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We compared biological and chemical parameters in surface waters of the Gulf of San Jorge to better understand
carbon export and the factors that control phytoplankton production in an area of the Argentinian Continental
Shelf, a vastly under sampled region of the SW Atlantic Ocean. In April of 2012, we estimated new and regener-
ated primary production in the Gulf by measuring nitrate and ammonium uptake, respectively. We also mea-
sured macronutrient, and in situ chlorophyll-a concentrations, which were compared to chlorophyll-a
estimates from remote sensing. Although the Gulf of San Jorge presents high levels of chlorophyll-a and primary
production, the relationship between these parameters is not straightforward. Previous studies showed that sur-
face chlorophyll-a explains only part of the variance in euphotic-zone integrated primary production, and that
satellite-derived chlorophyll-a underestimates in situ primary production. Our results showed large spatial var-
iability in the Gulf, with transitional physico-chemical conditions, such as fronts, that could favor an increase in
biological production. In situ chlorophyll-a concentrations were highest at the mid-shelf station (6.0 mg m−3)
and lowest at the northernmost location by an order of magnitude. Remote sensing measurements of
chlorophyll-a underestimated our in situ chlorophyll-a concentrations. Total nitrogen (nitrate + ammonium)
uptake showed relatively similar rates throughout the study area (≈130 nM-Nd−1), except in the northernmost
stationwhere itwasmuch lower (53 nM-N d−1). This north region had a distinct watermass andmaximal levels
of macronutrients (nitrate≈ 6 μM, ammonium ≈ 1.2 μM, phosphate ≈ 1.2 μM and silicic acid≈ 4 μM). For the
entire sampling region, chlorophyll-a concentrations strongly correlated with total nitrogen uptake (r = 0.76,
n = 8, p b 0.05) and new primary production (r = 0.78, n = 8, p b 0.05). Values of the f-ratio were 0.9 in
mid-shelf, and ranged between 0.35 and 0.45 in inner and coastal stations. Our results indicate that highest car-
bon exportmay occur in the outer part of theGulf, closer to themid-shelf region. Further studieswill be necessary
to better understand the functioning of this ecosystem, including the impact of fisheries and horizontal transport
by currents in the overall CO2 balance.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The Argentinian Continental Shelf is an area with high primary pro-
duction and biodiversity (e.g. Moreno et al., 2012; Song et al., 2016) and
with some of the highest marine chlorophyll-a values of the world
ocean (Gregg et al. 2005, Rivas et al. 2006; Romero et al., 2006). In this
region, frontal zones enhance surface chlorophyll-a concentrations dur-
ing the summer (Rivas, 2006, Schloss et al. 2007). Although chlorophyll-
a has traditionally been used as a proxy of phytoplankton biomass
(Margalef, 1967), itmay not be the proper indicator for primary produc-
tion in this region. Evidence for this is that surface chlorophyll-a
. Paparazzo).
explains only part of the variance in integrated primary production
(Schloss et al., 2007; Garcia et al., 2008; Segura et al., 2013), and that
satellite-derived chlorophyll-a data underestimate measured primary
production rates (Dogliotti et al., 2009; Lutz et al., 2010; Dogliotti
et al., 2014).

In the Southwest Atlantic Ocean, nitrate is usually the limiting mac-
ronutrient for phytoplankton and is negatively correlated to
chlorophyll-a concentrations (Garcia et al., 2008; Paparazzo et al.
2010). Despite the importance of understanding nitrogen-
phytoplankton dynamics because of its implications on recycling versus
export of organic matter, only Paparazzo et al. (2013) reported rates of
nitrate uptake for this region. The present study extends on this previ-
ous work by measuring both new and regenerated primary production.
New production is the fraction of primary production driven by
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allochthonous nutrients (mostly nitrate) introduced to the euphotic
zone from outside the system, while regenerated production is fuelled
by recycled nitrogen (e.g. ammonium) produced in situ by heterotro-
phic processes (Dugdale and Goering, 1967). Assuming an upper
ocean steady-state nutrient budget and the absence of nitrate regener-
ation in the euphotic zone, new production can be assumed to be equiv-
alent to export production. The f-ratio (defined as the proportion of new
to total primary production based on N uptake, Eppley and Peterson,
1979) is widely used to indicate the efficiency of the biological pump
for carbon export to the deep ocean (Longhurst and Harrison, 1989)
and can also represents the capacity of the system to produce higher
levels of biological production.

