum (89.2 mg C m−3 at st. 226) 
and in the adjacent shelf waters (st. 177) and the NL at st. 
312 (Fig. 9). The dominant size fractions were the Nano 
and Micro, composed mainly of diatoms and dinoflagel-
lates and in less proportion, by cryptophytes, prasino-
phytes and euglenophytes (Table 3). During this spring, 
two maxima of diatom biomass were observed: one at 
st. 226, located in the south of the gulf (51.5 mg C m−3), 
dominated by Asterionellopsis glacialis (Nano); and 
the other at st. 177, located in the adjacent shelf waters 
(20.6 mg C m−3), dominated by Corethron criophilum 
(Castracane) (Micro). The bloom at st. 226, although domi-
nated by diatoms, also had a high contribution to the to-
tal biomass by the dinoflagellate Heterocapsa sp. (Stein) 
(Nano) (19.8 mg C m−3) (Table 3). Another isolated maxi-
mum due to the dinoflagellate Prorocentrum micans (Eh-
renberg) (Nano) was observed at st. 312 in the NL. The 
total protozooplankton biomass showed the highest values 
in the NL (st. 308 ∼33.3 mg C m−3) and along the south-
ern coast of the SJG (st. 226 ∼20.0 mg C m−3). Heterotro-
phic dinoflagellates belonging to Gyrodinium sp (Kofoid & 
Swezy) and unknown naked ciliates of the Micro fraction 
dominated the protozooplankton biomass (Table 3).

During summer 2009, the maximum BC, with a value 
of 45.8 mg C m−3, was found at st. 51 in the south of the 
gulf, and was lower compared to the maximum found in 
spring (Fig. 10 and Table 4). However, in the north (BC 
∼30.0 mg C m−3) and in the center (BC ∼28.6 mg C m−3) 
region of the gulf, higher values of Bc were observed in 
summer compared to spring (Fig. 10). The Ultra fraction 
represented the larger contribution to the total biomass and 
was dominated by Synechococcus sp. (stations. 51, 57, 68 
and 70), while the Nano fraction represented a minor pro-
portion of the total, and was composed mainly of dinofla-
gellates, cryptophytes and diatoms (Table 4). The Micro 
fraction contributed significantly to the total biomass only 
at two stations (Fig. 10, composed mainly of Leptocylin-
drus danicus (Cleve) (st. 51) and the phototrophic ciliate 
Mesodinium rubrum (Leegaard) (st. 75). In this period, 
the total protozooplankton biomass had high values with a 
maximum of 34.3 mg C m−3 at st. 51. On the whole, micro-
planktonic naked ciliates of the genus Strombidium domi-
nated the protozooplankton biomass, with a special case 

at station 51, where it was mostly composed of unknown 
ciliates of 100 µm diameter (Table 4).

Higher values of H′ were registered in spring (H′>1.45) 
in comparison to summer (H′<0.58), except for station 21 
in summer, where the maximum of H′ was observed with 
a value of 2.37. A significant Spearman correlation (rs) was 
found between H′ and BC (rs=−0.049, p<0.05), but no sig-
nificant relationship was observed between H′ and p0.

Discussion

The SJG and the NL showed, during the two periods 
studied, highly heterogeneous characteristics in photosyn-
thetic and bio-optical properties in relation to the plank-

Fig. 8. Distribution of water column integrated primary produc-
tion in (a) spring 2008 and (b) summer 2009.

Fig. 9. Spatial distribution of surface phytoplankton biomass in 
terms of carbon during spring 2008 (a) for the whole community 
and for (b) Micro, (c) Nano and (d) Ultra size fractions. Note that 
the scales are different for each plot.
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ton assemblages present and to the physical environment, 
which resulted in a large fluctuation in the primary pro-
duction. This biological and physiological variability is 
not uncommon for the region; a high level of heteroge-
neity has already been reported from extensive cruises 
in the Argentine Sea (Segura et al. 2013). The maximum 
integrated production found along the south coast of the 
SJG in spring (PZ,T=3,500 mg C m−2 d−1) was in the range 
previously observed also in spring in regions considered 
within the most productive in the world ocean, such as 
the shelf break front (Garcia et al. 2008, Lutz et al. 2010, 
Segura et al. 2013) and the coastal front of Grande Bay and 
the Puerto Deseado region (Lutz et al. 2010, Segura et al. 
2013); which are also important fishing grounds mainly 
for squid and hoki (Brunetti et al. 1998, Giussi et al. 2016). 
Overall Øm had similar means and ranges for both periods 
(Table 2) and had relatively low values in the SJG, com-
parable to those found in the oligotrophic northeast At-
lantic (Øm=0.005–0.063 mol C mol quanta−1; Babin et al. 

