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Southern coastal system of the San Jorge Gulf during spring
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AsstrACT. The San Jorge Gulf was declared an area of national economic, commercial, conservation and
diversity interest. To contribute to its study, the southern coastal sector of the gulf was characterised in physical
and chemical parameters in spring campaigns (November 2016 and 2017). Samples were taken on board the
oceanographic vessel Puerto Deseado in three perpendicular to the coast transects and another one to the
southeast of the gulf, which crosses a thermohaline front. The perpendicular to the coast transects showed a
similar pattern of distribution of physical and chemical properties in the water column. At nearshore stations,
the water column was homogeneous and the nutrient concentrations between the surface and bottom layers
were similar. At offshore stations, the water column was stratified and the nutrient concentrations were higher
near the bottom than at surface. In 2016, a wind induced upwelling front was observed in the southwest of
the gulf. Both sides of the thermohaline front did not show significant chemical differences. Throughout the
study area, silicic acid and nitrate limited primary production. Satellite chlorophyll-a data and fluorescence
profiles showed that the southern sector of the gulf has a high biomass of phytoplankton during November.
We conclude that the southern sector of the SJG has different features depending on the external forcing caused
by the front. The presence of fronts stimulates the growth of phytoplankton biomass through the injection of
nutrients from the homogeneous part to the stratified sector. This would affect phytoplankton community
and, thus, the productivity of the system.
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REsuMEN. Sistema costero del sur del Golfo San Jorge durante la primavera. El Golfo San Jorge fue declarado
zona de interés econémico, comercial, de conservacién y de diversidad nacional. Para contribuir a su estudio,
se caracterizo el sector costero sur del golfo en parametros fisicos y quimicos en campafias de primavera
(noviembre de 2016 y 2017). Se tomaron muestras a bordo del buque oceanografico Puerto Deseado en tres
transectas perpendiculares a la costa y en otra al sureste del golfo, que atraviesa un frente termohalino. Las
transectas perpendiculares a la costa mostraron un patrén similar de distribucion de las propiedades fisicas y
quimicas en la columna de agua. En las estaciones cercanas a la costa, la columna de agua fue homogénea y las
concentraciones de nutrientes entre las capas de superficie y fondo fueron similares. En las estaciones alejadas
de la costa, la columna de agua estuvo estratificada y las concentraciones de nutrientes fueron mayores en la
capa de fondo que en la superficie. En 2016 se observo un frente de surgencia por viento en el suroeste del golfo.
No se observaron diferencias quimicas significativas a ambos lados del frente termohalino. En toda el area de
estudio, el acido silicico y el nitrato limitaron la produccién primaria. Los datos satelitales de clorofila-a y los
perfiles de fluorescencia mostraron que el sector sur del golfo presenta una elevada biomasa de fitoplancton
durante el mes de noviembre. Concluimos que el sector sur del GSJ presenta diferentes caracteristicas en funcion
del forzamiento externo que origina el frente. La presencia de frentes estimula el crecimiento de la biomasa
fitoplanctdnica a través de la inyeccion de nutrientes desde el sector homogéneo al estratificado. Esto afectaria
a las comunidades de fitoplancton y, por lo tanto, a la productividad del sistema.

[Palabras clave: frentes, macronutrientes, produccion biolégica, surgencia, Golfo San Jorge]
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INTRODUCTION

An ocean front is an area where abrupt
horizontal changes of different water
properties and characteristics are observed
(Guerrero and Piola 1997; Paparazzo 2003;
Rivas and Pisoni 2010). The main properties
studied to indicate the presence of fronts are
temperature and salinity (Acha et al. 2015). In
addition, remote sensing is a useful tool for
studying frontal systems (Belkin and O’Reilly
2009) by estimating variables such as sea
surface temperature (SST) and chlorophyll-a
(Chl-a). Furthermore, Chl-a alongside with
fluorescence are commonly used as proxy
indicators of phytoplankton biomass and
these primary producers are the base of the
food chain. Olson (2002) and Bianchi et al.
(2009) suggest that biological responses at
fronts are related to the sensitivity of the
ecosystem to vertical movements. Vertical
mixing (homogenization of the water column
generated by ascending and descending
movements) affects stratification by breaking
the layer structure and environmental
characteristics of the upper sea layer. Thus,
environmental variations related to the depth
of themixinglayer, euphoticdepth and nutrient
supply encourage primary production and
allow phytoplankton development (Flores-
Melo et al. 2018). These conditions for the
development and permanence of organisms
could be altered differently on both sides of
the fronts (Bianchi et al. 2005).