The goal of this study is to linkmeasurements of new and regenerat-
ed primary production (as nitrate and ammonium uptake rates) with
those of macronutrients, and chlorophyll-a obtained by in situmeasure-
ments and by remote sensing in the Gulf of San Jorge. This is the first
time that both new and regenerated primary production were mea-
sured simultaneously in the Argentinian Sea. The study region was the
San Jorge Gulf (SJG), a half-open basin located between 45°S and 47°S,
which has been identified as a priority strategic area of research within
the framework of the Political Science and Technology of Argentina
Pampa Azul Program for marine conservation and commercial fishing.

2. Methods

The present study was conducted as part of the “Expedition Patago-
nia Austral 2012” (EPA-12) on board of the R/V “Puerto Deseado”. Six
stations were sampled in SJG (Fig. 1) from April 9th to 11th of 2012.

In situ temperature and salinity profiles were recorded by a Sea-bird
911 Plus® CTD probe. Data were calibrated with a final precision of
0.02 °C in temperature and 0.05 in salinity. To observe the vertical struc-
ture of the water column in the SJG region, sections of temperature, sa-
linity and density were performed between stations (3-6-1, 4-5-1 and
3-5-2, dotted lines in Fig. 1). Seawater samples were collected using
Niskin bottles placed on a General Oceanic® rosette system at 0 and
10 m depth (within the euphotic zone) from stations 1 to 4 (Fig. 1) for
the measurement of macronutrient (nitrate, nitrite, ammonium, phos-
phate and silicic acid), chlorophyll-a concentrations and nitrogen up-
take experiments. Bottles for the collection of nutrient samples were
previously washed with detergent, distilled water and 5% HCl, and
Fig. 1. Location of the stations in the San Jorge Gulf (SJG) sampled during EPA-12 from
April 9–11, 2012. Physical parameters were measured along the water column at all
stations. Chemical and biological parameters were measured at 0 and 10 m depth at
stations 1 to 4. Dotted lines show the sections 3-6-1, 4-5-1 and 3-5-2 between stations.
rinsed with distilled water. Samples for chlorophyll-a determination
were collected onto pre-combusted Whatman® GF/F filters (0.7 μm
nominal porosity) and the resulting filtrates were used for nutrient de-
terminations. Seawater samples and filters were preserved at −20 °C
until analysis ashore.

Nitrate (NO3
−), nitrite (NO2

−), phosphate (PO4
3+), and silicic acid

(Si(OH)4) concentrations were determined using a Skalar San Plus
autoanalyzer (Skalar Analytical® V.B. 2005a,b,c). Given the low concen-
trations of NO2

−, NO2
− + NO3

− concentrations were expressed as NO3
−.

Ammonium (NH4
+) concentrations were measured manually following

the Solórzano's phenol-hypochlorite method (Strickland & Parsons
1972).

Chlorophyll-a was extracted in 90% acetone and measured by fluo-
rometry in a Turner Designs® fluorometer Model 111 (Strickland &
Parsons 1972).

Rates of new (NPP) and regenerated (RPP) primary production,
measured as NO3

− and NH4
+ uptake, respectively, were determined by

means of incubations of 600 ml of seawater from the same stations (1
to 4) and depth levels (0 and 10 m) sampled for nutrients and
chlorophyll-a. Seawater samples were spiked with 0.1 μM of Na15NO3

(98% 15N; Sigma-Aldrich®) or 15NH4Cl (98% 15N; Sigma-Aldrich®) im-
mediately after water collection. The concentration of the added tracer
varied from 1.6% to 10% of ambient NO3

− and from 8.4% to 16% of ambi-
ent NH4

+. Bottles for the 10 m samples were covered with Cole-Parmer
filter bags that allow the transmittance of 50.5% of surface irradiance. All
samples were incubated for 24 h using a rack system at the same tem-
perature as surface seawater, located on the ship's upper deck. At the
end of the incubation, seawater samples were filtered onto pre-
combusted Whatman GF/F filters for the measurement of 15N abun-
dance and total N content in particulates, using an elemental analyzer
coupled to an isotope-ratio mass spectrometer (Integra CN, Sercon®).
Rates of NH4

+ and NO3
− uptake were calculated according to Dugdale &

Goering (1967). Total nitrogen uptake rates were estimated as the
sum of NO3

− and NH4
+ uptake, and were expressed as nM-N d−1. In

this paper, total nitrogen uptake rates are used as an index of total pri-
mary production (TPP) expressed in terms of N. To enable a comparison
with satellite chlorophyll-a data, in situ chlorophyll-ameasured at 0 and
10mwere averaged. The nitrogen uptake rates presented here also rep-
resent the averages for 0 and 10 m.