Table 3. Biomass (mg C m−3) of identified phyto- and protozoo-plankton assemblages sorted by size fraction for the different stations 
sampled in spring 2008 at SJG.

Size Type Class/Group Taxa 177 199 211 221 226 270 274 280 301 308 312

Microplankton 20–200 µm Phyto Bacillariophyceae Corethron criophilum 20.6
Dinophyceae Alexandrium tamarense 0.2 1.1 6.6 0.05 <0.1 0.1

Neoceratium lineatum 1.6 0.2 1.6 <0.1 0.1 1.2 2.5 4.8 0.2 <0.1
Torodinium robustum 0.9 0.1 0.3 0.3 0.2 0.03 0.3 0.2

Euglenophyceae Eutreptiella sp. 1.5 <0.1 0.4 0.1 2.2
Total Micro Phyto 23.1 1.9 1.7 1.4 7.4 1.5 2.5 5.1 0.4 0.2 2.2

Proto Litostomatea Mesodinium rubrum 0.3 0.8 1.3 0.9 1.1 0.4 0.1 0.8
Naked Cilliates Oligotrichia 0.9 6.6 0.3 5.4 1.2 11.5 3.0 10.3 15.6 30.4 16.7
Dinophyceae Mainly Gyrodinium sp. 1.9 6.7 0.4 2.9 18.2 7.1 0.7 4.8 1.6 0.1 0.1
Total Micro Proto 3.1 14.1 0.7 9.6 20.3 18.6 4.8 15.5 17.3 31.3 16.8

Nanoplankton 5–20 µm Phyto Bacillariophyceae Asterionellopsis glacialis 13.5 6.0 51.5 <0.1
Guinardia sp. 1.9
Hemiaulus sp. 12.6

Cryptophyceae Cryptophytes 0.3 0.7 <0.1 1.5 2.3 <0.1 0.7 0.3
Dinophyceae Scrippsiella sp. 0.3 1.6 8.5 0.9 0.2

Gymnodiniales 2.7
Heterocapsa sp. 19.8 0.1 0.5 0.4 0.7
Prorocentrum micans 0.9 <0.1 <0.1 <0.1 0.1 0.1 0.1 <0.1 16.4

Total Nano Phyto 16 15.8 0.05 18.7 74.5 0.2 0.2 0.6 1.2 0.3 17.1
Proto Dinophyceae Gymnodiniales 1.0 0.5 0.9 2.0 0.2 0.7 0.1 <0.1 <0.1 1.3

Heterotrophic flagellates Unknown flagellates 0.8 0.2 2.9 1.3 1.1 1.3
Total Nano Proto 1.8 0.7 3.8 2 0.2 2 1.2 <0.1 <0.1 1.6

Ultraplankton 0.2–5 µm Phyto Prymnesiophyceae Emiliania huxleyi 0.03 0.1 3.8
Prasinophyceae Pyramimonas sp. 0.2 2.7 1.9 1.3 0.2 0.1 0.4 0.2 0.2
Unidentified cells Picophytoeukaryotes 0.4 0.4 4.8
Cyanobacteria Synechococcus sp. 16.3 0.5 4.6 1.6 1.2 8.4 5.6 6.5
Total Ultra Phyto 16.5 3.6 4.6 3.9 7.3 8.6 5.7 6.5 0.4 0.3 4

Proto Ultraprotozooplankton 2.1 2.2 1.1 0.5 0.9 1.1 2.7 1.3 1.7 2.3
Total Ulta Proto 2.1 2.2 1.1 0.5 0.9 1.1 2.7 1.3 1.7 2.3

Total Phyto 55.6 21.3 6.35 24 89.2 11.6 8.4 12.2 2.0 0.8 23.3

Total Proto 7.0 14.8 6.7 15.5 21.0 21.5 7.1 17.3 18.6 33.3 20.7

Fig. 10. Spatial distribution of surface phytoplankton biomass in 
terms of carbon during summer 2009 (a) for the whole community 
and for (b) Micro, (c) Nano and (d) Ultra size fractions.
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1996). Values of Øm are extremely variable in nature (due 
to changes in species, light and nutrient regimes); one of 
the contributing factors to the low yields found for the SJG 
could be that in the present study estimations were done 
only at the surface and Øm is known to increase with depth 
(Kirk 2011).

