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The present work reports the first data set on particulate organic carbon (POC) and nitrogen (PON), and the high-
resolution modelling of their stable isotope variability in the Patagonian Cold Estuarine System (PCES), with focus
on particulate organic matter (POM) origin and distribution in dependence on physical, chemical and biological
parameters. POC, PON, stable carbon (δ13C) and nitrogen isotopes (δ15N), dissolved organic nitrogen,
phaeopigments, diatom, dinoflagellate and heterotrophic bacteria (HB) abundance are reported for 17 stations
in different waters masses in the southern end of the Argentine shelf in late summer 2012. Most parameters de-
note clear differences betweenBeagle -MagellanWater (BMW), Subantarctic ShelfWater (SSW) and Subantarctic
Water (SAW). POC and PON decreased frommaxima in BMW to intermediate values in SSW andminima in SAW.
There was a highly significant correlation among POC, PON and fluorescence indicators of diagenetic maturity of
dissolved humic matter. This, together with the inverse correlations of salinity with POC and PON, and the wide
range of C:N ratios indicate that POM in the study area is partly derived from terrestrial runoff, superimposed by
autochthonous components from plankton of different life stages. HB abundance was significantly correlated
with POC and dissolved organicmatter (DOM), likely reflecting a resource control of HB and a significant contribu-
tion of bacterial biomass to POM in the nanoparticle fraction. The direct relationship betweenHB and dissolved hu-
mics suggests bacterial uptake of DOM fractions otherwise considered refractory.
POMcomplexitywas reflected in awide variation of δ13C, despite the narrow temperature range of this region. The
variability of stable isotopes of POC could be accounted for by amodelwith a degree of detail hitherto not reported
in the literature. Amultiple regression including C:N ratio, ammonium and the quotient between log abundance of
diatoms, dinoflagellates and HB explained 92% of δ13C variance, mostly produced by ammonium. Despite the
strong effect of ammonium on δ13C, δ15N variability was largely explained by a strong inverse relationship with
the fraction of unutilized nitrate, suggesting dominance of nitrate uptake. However, the proportion of presumably
isotopically heavier ammonium derived from continental runoff in themarine δ15N-POMpool is unknown and re-
quires investigation of the isotopic composition of dissolved inorganic nitrogen in the PCES.
The presented new information and its comparisonwith data from other sectors of the Argentine shelf constitute a
contribution to an approach for the understanding of the organicmatter dynamics that can be potentially expand-
ed to the entire Southwest Atlantic.

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

A sound understanding of the driving forces of dissolved (DOM) and
particulate organic matter (POM) variability is essential to improve the
current knowledge of carbon andnitrogen dynamics, particularlywhere
continental and oceanic inputs occur in hydrographically complex envi-
ronments. On a global scale, the amount of carbon inDOM in seawater is
20 times higher than in POM (Sharp, 1973). POM comprises living and
non-living matter, including microalgae, bacteria, detritus, fecal pellets,
and clays (Volkman and Tanoue, 2002). The pool of non-living POM is
about 10 times higher than plankton biomass and is dominated by com-
plex organic molecules that are difficult to decompose (Benner and
Kaiser, 2003).

Alteration of POM bymicrobes is particularly important in estuaries,
where it represents a significant source of nutrients for adjacent coastal
ecosystems (Mayer et al., 1988; Rabalais et al., 1996). DOM also plays a
key role in bacterial production and microbial food web processes in
coastal ecosystems (Azam and Hodson, 1977). It acts as a substrate
supporting heterotrophic bacterial (HB) activity (Carlson, 2002 and
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references therein). The factors controlling its transfer, production, re-
moval and accumulation in estuarine environments have therefore
both biogeochemical and ecological significance. Determining organic
matter sources (McCallister et al., 2006a, 2006b), and the factors regu-
lating its production, consumption and transformation in coastal and
oceanic waters is critical for improving our knowledge on the biogeo-
chemical cycles in complex estuarine environments.