Nitrite (NO,), nitrate (NO,), ammonium
(NH,"), phosphate (PO,*) and silicic acid
(Si(OH),) are essential nutrients for the
development of phytoplankton in aqueous
systems. Due to the importance of nutrients
in marine systems, measurements of nutrient
concentrations are among the most commonly
performed analyses in oceanographic
research. For example, Redfield (1934) found
that, regardless of absolute concentration, the
C:N:P ratio in the sea is constant and equal to
C:N:P=106:16:1. Brzenziski (1985), due to the
relationship of Silica with diatoms, added Si
to this ratio (C:Si:N:P=106:15:16:1). This
relationship between nutrients allows one
to estimate one nutrient from another and
to know if there is any input or differential
uptake of any nutrient. However, when the
water column is stratified, the nutrients in
the upper layer are consumed by the primary
producers, depleting them or reducing their
concentration to such low values that they limit
their development (NO,<0.7 uM, PO,*<0.3
uM and Si(OH),<1.8 uM) (Millero 2013) and
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change this ratio. In this way, the analysis of
nutrient concentration explains the influence
of fronts on chemical compounds (nutrients),
which, in turn, explains the relevance for
primary producers.

Laurs et al. (1984) and Yaniez et al. (1996)
describe that there is a strong relationship
between aggregations of pelagic fish and
environmental variables. Likeweise, Svendsen
etal. (2020) suggested that fronts may influence
marine fish assemblages. In addition, Williams
et al. (2010) studying the common hake in the
San Matias Gulf (Argentina) found that fishing
production is greater where the thermal front
is present, suggesting the biological relevance
of the oceanographic structure. Therefore, in
order to fully understand the environment in
which ocean fronts are found, it is important
to link the physical, chemical and biological
processes that occur in them.

Several frontal systems have been detected
in the San Jorge Gulf (SJG) (Glembocki et al.
2015) (Figure 1). In addition, the southern area
of the SJG is one of the areas with highest
productivity in the world (Costanza et al. 1997;
Gongora et al. 2012) and it is also relevant for
shrimp (Pleoticus muelleri, Bate, 1888) and hake
resources (Merluccius hubbsi, Marini, 1933),
two of the main commercial species in the gulf
(Fernandez et al. 2007; Géngora et al. 2012),
since the highest individuals concentrations
that support such fisheries are located there
(Fernandez et al. 2007). For this reason, the
goal of this study is to characterize the physical
and chemical conditions of the water column
during spring in the south of the SJG and
its association with temperature and Chl-a
concentration observed by remote sensors.

MATERIALS AND METHODS

Study area

The SJG is located in the Argentine coastal
sector from Dos Bahias Cape(44°55’ S - 65°32’
W) to Tres Puntas Cape (47°06” S - 65°52" W)
(Figure 1), encompassing more than 39000
km? of surface. The deepest sector of the gulf
(~110 m) is located in the central region and
decrease towards the coasts. In the southern
sector, a thermohaline tidal front has been
observed, with seasonal and spatial variability
(Rivas and Pisoni 2010; Carbajal et al. 2018;
Flores-Melo et al. 2018). On the other hand,
an upward movement of water on the coast
(coastal upwelling) has been observed in
the south-western sector due to the intense
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Figure 1. Geographical location of the
sampling stations. Green: 2016. Red:
2017. The shades of blue represent the
depth (m). SW: Southwest transect. SM:
South middle transect. SE: Southeast
transect. SF: Transect crossing a
front located southeast of the gulf.
Figura 1. Localizacién geografica de
las estaciones de muestreo. Verde:
2016. Rojo: 2017. Las tonalidades de
azul representan la profundidad (m).
SW: Transecta suroeste. SM: Transecta
sur medio. SE: Transecta sureste. SF:
Transecta que cruza el frente localizado

winds in the region (Pisoni et al. 2020).
This upwelling was previously predicted
from models (Tonini et al. 2006, Matano
and Palma 2018), and as a consequence, an
increase in primary productivity was observed
(Paparazzo et al. 2021).