Biodiversity is an indicator of the health of an ecosys-
tem; the SJG is being disturbed by anthropogenic actions 
and the resilience of this system would depend to a great 
part on its degree of biodiversity. Here the rank of values 
estimated for the Shannon diversity index of phytoplank-
ton, 0.06–2.37 bits individual−1, is comparable to those 
found in other coastal environments (Estrada et al. 2004). 
High diversity is usually associated with permanent stocks 
of high biomass in terrestrial ecosystems, while the op-
posite is common in marine ecosystems, where an increase 
in production has been reported to be associated with a 
decrease in diversity (Pearl 1988). On the other hand, in 

the SJG high diversity values were found during spring, 
coinciding with high primary production; so far there are 
no obvious explanations for our results.

Previous studies have reported that the annual cycle of 
phytoplankton biomass in the SJG is typical of temper-
ate seas with two maxima, one in spring and the other, of 
lower magnitude, in autumn (Akselman 1996, Cuchi Col-
leoni & Carreto 2000, Fabro et al. 2018). Consequently, 
Chla and BC values observed here exhibited a maximum 
during spring and a decrease in summer; the same pattern 
was observed for primary production. The phytoplankton 
biomass (in carbon) was dominated by the Nano and Mi-
cro fractions in spring and by the Ultra for the summer 
period, with a high contribution of Synechococcus sp. The 
Chla in the summer period although relatively lower than 
in spring, maintained high values at the frontal regions, 
as observed previously (Rivas et al. 2006, Carreto et al. 
2007).

Table 4. Biomass (mg C m−3) of identified phyto and protozoo-plankton groups sorted by size fraction for the different stations sampled in 
summer 2009 at SJG.

Size Type Class/Group Taxa 21 51 57 68 70 75 91

Microplankton 20–200 µm Phyto Bacillariophyceae Leptocylindrus danicus 17.8 0.2 1.7
Dinophyceae Alexandrium catenella 0.9 <0.1

Ceratium lineatum 0.2 0.3 0.1 1.0 0.2
Torodinium robustum 0.1 0.1 1.2 0.2 0.1 0.2

Total Micro Phyto 0.3 17.8 0.3 1.5 0.3 3.7 0.4
Proto Litostomatea Mesodinium rubrum 0.3 0.1 9.8

Naked Cilliates Oligotrichia 2.9 30.5 2.9 22.4 12.5 16.4 13.8
Dinophyceae Mainly Gyrodinium sp. 1.0 <0.1 0.1 0.8 <0.1
Total Micro Proto 2.9 31.8 2.9 22.6 12.5 27 13.8

Nanoplankton 5–20 µm Phyto Bacillariophyceae Asterionellopsis glacialis 0.1
Rhizosolenia sp. 5.6

Cryptophyceae Cryptophytes 6.1 0.9 0.2
Dinophyceae Heterocapsa sp. <0.1 1.2 0.1

Gymnodiniales 4.9
Prorocentrum micans 1.7 <0.1 0.2 0.1 1.2 3.0
Scrippsiella sp. 1.7

Prymnesiophyceae Braarudosphaera bigelowi 0.3 0.1 <0.1 0.7
Emiliania huxleyi 1.1 0.1 0.1 0.6 0.3 <0.1 0.1

Total Nano Phyto 7.7 6.2 0.1 2.3 1.5 8.8 3.8
Proto Naked Cilliates Oligotrichia 1.5 0.6 0.3

Dinophyceae Gymnodiniales 2.7 0.8 0.3 0.5 0.4 2.0
Katablepharidaceae Leucocryptos sp. 1.4 0.2 0.6 0.2 0.8 0.4 0.4
Telonemia Telonema sp. 0.5 1.1 0.2
Total Nano Proto 5.6 1 1.4 0.2 3 1 2.7

Ultraplankton 0.2–5 µm Phyto Cryptophyceae Cryptophytes 1.4 0.1 0.6
Cyanobacteria Synechococcus sp. 18.7 25.5 24.6 26.5 2.9 3.5
Prasinophyceae Pyramimonas sp. 1.3 0.6 <0.1 0.2 0.1
Prymnesiophyceae Chrysochromulina spp. <0.1 0.4 0.6 0.1 0.9 <0.1 0.2
Total Ultra Phyto 0.02 21.8 26.7 24.8 28.2 3 3.7