Uptake rates of NO3
− and NH4

+ were compared using two different
indices. The relative uptake of NO3

− (f-ratio = NO3
− uptake / NO3

−

+ NH4
+ uptake) was computed according to Eppley and Peterson

(1979). The Relative Preference Index (RPI) for each N source was also
calculated (McCarthy et al. 1977) to assess the degree towhich a partic-
ular N form is preferred over the other. For each N form, the percent up-
take is divided by its percent availability (e.g. for NO3

−: NO3
− uptake /

NO3
− + NH4

+ uptake) / (ambient NO3
− / ambient NO3

− + NH4
+).

Values N 1.0 reflect preference for a particular N form, values b 1.0
lack of preference for that N form, and values equal to 1.0 indicates
that uptake was equitable with their availability.

The turnover rate of each N form in the surface layer (0–10 m) was
calculated by dividing the ambient nutrient concentration by its remov-
al (or uptake) rate, which indicates the time of N removal under the ob-
served conditions.

For the dates and location of the EPA-12 cruise,MODIS-Aqua spatial-
ly extracted Level-2 files were acquired from the NASA ocean color web
page (http://oceancolor.gsfc.nasa.gov) with concurrent in situ Sea Sur-
face Temperature (SST) and chlorophyll-a data using SeaDAS v7.3 soft-
ware.We obtained the standard chlorophyll-a product derived from the
OC3 algorithm (OC3 updated version after the 2014 reprocessing) and
the daytime SST 11 µM product (that uses the 11 and 12 µM bands).
Temporal coincidence between satellite and in situ measurements was
24 h to match-up to in situ data. Values of satellite SST and
chlorophyll-a used in the match-up were the averages of all unmasked
pixels within a 3 × 3 pixel box centered on the in-situ target. Flags of SST
and chlorophyll-a productswere used for assessing the comparison of in

http://oceancolor.gsfc.nasa.gov
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situ vs. satellite chlorophyll-a data. Moreover, we acquired an 8-day
composite MODIS-Aqua spatially extracted Level-3 files (4 km) coinci-
dent with the days of the EPA-12 cruise to show the general SST and
chlorophyll-a spatial distribution for the region.

A Pearson correlation coefficient was used to assess the relationship
between variables. Sample size calculation was verified to obtain a 95%
significance and an 80% statistical power. Where necessary, data were
log transformed.
3. Results

Vertical profiles and sections of temperature, salinity and density
showed two extreme conditions (Fig. 2a and b): well-mixed waters
near the south, north and center of the SJG mouth (stations 1, 4 and
5), and vertically stratified waters outside (station 2) and inside of the
Gulf (stations 3 and 6). At station 5, located in the center of the
Fig. 2. Vertical profiles (a) and sections (b) of temperature, salinity and de
mouth, a less intense pycnocline near the bottom was observed,
which was the result of incoming colder bottom water.

Bottom temperature at station 3, inside of the Gulf, was near 1 °C
lower than at offshore station 2, and surface temperature at station 3
was N1 °C higher than at station 2. A subsurface minimum of salinity
was present at station 2 at 48 m, but it was more evident at stations 3
and 6, inside of the Gulf.

Average nitrogen concentrations for 0 and 10mwere low at stations
1 to 3, with average NO3

− values of around 1 μM and NH4
+ values be-

tween 0.6 and 0.9 μM(Fig. 3). Station 4was the exception, showing con-
centrations higher than 6 μMNO3

− and 1.2 μMNH4
+. Average PO4

3+ and
Si(OH)4 showed values from 0.6 to 1.2 μM and from 1.0 to 4.0 μM re-
spectively, with higher concentrations in northern station 4 and south-
ern station 1.