Sampling

The sampling was carried out within the
framework of the Golfo San Jorge Working
Group of Pampa Azul initiative, on board
the Oceanographic Vessel Puerto Deseado,
in the south of the SJG (Figure 1), during two
austral spring campaigns (November 2016 and
2017). Two transects perpendicular to the coast
were made each year. The southwest transect
(SW) and the southern middle transect (SM)
were carried out in 2016, while the southwest
transect (SW) and the southeast transect (SE)
were carried out in 2017. Additionally, a
transect crossing a front located southeast of
the gulf (SF) was made in both years (Figure
1).

Seawater samples were collected for
macronutrients analysis (nitrate (NO,),
nitrite (NO,’), phosphate (PO,*) and silicic
acid (Si(OH),). At each station, water samples
were taken at the surface (5 m depth), at the
depth of the maximum fluorescence (~25 m
depth), immediately below the pycnocline
(layer in which the density vary abruptly in a
few meters in the water column) and near the

al sur del golfo.

bottom (~5 m depth), using an oceanographic
rosette system with 12 Niskin General Oceanic®
bottles (5 L). Temperature, salinity, density and
fluorescence’s vertical profiles were obtained
using a CTD Sea Bird 911° and a fluorometer
Sea Point®, both attached to the rosette. As
soon as they arrived on deck, pH values of
each bottle were recorded through a pHmeter
Yokogawa® Water samples for nutrient
determination were taken in duplicate. They
were stored in 125 mL of acid-clean plastic
bottles and kept frozen at -20 °C until analysis
in the laboratory on land.

Sample analysis

Macronutrient analysis (NO,, NO,,
PO, and Si(OH),) were performed by
colorimetric methods using an Skalar San
Plus® autoanalyzer (Skalar Analytical V. B.
2005a,b,c). The precision of measurements for
NO,, PO,*and Si(OH), was 0.03, 0.02 and 0.06
uM respectively. Since the NO,” concentration
was low (<0.3 uM), in this work NO, + NO; is
expressed as NO,.

Sea surface temperature and chlorophyll-a
satellite data

In order to corroborate the presence and
position of the front and to obtain an estimation
of the phytoplankton biomass, SST and Chl-
a data from monthly mean (November) sea
surface images were obtained. Satellite images



328 R P1ERATTINI-MARTINEZ ET AL

with a spatial resolution of 4 km?, captured
through the Moderate Resolution Imaging
Spectroradiometer (MODIS) sensor, installed
on board the Aqua satellite of the United States
National Aerospace Administration (NASA),
are freely accessible on the Web interface of
NASA Giovanni (giovanni.gsfc.nasa.gov).
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Data analysis

For plotting macronutrients, temperature,
salinity, density (sigma-t) and fluorescence
profiles, the Surfer 12° software (Kriging
method for data interpolation) was used.
Bathymetry shown in Figure 2 was estimated
from the data obtained by the CTD. In this
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Figure 2. Vertical profiles
along the transects. a)
Salinity. b) Temperature. c)
Sigma-t. d) Fluorescence. e)
pH. See sampling locations
in Figure 1. SW: Southwest
transect. SM: South middle
transect. SE: Southeast
transect. SF: Transect
crossing a front located
southeast of the gulf.

Figura 2. Perfiles verticalesa

lo largo de las transectas. a)

ai s a.b: b.c
Station

Salinidad. b) Temperatura.
c) Sigma-t. d) Fluorescencia.
e) pH. Ver localizaciones
de muestreo en la Figura
1. SW: Transecta suroeste.
SM: Transecta sur medio.
SE: Transecta sureste. SF:
Transecta que cruza el
frente localizado al sur
del golfo.
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study, the values of NO,<0.7 uM, PO,*><0.3
uM and Si(OH),<1.8 uM values were considered
limiting for primary producers according to
Millero (2013). Macronutrients ratios NO;
/PO,;*, Si(OH),/PO,* and Si(OH),/NO," were
interpreted according to Brzezinski (1985).
In order to analyse the degree of relationship
between the variables, a bivariate correlation
analysis was performed following Pearson’s
correlation. Georeferenced images were
performed using Qgis (qgis.org).