Proto Total Ultra Proto 1.7 1.5 0.5 0.9 0.6 0.4 0.5

Total Phyto 8.0 45.8 27.1 28.6 30.0 15.5 7.9

Total Proto 10.2 34.3 4.8 23.7 16.1 28.4 17.0
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During 2008, the spring bloom was evident in the south-
ern coastal sector of the gulf (especially st. 226) and was 
mainly produced by the diatom Asterionellopsis glacialis 
and the dinoflagellate Heterocapsa sp., both species char-
acteristic of turbulent environments (Lindholm & Num-
melin 1999, Odebrecht et al. 2010), as was the case at this 
station, where the water column was fairly homogeneous 
(Fig. 6e). Although, according to the sequence of satellite 
images, the bloom was already in decline (Fig. 5), mi-
croscopic examination of the cells showed that the cell 
membrane and cytoplasm content, especially the plas-
tids, were in good condition, indicating that the cells were 
healthy. At station 226, phytoplankton biomass was the 
highest (BC ∼85 mg C m−3), coincident with the maximum 
value of p0 (24.047 mg C m−3 h−1), and also the maximum 
values for this study of the photosynthetic parameter Pm

B 
(10.080 mg C (mg Chla)−1 h−1). Here the apparent produc-
tivity yield per unit carbon biomass was higher than that 
found during spring 2005 (Segura et al. 2013) at a high 
productivity spot in Grande Bay (produced by a bloom 
of the dinoflagellate Prorocentrum minimum (Pavil-
lard-Schiller), also belonging to the Nano size fraction), 
where Bc was ∼350 mg C m−3 (Goméz et al. 2011) and 
p0=39.63 mg C m−3 h−1 (Lutz et al. 2010). This difference 
could be due to the different phytoplankton species and 
to modulation of the photosynthetic parameters, especially 
Pm

B which was ∼30% higher (st. 226, 2008) than that in 
spring 2005, to acclimate to the light and nutrient environ-
ment to which the cells were exposed. Here, incident ir-
radiance was three-fold higher at st. 226 (2008) than at the 
site of the Grande Bay bloom in 2005, indicating that light 
was probably the determining driver of production.

Vertical sections of temperature, salinity and fluores-
cence drawn for a selected section in spring (Fig. 6b, c and 
d) showed the entry of a cold and low salinity water mass 
coming from the south. Particularly, the southern stations 
(st. 226, st. 227 and st. 228) were mixed, while the central 
region of the SJG (st. 211) showed a stratified water column 
in the upper 60 meters, with high salinity values and a 
maximum of fluorescence at the base of the stratified layer. 
The northern region showed low stratification, intermedi-
ate salinity values and low fluorescence. The special situ-
ation developed at the center (st. 211) was observed also in 
the biological characteristics, where the value of PZT was 
relatively low in comparison with the high value of ChlaZ. 
This was because a large DCM was found at ∼50 m, where 
light was already strongly attenuated (Fig. 6e), even when 
phytoplankton was apparently still active at this depth, 
based on to the Chla concentration and the shape of the ab-
sorption spectrum (Fig. 7b). At this station, Synechococcus 
was a main component of the phytoplankton at the surface, 
though unfortunately no information was available for the 
DCM. Different factors, or a combination of them, can pro-
duce conspicuous DCMs (Cullen 2015). We can speculate 
that this high chlorophyll concentration at depth at sta-
tion 211 could have been due to: a) the growth of the same 

population of ultra-phytoplankton present at the surface 
but acclimated to low light; b) preferential aggregation by 
motile phytoplankton (e.g., dinoflagellates), considering 
that the station was sampled at night; c) larger cells that 
have sunk after nutrients were depleted in the upper layer 
due to the peak of the previous bloom that was observed at 
the surface in the satellite images (Figs. 4a and 5). The lat-
ter seems a plausible hypothesis, and since the absorption 
spectrum was the same as that of healthy cells it would 
indicate that either they had very recently precipitated or 
that part of the population acclimated to the relatively low 
light (increasing the intracellular concentration of Chla; 
hence emphasizing the DCM effect) and probably received 
nutrients by some degree of exchange across the thermo-
cline. Moreover, Palma et al. (2020) have recently mod-
elled the effect of geostrophic circulation in the intermedi-
ate layer in this zone of the SJG that generates a cyclonic 
gyre (Fig. 1), which could favor the retention of this high 
phytoplankton biomass (Chla) encountered at the DCM. 
This phytoplankton located at depth would most probably 
precipitate to the bottom, which is consistent with the re-
ported presence of fine sediments in this central region 
of the gulf characterized by high amounts of total organic 
matter (Fernández et al. 2005, Kamisky et al. 2018). This 
spot is also an example where satellite surface estimates of 
Chla would not represent well the richness of phytoplank-
ton biomass at the site once a DCM is established.

A positive relationship between the rate of primary pro-
duction and Chla at the surface and carbon biomass was 
clear for spring, though a high dispersion of the data was 
observed for summer (data not shown). This variability in 
summer could be due to the different communities present 
and their varying physiological state. For example at st. 
75, dominated by Mesodinium rubrum (a protozooplank-
ton with cryptophyte symbionts) in the Micro fraction, a 
high PP was coincident with a high Bc; while at st. 51, 
dominated by the diatom Leptocylindrus danicus, also in 
the Micro fraction, a low PP was found although Bc was 
relatively high, but these cells, observed under the micro-
scope, showed broken or collapsed plastids indicative of 
poor health conditions.