Nutrient variability between 0 and 10 m can also be observed in Fig.
3. NO3

− concentration was not different between 0 and 10 m, with the
exception of St. 1 in which the surface concentration was twice that
nsity. See Fig. 1 for the location of the sections 3-6-1, 4-5-1 and 3-5-2.



Fig. 3. Nutrient concentrations at 0–10 m depth in SJG stations 1 to 4 during EPA-12.
Diamonds represent the average values for measurements taken at 0 and 10 m. The line
that extends from the average concentration represent the range of values between 0
and 10 m. The line is not shown when the range is smaller than the symbol.

Fig. 5.Average f-ratio and Relative Preference Index (RPI) for nitrate 1 to 4 during EPA-12.
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observed at 10 m depth. At the 4 stations, NH4
+ was between 20% and

40% higher at 10 m than at 0 m. PO4
3+ was 10% higher at 10 m, with

the exception of the St. 2, where the surface concentration was twice
that observed at 10 m. Si(OH)4 showed the same values at 0 and
10m, except at St. 2where the concentration at 10mwas twice that ob-
served at 0 m.

Total primary production (NO3
−+NH4

+uptake)was 130nM-N d−1

in stations 2 and 3, slightly lower in station 1 (118 nM-N d−1), and
Fig. 4.Average total nitrogen uptake (black circles and values below the circles) expressed
as nM-N d−1 and the average proportions of new and regenerated primary production
(grey circles on the right hand side) for the 0–10 m depth range in SJG stations 1 to 4
during EPA-12. Percent values inside the grey circles correspond to the proportion of
NPP to TPP. The dotted line represents the limit between positive and negative values of
ΔpCO2 (μatm) (taken from Bianchi et al., 2005). Numbers inside the black circles refer to
station numbers.
much lower in station 4 (53 nM-N d−1) (Fig. 4). The proportions of
NPP (NO3

− uptake) and RPP (NH4
+ uptake) showed clear variability be-

tween stations (Fig. 4). At stations 1 and 4, NPPwas 35% and 43% of total
N uptake, respectively, at station 3, RPP andNPP showed similar propor-
tions (53 and 47% respectively), while at station 2, NPPwas substantial-
ly higher than RPP, with a value of 90% of total N uptake.

The highest f-ratiowas observed at the station 2 (0.9) and the lowest
at station 1 (0.35) (Fig. 5). For stations 3 and 4, the f-ratio was similar
(≈0.45). The RPI indicates that these nitrogen forms were not used in
equitable proportions with their availability. RPI on station 2 was 1.69
(Fig. 5), while the remaining stations showed RPI values between 0.51
and 0.76. Thismeans that therewas a high offshore phytoplankton pref-
erence for NO3

− over NH4
+, and that the preference for NH4

+ increased
near the coast. No significant correlation between theRPI values andnu-
trient availability was found.

Average turnover rate for the 0–10m layer is shown in Fig. 6. Values
lower than 20 days represent higher removal rate and therefore lower
replenishment of the N form. Stations 1, 3 and 4 showed higher avail-
ability of NO3

−, and the NH4
+ availability at Station 2 was even higher.

It should be noted that the NO3
− concentration in station 4 far exceeded

the rate of removal and therefore turnover rate is much higher than in
the other stations.

Satellite images that match the EPA-12 timing and regions showed
considerable cloud cover except for April 10, 2012 (Fig. 7a). On this
day, the surface layer presented temperatures of 14 °C inside and in
the north area of the Gulf, while offshore and southern temperatures
within the Gulf were one degree lower, suggesting a northward flow
of cold water. Chlorophyll-a showed concentrations of 1.0–
1.5 mg m−3 in the center of the Gulf, while concentrations of 2.0–
5.0 mg m−3 were detected along the coast. A patch of high
chlorophyll-a (5.0 mg m−3) was observed in the offshore area (65°W,
46°S) (Fig. 7b). To cover the entire EPA-12 period, 8-day composite im-
ages of temperature and chlorophyll-a (April 6–13, 2012) are presented
in Fig. 7c and d.
Fig. 6.Average NO3
− and NH4

+ turnover rate (in days) for 0–10m for stations 1 to 4 during
EPA-12.