REesuLTs

Physical properties in the water column
showed a similar distribution pattern along
the transects perpendicular to the coast (Figure
2) (SW 2016, SM and SE, except SW 2017). At
the near-shore stations (a,, b,, ¢, and c,),
salinity (33.23+0.05), temperature (9.8+0.6 °C),
density (25.59+0.14 kg/m?®) and fluorescence
(<1 mg/m®) showed homogeneous values in
a non-stratified water column. On the other
hand, the sampling stations far from the
coast (all the remaining sampling stations
along the transects) showed a stratified water
column that varied in magnitude and depth
depending on the transect. In the mixing layer
(<40 m depth), the water was warmer (>10.3
°C), less saline (<33.25) and, therefore, less
dense (<25.51 kg/m?®); 5 m above the bottom
the water was cooler (<10.0 °C), saltier (>33.35)
and denser (>25.60 kg/m?). At these sampling
stations, the highest fluorescence values (>2
mg/m®) were found between 10 and 25 m
above the pycnocline. These estimates were
coincident with the highest pH values (7.83
and 8.10). Satellite data for SST (Figure 3)
suggest a similar distribution pattern for both
years (Figure 2b). The highest temperatures
were found in the central part of the gulf, while
the lowest temperatures were found on the
coast and towards the interior of the shelf.
In addition, in 2016 —but not in 2017— an
upwelling of cold water was observed in the
SW transect.

A low-salinity water intrusion (<33.25)
between 20 and 40 m depth was observed
in the SW transect conducted in 2017 (Figure
2) (SW 2017). It also showed thermal (2.36
°C) and density (0.25 kg/m?®) stratification
at 9 m. The pycnocline were located in the
vicinity of 20 m depth. Above pycnocline, the
fluorescence values were high (>2 mg/m?®),
reaching a maximum value of 12.09 mg/m®,
coinciding with the highest pH values.

10.5

8.5
Temperature (°C) -

b) 67TVV

Figure 3. Distribution of sea surface temperature (°C)
south of the SJG. a) November 2016. b) November 2017.
Data (4 km? of spatial resolution) were obtained from the
official Giovanni NASA site (giovanni.gsfc.nasa.gov).

Figura 3. Distribucién de temperatura superficial del mar
(°C) al sur del GSJ. a) Noviembre de 2016. b) Noviembre
de 2017. Los datos (4 km? de resolucion espacial) fueron
obtenidos del sitio oficial de Giovanni NASA (giovanni
.gsfc.nasa.gov).

In the SF transect, a similar pattern of
distribution was found but different values
of physical variables for both years (Figure 2)
(SF 2016 and SF 2017). The water column at the
first sampling station (d,in 2016 and d, in 2017
in Figure 1, the innermost of the gulf) showed
a weak stratification, while in the next stations
the water column was homogeneous. Salinity
was higher in 2016 (33.39 to 33.44) than in 2017
(33.25 t0 33.37), and thermal stratification was
stronger in 2016 (0.91 °C in 14 m) than in 2017
(0.39 °C in 16 m), when a weak bottom front
was detected (see Figure 2b). Satellite data for
monthly SST (Figure 3) showed a SST gradient
in 2017 (0.05 °C/km), in agreement with
Figure 2b. In addition, a lower SST gradient
(0.03 °C/km) was observed in 2016. Despite
these differences, the density was similar
in both years (2016: 25.60+0.05 kg/m? 2017:
25.61+0.02 kg/m?). Fluorescence showed low
values, being lower in 2016 (0.30£0.14 mg/m?)
than in 2017 (1.38+0.23 mg/m?). During 2016
pH values were not recorded, while in 2017 pH
showed homogeneous values (7.9-8.01) with
an increase on the surface of the innermost
stations.

Macronutrients concentration varied with
depth (Figure 4) and water column stability.
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Figure 4. Macronutrients concentration (uM)
south of the SJG described by layers. a-d: NO,.
e-h: PO*. i-1: Si(OH),. a-c, e-g and i-k: 2016. b-d,
f-h and g-1: 2017. a, b, ¢, £, i and j: Surface (S). ¢,
d, g h, k and I: Bottom (B).