In this context, the Patagonian Cold Estuarine System (PCES), in the
southern end of the Argentine shelf, is particularly relevant for its hydro-
graphic complexity, high biologic productivity, freshwater inputs, and as
link between oceans, particularly when trying to understand the main
biogeochemical mechanisms and the sources of biogenic carbon (C)
and nitrogen (N). The PCES is part of the Pacific–Atlantic system inter-
connected by the Cape Horn current, which transports low-salinity
water from the Southeast Pacific (Antezana, 1999; Acha et al., 2004),
and continues as theMalvinas Current (Longhurst, 1998), which delivers
oceanic nutrient-rich Subantarctic Waters (SAW) to the Argentine shelf
(Silva and Neshiba, 1979).

Studies on the biogeochemical dynamics of organic matter in the
Southwestern Atlantic are scarce, and the spatio-temporal variability of
bulk POM and DOM is largely unknown. In fact, to date there are few
available publications addressing tracers of suspended POM, such as sta-
ble carbon (δ13C) and nitrogen (δ15N) isotopes (Lara et al., 2010), dis-
solved organic carbon (DOC) and fluorescent DOM (Garzón-Cardona et
al., 2016) in Argentine shelf and adjacent oceanic waters. The latter
work stressed the importance of continental runoff on the productivity
of waters of the Beagle Channel, focusing on the sources of ammonium
andDOC of this system. It also tested the hypothesis that ammoniumde-
rived from wet deposition or continental runoff could explain negative
δ15N values reported for this area in previous studies (Lara et al., 2010),
but did not further investigate the sources of isotopic variability. Based
on the interaction of Subantarctic waters with freshwater inputs from
the SE Pacific, and relationships between DOM fluorescence properties
and inorganic nutrient distributions (Garzón-Cardona et al., 2016) de-
scribed a zonation of the region in Beagle Channel, coastal and oceanic
waters.

The complexity of this environmental setting allows the assumption
that properties of the watermasses also play a major role in the charac-
teristics of POM. Thus, the current study has two main objectives: first,
the zonal characterisation of POM properties as dependent on physical
and chemical parameters, and second, the understanding of the isotopic
variability of organic matter in the region.

To our knowledge, the present work reports the first data set of par-
ticulate organic carbon (POC) and nitrogen (PON) distribution in the
PCES,with focus on POMorigin and distribution, aswell as themodelling
of its isotopic variability (δ13C and δ15N). For this purpose, plankton size
fractionswere studied taxonomically and functionally; and the influence
of oceanographic properties, chlorophyll, DOM features and inorganic
nutrient concentration patterns reported by Garzón-Cardona et al.
(2016) were also included in this analysis.

2. Materials and methods

2.1. Study area and sample collection

During the austral autumn, fromMarch 27th to April 14th 2012, sur-
face water samples were collected on board of F/B Don Pedro and R/V
Puerto Deseado during the expedition IADO 0312 and PATAGONIA AUS-
TRAL-2012. For clarity, we used in this work an ordinal numbering for
the seventeen sampling stations covering the Beagle-Drake geographical
area (Fig. 1).Water depths ranged from80m in the inner part of the Bea-
gle Channel to 2300m in the open ocean. At all stations, continuous tem-
perature and salinity (CTD) profiles were recorded.

An aliquot of 250 mL of sea water from the Niskin bottle samples
from each stationwasfixedwith acidic Lugol's iodine solution for deter-
mination of total plankton community composition and quantitative
analyses. Diatoms and dinoflagellates cells were enumerated with a
phase contrast Leica DMIL LED inverted microscope according to the
procedures described by Utermöhl (1958). Subsamples of 50 mL were
settled for 24 h in a composite sedimentation chamber. Additionally,
plankton samples were collected by vertical net tows through the
upper 20 m of the water column with a 20 mm-mesh Nitex net of
60 cmdiameter. An aliquot of 100mL of net samplewasfixedwith acid-
ic Lugol's iodine solution for diatoms and dinoflagellates taxonomic
analysis.