Fig. 7. MODIS surface temperature (SST) (a, c) and chlorophyll-a (b, d) for April 10 (a, b) and 8-day composite images for April 6-13, 2012 (c, d) as obtained from NASA Goddard Space
Flight Center, Ocean Ecology Laboratory, Ocean Biology Processing Group. Moderate-resolution Imaging Spectroradiometer (MODIS) Aqua Ocean Color Data; 2014 Reprocessing. NASA
OB.DAAC, Greenbelt, MD, USA.
Source: doi: 10.5067/AQUA/MODIS_OC.2014.0.doi: 10.5067/AQUA/MODIS/L3B/CHL/2014. Accessed on 05/24/2016.
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Measured chlorophyll-a concentrationswere highest in offshore sta-
tion 2 (6.0 mg·m−3) (Fig. 8), and lowest in northern station 4
(0.6 mg·m−3). Stations 1 and 3 showed values of 3.2 and
Fig. 8. Measured (in situ) and satellite-derived chlorophyll-a (Chl-a) concentrations for
SJG stations 1 to 4 during EPA-12. Black diamonds show 10 m values and white
diamonds show 0 m values.
1.5mg·m−3, respectively. Remote sensing chlorophyll-a showed a sim-
ilar trend, but with lower values (Fig.8).

The log-transformed satellite-derived MODIS and measured
chlorophyll-a data were tightly correlated (n = 8, r = 0.93, p b 0.05),
as shown in Fig. 9. However, remote sensing chlorophyll-a
underestimated high measured values, especially for Station 2 (Fig. 9,
insert). A negative correlation between in situ SST and in situ
chlorophyll-a was observed (n = 8, r = −0.87, p b 0.05). A similar re-
lationship was observed between SST and chlorophyll-a values from re-
mote sensing (r=−0.74). Measured chlorophyll-awas also correlated
with NPP (n= 8, r= 0.78, p b 0.05) and TPP (r= 0.76, n= 8, p b 0.05),
but such correlation was not observed when comparing chlorophyll-a
data from remote sensing with NPP and TPP.

4. Discussion

4.1. Linking parameters

Our measured (in situ) chlorophyll-a concentrations were very sim-
ilar at 0 and 10 m at all stations, except at station 2 where there was a
small variation between surface and 10m. Therefore, our in situ average



Fig. 9. Log-transformed satellite-derived vs. log-transformed measured (in situ)
chlorophyll-a concentrations. Dotted line shows the linear correlation (n = 8, r = 0.93,
p b 0.05). The insert shows satellite-derived vs. average measured chlorophyll-a values
(not log transformed) with the dotted line representing the 1:1 relationship.

48 F.E. Paparazzo et al. / Journal of Marine Systems 172 (2017) 43–50
values for 0–10m are considered to be representative of the top 10m of
the ocean in this region. Since only one-fifth of the euphotic zone can be
measured by remote sensing using ocean color (upper ~10m) (Gordon
and Clark, 1980; Smith, 1981),we believe that it is fair to compare our in
situwith the satellite-derived data of chlorophyll-a for this study period.

In general there was strong agreement between our in situ
chlorophyll-a data and that estimated by remote sensing, but high in
situ chlorophyll-a concentrationswere underestimated by remote sens-
ing, as it was also observed in previous studies in the Patagonian Conti-
nental Shelf (Dogliotti et al., 2009, 2014; Lutz et al., 2010; Segura et al.,
2013). Satellite-derived chlorophyll-a data is useful because it provides
estimates of ocean productivity in broad temporal and spatial scales
(e.g. Marrari et al., 2016). However, the lack of agreement between in
situ chlorophyll-a and remote sensing data, when in situ chlorophyll-a
is high, suggests that ocean color algorithms can be improved to better
match up with observations and/or that there is not a complete corre-
spondence between the time when the image was taken and seawater
sampling. In addition, due to the presence of clouds, the time window
match-up (in situ vs. satellite data) was between a few hours and 24 h.
For remote sensing data, there were higher chlorophyll-a values very
close to the site of sampling pixels in certain locations (Fig. 7). This
may suggest that between the time when the image was taken and
the in situ sampling, there could have been a spatial shift in the area
(e.g. a patch with high concentration of chlorophyll-a could have
moved into the area and been sampled), resulting in the underestima-
tion of chlorophyll-a values observed in the satellite image. If satellite
data do not adequately represent the concentration of in situ
chlorophyll-a, this error automatically translates to erroneous estimates
of primary production based on that information (see Segura et al.,
2013).