Figura 4. Concentracion de macronutrientes (uM)
al sur del GS] descriptos por capas. a-d: NO;. e-h:

| |
66° W 67°W
Longitude

Near the bottom, the NO_, PO,* and Si(OH),
concentrations increase off-shore, while
the surface concentration decrease in that
direction. Near shore stations (a,, b,, ¢, and c,),
with a homogeneous water column, showed
higher concentrations in 2016 (NO, ~10.67
um; PO,*> ~1.60 um and Si(OH), ~4.43 um)

66° W

PO/* e i-l: Si(OH),. a-c, e-g e i-k: 2016. b-d, f-h y
g-1:2017. a, b, e, f, i y j: Superficie (S). ¢, d, g, h,
ky 1: Fondo (B).

than in 2017 (NO, ~5.60 um; PO,* ~1.35 um
and Si(OH), ~2.46 um) (Table 1). The offshore
stations (a,-a,, b,-b,, c,-c, and d -d ), with a
stratified water column, showed a higher
concentration of nutrients near the bottom
than at the surface. In addition, the nutrients
concentration near the bottom was higher in

Table 1. Average concentration (uM) = standard deviation. C: Coastal station (a,, b, and c,). NC: Non-coastal station

(rest of stations). S: Surface. B: Bottom.

Tabla 1. Concentracién promedio (uM) + desvio estandar. C: Estacion costera (a,, b, y ¢;). NC: Estacion no costera (resto

de estaciones). S: Superficie. B: Fondo.

NO, (uM) PO, (uM) Si(OH), (uM)
2016
S 9.3+3.4 1.5+0.4 3.8+1.6
¢ B 11.842.8 1.8+0.2 5.0£1.7
S 1.8+£0.4 1.0+0.1 1.6+£0.2
NC B 13.9+1.5 2.0+0.2 6.3+1.5
2017
N 2.842.9 1.1£0.3 1.2+0.3
¢ B 8.44+4.0 1.6£0.4 3.7+3.2
NC S 4.943.9 1.4+0.3 2.8+1.5
B 10.6+3.0 1.9+0.3 5.5+£2.3




SOUTHERN COASTAL SYSTEM OF THE S]JG 331

16
A R=08 g%
& r=093 %
E./_ 'h. Surface
6 8 T ‘r’ e« Bottom
Z
4 4 R?=0.82
r=0.90
0 1 :
9
b) R2=095 @& <) R =087 4
- r=0.98 ; r=093 o .‘ Figure 5. Linear regression
%_ 6 4 o * s between the macronutrients
= concentration at the surface layer
acy i - south of the SJG. a) P vs. N. b) P vs.
§, 3 gl R; _ ggi , - Fe Si. ¢) N vs. Si,ILig})lt blue: Bo)ttom.
9] / R =073 Orange: Surface.
3 r=0.85 Figura 5. Regresion lineal entre la
0 } } ! } } I concentracién de macronutrientes
0 . 5 3 0 4 5 i i de la capa de superficie al sur del
GS]J. a) P vs. N. b) P vs. Si. ¢) N
vs. Si. Celeste: Fondo. Naranja:
POs> (uM) NOs (uM) Superficie.
2016 than in 2017, while the opposite occurs at 16
surface (Figure 4, and NC in Table 1). . R;f %883
The average Si:N:P ratio of the southern s 12 7
sector of the SJG was 5.13:10.66:1. The N:P and =
Si:P ratios near the bottom (~10.61 and ~6.62, i 8 1
respectively) were higher than those at the Z
surface (~9.27 and ~3.91, respectively) (Figure 49 r=-070
5), showing that N and Si concentration tends 0 a)
to increase with depth more than P. Regarding T T
the Si:N ratio, at surface the values (~0.63) B
were higher than near the bottom (~0.31). It
is important to note that this ratio in the SW s 2
transect (2017) was high (>10) in almost all e
stations. 155
Results showed an inversely linear .
relationship between temperature and
macronutrients concentration (Figure 6). High 0 : :
nutrient concentration was associated with 9
low temperature. However, the relationship
was different for each nutrient and each layer =)
analysed, obtaining a better relationship near 2 6 7
the bottom layer than at surface. =
Based on remotely estimated Chl-a, the % 3
surface concentration in this sector of the SJG R2=0.44 ™
in November ranged between 1.16 and 7.52 o r=-0.66 *
mg/m?® (Figure 7). The lowest values were 0 ' '
9 10 11 12

recorded in the eastern region of the gulf
(2016: <5.7 mg/m?; 2017: <2.1 mg/m?). On the
other hand, the highest values were recorded
towards the southwestern sector of the gulf,
differing in distribution and magnitude
between the two years under study. In 2016,
the highest values were observed around the
SM transect (>3.65 mg/m?), while in 2017, the
highest values were observed to the west of
the SW transect (>4.32 mg/m?).