Phytoplankton biomass (BC) is an important source of 
organic carbon in the flow of matter through the pelagic 
food web (Legendre & Rassoulzadegan 1995) and con-
tributes to the sedimentation processes towards the ben-
thos (Smetacek 1985, Legendre 1990). It was observed here 
that, during spring, part of the organic carbon produced 
in the southern region of the SGJ would be channeled by 
the protozooplankton component, especially heterotro-
phic dinoflagellates, which are known to be a main trophic 
nexus between phytoplankton and the upper trophic levels 
(Sherr & Sherr 2007, 2009); which in turn can be eaten 
by shrimp larvae. Another part of the organic carbon pro-
duced at the frontal area in the south of the SJG could be 
fueled to the benthos, the community of which is domi-
nated by filter feeders (Giberto et al. 2015, Kaminsky et al. 



V. Segura et al.36

2015). Contrary to this, during summer a microbial food 
web developed, fueled by ultraphytoplankton as a carbon 
source, as has been observed in other studies (Williams et 
al. 2018, Flores Melo et al. 2018). At this time of the year, 
a lower and more homogeneous spatial distribution in BC 
was observed inside the SJG, marked by the dominance 
of small sized cells, mainly Synechococcus sp, where the 
main predators were naked ciliates. Only at the frontal 
zones was the phytoplankton biomass high in summer, and 
this was due to the presence of a few large sized individu-
als such as the diatom Leptocylindrus danicus, in the SPFS 
front and the photosynthetic ciliate Mesodinium rubrum in 
the NPFS front, which due to their weight are more suscep-
tible to sinking and contribute to benthic and multivorous 
trophic webs (Legendre & Rassoulzadegan 1995).

In the present study we found that in the two frontal 
zones (NPFS and SPFS) a high chlorophyll a was related to 
high carbon biomass and high phytoplankton productivity 
in spring, and this high Chla remained relatively high even 
in summer. In concordance, in these frontal zones high 
abundances of impregnated female shrimps, as well as 
eggs and larvae, have been observed in spring and summer 
(Fernández et al. 2012). In the 2009 cruise, eggs and larvae 
were found throughout the study area and the highest con-
centrations of eggs were detected in the south of the gulf 
and NL in Escondida island (Moriondo Danovaro 2010). 
The presence of protozoea and mysids, in summer 2009, in 
relatively high densities compared to previous years indi-
cates that a large proportion of the eggs that were spawned 
in the spring of 2008 survived until reaching the most ad-
vanced larval stages (Moriondo Danovaro 2010).

The high phytoplankton biomass and productivity would 
have contributed to a large amount of organic matter sink-
ing to the bottom, which would provide good nutrition for 
impregnated female shrimp; since it has been reported 
that these shrimp have a detritivorous feeding habit. Even 
more, the permanence of relatively high phytoplankton 
biomass in these areas during summer, and especially its 
increase in autumn, would favor the feeding of shrimp 
larvae on pelagic biomass. Hence, there is evidence that 
high primary production found at SJG supports food webs, 
which includes the main fisheries targets of the shrimp 
Pleoticus muelleri (Bate, 1888), the hake Merluccius hubb-
si (Marini, 1933) and the southern king crab Lithodes san-
tolla (Molina, 1782).

Concluding Remarks

The occurrence of different plankton (phyto and proto-
zoo) types found here indicated differences in the structure 
of the food webs in the SJG between spring and summer. 
Variations found in the structure and physiology of plank-
ton affects the pelagic and benthic communities, including 
the life cycles of the most important fishing species in 
the area like shrimp. It was clear that frontal zones in the 
north and south of the gulf, favoring high phytoplankton 

BC and its maintenance due to a high PP, provided a favor-
able food environment for the impregnated female shrimp 
in spring and that of larvae during summer. Another im-
portant ecological function that became apparent in the 
central part of the gulf was the presence of a DCM, which 
would indicate an active biological pump that contributes 
to sedimentation of organic matter to the bottom.

To further understand the functioning of the San Jorge 
Gulf ecosystem, and how susceptible it could be to chang-
es in the environment, it is necessary to extend these 
plankton and primary production studies to cover the 
whole annual cycle and to continue the inter-annual moni-
toring during spring-summer (when plankton and larvae 
are abundant) to assess possible changes related to natural 
or anthropogenic (climate change) causes.
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