The comparison between NO3
− with NH4

+ uptake rates by phyto-
plankton provides insights into the potential fate of primary production
and can be used to estimate the amount that is exported to deeper wa-
ters or available to higher trophic levels versus the amount that is
remineralized within the euphotic zone. Our in situ chlorophyll-a data
correlates with total nitrogen uptake (TPP) (r = 0.76, n = 8,
p b 0.05). This result is important because it contrasts with previous
studies in the region that showed differences between chlorophyll-a
and primary production based on O2 (Schloss et al., 2007), 13C (Lutz
et al., 2010; Segura et al., 2013) and remote sensing (Dogliotti et al.,
2014). Variability in chlorophyll-a concentration can be the result of
shifts in intracellular pigments in response to changing growth condi-
tions due to light, nutrients and temperature (Behrenfeld and Boss
2006), or changes in community structure (Bricaud et al., 2004; Lutz
et al., 2010; Segura et al., 2013; Dogliotti et al., 2014). It is quite possible
that one or several of these variables could be interfering with the reci-
procity of these parameters.

An expectable result was the positive correlation observed in this
study between chlorophyll-a and NPP (r = 0.78, n = 8, p b 0.05). It
has been reported that phytoplankton biomass tends to increase when
new production is high and regenerated production is low
(Kristiansen et al., 1994; Garneau et al., 2007). This could be associated
with the fate of biological production, which is discussed in the next
section.

Phytoplankton abundance and taxonomy for EPA-12 were pub-
lished by Krock et al. (2015), who showed that diatomswere dominant
at stations 1 and 4,where thewater columnwas not stratified. However
dinoflagellates were dominant at stations 2 and 3, with highly stratified
water columns. Krock et al. (2015) also noted that the total number of
phytoplankton cells was negatively correlated with in situ temperature
(r = −0.96) but positively correlated with in situ chlorophyll-a (r =
0.88). Combining the results of Krock et al. (2015) with ours, we deter-
mined that the abundance of dinoflagellates was related to RPI (r =
0.99), chlorophyll-a (r=0.75) andNPP (r=0.94). This is an interesting
result, since high levels of chlorophyll-a and NPP are normally associat-
ed with a greater presence of diatoms (e.g. Schloss et al., 2007;
Paparazzo et al., 2010). High f-ratio values are also normally correlated
with large algal (mainly diatom) blooms (Kristiansen et al., 1994;
Maguer et al., 1998; Bode et al., 2002; Kudo et al., 2015), but in our
study, the highest f-ratio in station 2 coincided with a dinoflagellate
bloom (Krock et al. 2015).

4.2. The case of the Gulf of San Jorge

Our results show large spatial variability in the SJG, reflecting the
highly dynamic nature of the physical oceanography of the region. For
example, there was an increase in surface temperature in a SE-NW di-
rection, an increase in salinity in a S-N direction, thermal stratification
in the central region and well-mixed waters in the northern and south-
ern locations. The well-mixed conditions observed at stations 1 and 4
could be due to high tidal dissipation on the southern and northern
areas of the Gulf (Palma et al. 2004). In addition, the differences in sur-
face and bottom temperatures at similar depths between stations 2 and
3 could indicate that water from the Gulf was partially isolated from
shelf water. Therefore, this physical variability in the region produces
transitional regions (or frontal zones) that could enhance (or decrease)
biological production.

Total nitrogen uptake showed relatively similar values throughout
the study area, except for the northern part of the Gulf, where it was
considerably lower. Coincidentally, the macronutrients were maximal
(especially NO3

−) at that location,which resulted in a very high turnover
rate. Bianchi et al. (2005)mentioned that the isohaline of 33.4 separates
low salinity coastal waters from shelf waters. The station located in the
north of SJG was the only location where salinities were N33.4. There-
fore, since this station was situated within a different water mass, this
can explain the differences in themeasurements at this location in com-
parison to the other stations sampled during this study.