Temperature (°C)

Surface # DBottom

Figure 6. Linear regression between macronutrients

concentration and temperature south of the SJG. a) N. b)
P. ¢) Si. Light blue: Bottom. Orange: Surface.

Figura 6. Regresion lineal entre la concentracion de
macronutrientes y la temperatura al sur del GS]J. a) N. b)
P. ¢) Si. Celeste: Fondo. Naranja: Superficie.
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Figure 7. Distribution of Chl-a (mg/m?®) south of the SJG.
a) November 2016. b) November 2017. Data (4 km? of
resolution) were obtained from the official Giovanni
Nasa site (giovanni.gsfc.nasa.gov).

Figura 7. Distribucion de clorofila-a (mg/m?®) al sur del GSJ.
a) Noviembre de 2016. b) Noviembre de 2017. Los datos
(4 km? de resolucién) fueron obtenidos del sitio oficial de
Giovanni Nasa (giovanni.gsfc.nasa.gov).

Discussion

Based on data from these two campaigns,
the temperature records were 0.5-1 °C higher
than those previously described by Fernandez
et al. (2005) (Table 2). This is consistent with
previous observations on the variability of the
system (Allega et al. 2021; Bodnariuk et al.
2021). On the other hand, salinity values (33.15
to 33.44) were lower than those described by
Fernandez et al. (2005) (33.48 to 33.66), but
followed a similar pattern of variation (Table
2). Our results suggest that the density of the
water column was governed by temperature
as a consequence of the differences that have
been mentioned in the values of temperature
and salinity, the values of density were around
0.25 kg/m?® lower than those described by
Fernandez et al. (2005) (Table 2). This has as
a direct consequence a strengthening of the
stratification and an increase in the isolation
between surface and deep waters with respect
to previous years.

The pH values (7.70-8.19) were similar in
magnitude to those presented by Torres et
al. (2018) in 2016 for the entire gulf (7.5-8.2)
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(Table 2), showing a characteristic pattern in
which the values at the surface were spread
more than near the bottom. This pattern could
be explained since pH is closely related to
the organisms that inhabit the environment
through the carbon/carbonate balance, since
the process of photosynthesis uses CO, as
a reagent for its reaction (Chen and Durbin
1994). In addition, the maximum pH values
coincided with the maximum fluorescence
values. This suggests there is an indirect
relationship between pH and fluorescence
or Chl-a as both are indirect indicators of
phytoplankton biomass. It should be noted
that the pH values changed from year to year
and were higher when the water column was
warmer (Table 2).

A large variability of macronutrient
concentrations was observed, similar to those
described by Akselman (1996) and Torres et
al. (2018) for the entire SJG in the same season
of the year. Torres et al. (2018) suggested that
the vertical distribution of macronutrients
was associated with the stability of the water
column, which depends on the physical
variables that regulate it. Likewise, our results
showed that in the stations with stratified
water column, nutrient concentrations at
the surface were lower than near the bottom.
In contrast, when the water column was
homogeneous, the opposite was observed.
The concentration at the surface increases
and that near the bottom decreases because
of mixing. In 2016, surface water showed a
lower concentration of macronutrients in the
north than in the southern half of the gulf
(Torres et al. 2018). Although so far only
NO, was reported as a limiting nutrient for
primary producers, in some stations measured
during this work, Si(OH), was also a limiting
nutrient. Paparazzo et al. (2021) suggested
that during the period studied (November
2016), when NO, was low, NH,* played an
important role for primary productivity due to
the low water exchange in the column and the
optimal relationship between preference and
N availability in the environment. In addition,
the authors discusses the type of primary
production (new or regenerated) which
depends on the least available nitrogen source.
In addition to these observations, in this work
we consider that, due to some observations
of limiting Si(OH),, biogenic silica should be
measured to fully understand the distribution
patterns observed by those authors.