Nitrogen availability and uptake rates were not correlated during
this study, whichmay indicate that primary productivity was not limit-
ed by the concentration of nitrogen sources. However, in coastal sta-
tions RPI were b1, which means that there was a preference for NH4

+

over NO3
− as a nitrogen source. This preference for NH4

+ positively cor-
relates with a higher concentration of NO3

− (n = 6, r = 0.8715,
p b 0.05). The differences between inner and offshore waters were
also reflected in the homogeneity of PO4

3+ and Si(OH)4 in the 0–10 m
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layer. These nutrients have a predominant coastal origin, and lower con-
centration would be observed offshore. With respect to NO3

−, although
the concentration was low in most stations, it never reached limiting
values for primary production (Millero 2013). In addition, micronutri-
ent (e.g. iron) availability may also play an important role in controlling
phytoplankton growth. Although there has been evidence of enhanced
supply of trace metals by atmospheric dust input along the Patagonian
coast (Erickson et al., 2003; Gaiero et al., 2003; Gassó and Stein, 2007),
bio-availability of iron has not yet been determined in this region.

Chlorophyll-a showed high concentrations in the southern region,
especially in the offshore shelf. The Blanco Cape Tidal Front
(Paparazzo et al., 2010) and the abrupt reduction in depth in the
mouth of the Gulf could be directly associated with the observed in-
crease in phytoplankton biomass due to enhanced upwelling of nutri-
ents (Bianchi et al., 2005, 2009; Schloss et al., 2007; Glembocki et al.,
2015).

Another important observation is that RPP was predominant
throughout the inner and coastal areas, while NPPwas higher in the off-
shore location. This has major implications from the point of view of C
export. During summer and fall, east of the tidal fronts of the mid-
shelf region, there is a strong CO2 sink (Bianchi et al., 2005; Schloss
et al., 2007). Under the assumption of steady state, NPP is directly relat-
ed to C export and our results reflect the association between these two
parameters. Fig. 4 shows the boundary between positive and negative
values of ΔpCO2 taken from Bianchi et al., 2005 and the NPP and RPP
ratio to TPP from this study. Further studies should consider the fate
of this new production. Offshore primary production could sink to
deep waters, but also a portion of this production could be exported
horizontally (as mentioned by Jacques, 1991), and/or can enter the
food chain and feed higher trophic levels. Intense fishing activity in
this area can then remove a portion of this production from the oceanic
system. Fisheries of hake (Merluccius hubbsi; Marini, 1933) and shrimp
(Pleoticus muelleri; Bate, 1888) extract large amounts of organic matter
from the Gulf of San Jorge (Góngora et al., 2012). Large fishing efforts
near areas of high NPP would therefore be expected.

5. Conclusions

This study presents the first simultaneous measurements of NO3
−

and NH4
+ uptake by phytoplankton, carried out with incubations using

15N, off the coast of Argentina. In situ chlorophyll-a positively correlates
with total nitrogen uptake (r= 0.76, n = 8, p b 0.05) and new primary
production (r=0.78, n=8, p b 0.05).We observed spatial difference in
the preference of nitrogenous species by phytoplankton in the SJG. In
the inner and coastal stations, uptake of NH4

+ and NO3
− were similar.

While at the mid-shelf station, we calculated a strong preference for
NO3

− uptake together with differences in other parameters, such as nu-
trients and chlorophyll-a concentrations. Longer time-series are re-
quired to determine the frequency of upwelling events both offshore
and inshore, and therefore the annual contribution of this new nitrogen
to total primary production. In addition, the fate of primary production
should be carefully considered, including the impact of fisheries and
horizontal transport by currents in the overall CO2 balance.

Chlorophyll-a estimated by remote sensing appears to be a weak in-
dicator of phytoplankton biomass in this region during the sampling pe-
riod. Estimates of chlorophyll-a made by remote sensors showed good
correlation with in situ data, but remote sensing underestimated high
in situ chlorophyll-a values. An increase in chlorophyll-a concentrations
have been observed by remote sensing in the Patagonian shelf in greater
magnitude than in other ocean regions, whichhas been attributed to cli-
mate change effects (Gregg and Conkright, 2002; Dandonneau et al.,
2004; Gregg et al., 2005). Assuming that these changes are not associat-
ed with differences in ocean color sensors or in the calculation of algo-
rithms, this result motivates further studies to understand the reasons
behind increases in chlorophyll-a over time and the linkages between
in situ and satellite-derived data. We recommend that detailed seasonal
studies should be performed for each of the sectors of interest to better
understand the processes that govern the biological production of this
area of economic and ecological importance.
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