A Si:N:P ratio (5.13:10.66:1) lower than that
described by Redfield-Brzezinski (15:16:
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Table 2. References of mean, standard deviation (SD), minimum (min) and maximum (max) between measurements
of salinity, temperature (°C), density (kg/m?), pH, chlorophyll-a and nutrients (NO,, PO,* and Si(OH),, uM) from this
study and other studies during spring in the GS]J.

Tabla 2. Referencias de promedio (mean), desvio estandar (SD), minimo (min) y maximo (max) entre las mediciones de
salinidad, temperatura (°C), densidad (kg/m®), pH, clorofila-a y nutrientes (NO,, PO,*y Si(OH),, uM) de este estudio
y otros estudios durante primavera en el GSJ.

Reference Year  SJG area Variable Layer Mean  SD Min Max
Salinity all 3333 0.08 3317 3344
Temperature (°C) all 10.14 0.64  9.02 10.94
Density (kg/m?) all 2562 012 2539 2584
pH all - - 7.70 8.12
2016 south Chl-a (mg/m?®) surface 2.16 7.52
NO, (uM) all 8.32 571 145 1492
PO (uM) all 1.47 049 081 2.14
This work Si(OH) 3 '(pM) all 3.86 237 098 7.33
Salinity all 3321 0.06 3315 3343

Temperature (°C) all 9.97 0.75
Density (kg/m?) all 2563 014 2531 2592
pH all - - 7.79 8.19
2017 south Chl-a (mg/m?®) surface 1.16 6.52
NO, (uM) all 7.44 461 002 15.50
PO (uM) all 1.57 042  0.80 2.48
Si(OH), (uM) all 3.86 240 085 9.25
Salinity bottom 3359 0.10 3326 33.69
Temperature (°C)  bottom 9.10 079 804 1143
all Density (kg/m?) bottom  25.99 016 2547 26.18
Chl-a (mg/m?) bottom 0.42 038  0.06 1.66
Fernandez et al. (2005) 1999 Chl-a (mg/m?®) surface 0.57 040 0.10 221
Salinity all 33.61 0.04 3348 33.66
south Temperature (°C) all 8.89 029 838 9.27
Chl-a (mg/m?) bottom 0.26 0.10  0.03 0.63
Chl-a (mg/m?®) surface 0.42 0.18  0.10 0.79
pH all - - 7.50 8.20

Chl-a (mg/m?®) surface  ~4.00

NO, (uM) surface 0.00 12.00
PO (uM) surface 0.40 1.60
Torres et al. (2018) 2016 all Si(OH), (kM) surface 1,00 5.00
NO; (uM) bottom 1.00  16.00
PO (uM) bottom 1.00 2.50
Si(OH), (uM) bottom 1.80  11.00

1) is directly associated with the limitation
in Si(OH), and NO, discussed above.
Sommer (1989) suggested that the nutrient
requirements for each phytoplankton species
are a key factor in regulating the composition
of the phytoplankton community. Paparazzo
et al. (2021) showed a great variation in
the composition of the phytoplankton
communities in the gulf. Although the
adaptation of communities to changes in
nitrogen sourcesis made clear, we consider that
the availability of Si(OH), could complement
the interpretation of the system.

Our results showed high Chl-2 concentration
where nutrient concentration was low,

which could indicate nutrient uptake by
phytoplankton. Phytoplankton blooms can
be related to values above 1.5 mg/m? Chl-a
(Treguer and Jacques 1992). Chl-a blooms,
south of 45° S, start in late spring, early
summer (November-January) (Romero et al.
2006). Based on remote sensing, Glembocki et
al. (2015) showed a typical cycle for temperate
regions of the annual Chl-a, when spring
waters of SJG were stratified. This cycle was
not observed in certain regions of the gulf,
where the water column was not stratified,
such as those mentioned in this study. Our
results showed interannual variability of Chl-
a, with concentrations (2.16-7.52 mg/m?) higher
in 2016 than 2017 (1.16-6.52 mg/m?). Torres et
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al. (2018) measured in situ Chl-a in 2016 and
showed mean values of ~4.0 mg/m?. Although
the satellite Chl-a data are sufficiently robust
to support our conclusions, when interpreting
the results, it should be considered that A) the
Chl-a concentration in the present work is a
monthly average, B) there is a difference in
MODIS algorithm performance by sampling
location (Dogliotti et al. 2009), C) Williams
et al. (2013) describe that the concentration
obtained by MODIS-Aqua could overestimate
in situ concentrations lower than 1.0 mg/m?,
while underestimating concentrations higher
than 1.0 mg/m? in contrast to Dogliotti et al.
(2009) which shows a general underestimation
throughout the analyzed range of chlorophyll,
and D) concentrations near the coast could
be overestimated as there is the presence of
suspended solids that could interfere with the
satellite estimate (Romero et al. 2006; Williams
et al. 2010).

Our results showed the presence of two types
of fronts generated by different forcings in
the south of the SJG. The presence of fronts
could be identified when a water mass
with a homogeneous water column meets
a water mass with a marked stratification.
This pattern was observed in the transects
SE, SM, SW 2016 and in both SF. Our results
show a consistent pattern of three layer in
the stratified sector. The surface layer (mixed
layer) showed relatively high temperature
and low salinity, fluorescence, pH and
nutrient concentration. In this layer, primary
producers have adequate light conditions for
their development. Macronutrients stimulate
the growth of phytoplankton and were
consumed until exhausted. When pycnocline
develops, it isolates a bottom layer with low
light availability, lower temperature and
fluorescence and higher salinity and nutrients
concentration than the surface. In contrast, in
the homogeneous sector of the front, surface
concentrations of macronutrients were higher
and fluorescence was lower than the stratified
region. This indicates that there was low
nutrient uptake by primary producers due to
the instability of the water column, which does
not allow primary producers to be suspended
in a surface layer where light is available.
Due to the breakdown of stratification and
the formation of the front, this injection of
nutrients (from the homogeneous side of the
front) would stimulate primary production in
the stratified zone. Throughout the present
study, the SJG showed spatial differences
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associated with processes that generate the
fronts and act on the physical, chemical and
biological properties of the water.

The sector under study of the SJG was
described as an area of coastal upwelling,
both by numerical simulations (Tonini et al.
2006; Matano and Palma 2018) and through in
situ measurements (Pisoni et al. 2020). Strong
W-NW winds 48 h before our 2016 sampling
generated the frontal conditions observed in
our results. Paparazzo et al. (2021) showed
that this upwelling generates a sudden
change in nutrient availability and increase
primary productivity. It was corroborated in
our data in the SW and SM transects of 2016.
On the contrary, during 2017 the winds were
not favourable to break the stratification and
the upwelling was not observed (Pisoni et al.
2020), and its consequence can be observed in
our results for that year.

The SF transect crosses the thermohaline
seasonal tidal front (Rivas and Pisoni 2010;
Carbajal et al. 2018) located south of the SJG.
Akselman (1996) and Glembocki et al. (2015)
showed that its maximum development is
observed in January. The monthly (November)
SST satellite datashowed a surface temperature
gradient that indicates the presence of the front
for both years, with the 2017 gradient higher
than that of 2016. The surface presence of this
thermal front could be observed through in
situ data in 2017. However, in 2016 it was
not possible to observe this front. Although,
a thermal front was detected at the bottom,
which makes us think that the surface front
was still forming during our sampling and
finished developing during the month of
November.

Finally, in the SW 2017 transect, a low-
salinity water intrusion (S<33.25) was observed
in the subsurface. This water intrusion could
be associated with the Magellanic plume
entering the gulf via intermediate circulation,
as described by Carbajal et al. (2018) and
Palma et al. (2020). Our observations shows
high nutrient concentration at station a, (data
not shown) and high subsurface fluorescence
values (higher than expected) at 25 m. Carbajal
et al. (2018) point out that in February, the
low-salinity water plume provides nutrients
and water with high concentrations of Chl-
a during intermediate tide phase, which
could explain the high fluorescence values.
However, additional measures are needed to
better understand this process.
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CONCLUSIONS

The southern sector of the SJG has different
features depending on the external forces
acting on it. Under certain wind conditions,
an upwelling is generated in the coastal area.
Addittionaly, the interaction of topography
and tidal currents are conducive to the
formation of fronts. The presence of fronts
stimulates the growth of phytoplankton
biomass through the injection of nutrients from
well-mixed waters to stratified waters. This is
observed during the austral spring, where the
SJG shows high phytoplankton biomass. This
paper provides direct information on how the
physical and biogeochemical processes affect
the productivity of this system.
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