For picoplankton abundance determination, 3mL of surface seawater
sample were preserved with 1% paraformaldehyde + 0.05% glutaralde-
hyde (final concentration), frozen and stored at −20 °C. The samples
were later thawed, stained with SYBR-Green I (SYBR-I, 1:30 dilution of
commercial stock; Invitrogen, USA; lexλ 495 nm, lem λ 525 nm) diluted
in dimethyl sulfoxide (DMSO, Merck, Germany) (Marie et al., 2005). Ten
microliters of fluorochromewas added to 1mL of bacterial sample. Sam-
ples were incubated in the dark for 15 min at room temperature. Cell
counts were performed with a flow cytometer (A40, Apogee Flow Sys-
tems, UK) equipped with an argon laser (488 nm). Cells were counted
followingMarie et al. (2005). Briefly, HBwere detected by their signature
in a plot of side scatter (SSC) versus green fluorescence (FL1). Autotro-
phic picoplankton (AP) was detected by direct fluorescence in a plot of
SSC versus red fluorescence (FL3).

2.2. Biogeochemical bulk parameters

POMandDOM sampleswere obtained from surfacewater between 3
and 10 m using Niskin bottles. Mostly 3 L of each sample was passed
through 200 μm mesh to remove large zooplankton, filtered (max.
300 mbar) using precombusted (4 h, 450 °C) glass fiber filters (GF/F,
Whatman). The nominal 0.7 μm pore-size of GF/F filters was the opera-
tional limit for separating POM from DOM in this study. The filtered
water was kept frozen (−20 °C) until determination of DOM fluores-
cence and dissolved organic nitrogen (DON) concentration.

POC, PON, stable C and N isotope ratio analyseswere carried out with
a mass spectrometer (Delta Plus, Thermo Finnigan) coupled to CN
Analyser Eurovector EA3000 element analyzer according to Verado et
al. (1990). Inorganic C was removed by acidification with 0.1 HCl and
dried again at 50 °C. Accuracy was checked and tolerances corrected by
measuring internal standards and automated baseline correction after a
set of five samples, with analytical precision CN analyses ≤ 1.0%. Results
were normalized to the Pee Dee Belemnite (PDB) (Fry and Sherr, 1984)
and atmospheric N2 standards calculating isotope ratios (R) (Eq. (I)),
given as ‰ deviation from the standard value δ13C and δ15N (Eq. (II)),
with the analytical precision ≤ 0.5‰.

R ¼
13
0 C
12
0 C

or
15
0 N
14
0 N

and; ðIÞ

δ ‰ð Þ ¼ Rsample

Rstandard

� �
−1

� ��
1000 ðIIÞ

Pigment extraction on duplicate filter samples was performed in
10 mL 90% acetone during 24 h at 4 °C in darkness. After acidification
with 0.1 N HCl phaeopigments were quantified by fluorometry (Holm-
Hansen et al., 1965).

Dissolved inorganic nutrients (nitrate, nitrite, phosphate, silicate and
ammonium), were determined spectrophotometrically with an
autoanalyzer (Evolution III, Alliance Instruments) according to standard
methods for seawater analysis (Kattner and Becker, 1991; Garzón-
Cardona et al., 2016). DOC and total dissolved nitrogen (TDN) was quan-
tified induplicate byhigh temperature catalytic oxidation and subsequent
non-dispersive infrared spectroscopy and chemoluminescence detection
(TOC-VCPN, Shimadzu), (Koroleff, 1983) and substracting inorganic ni-
trogen species previously determined by Garzón-Cardona et al. (2016),



Fig. 1. Location of sampling stations for biogeochemical bulk parameter, nutrients, phytoplankton and CTD data of the Patagonian Cold Estuarine System in the austral autumn 2012. ACC:
Antarctic Circumpolar Current. Dashed line, Subantartic front.
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with a relative error of about 4%. If the standard variation or the coefficient
of variation exceeded 0.1 μM or 1%, respectively, up to two additional
analyses were performed and outliers were eliminated.

2.3. Oceanographic variables, data processing and statistical treatments

Data on temperature, salinity, and water depth were obtained using
a CTD (Sea Bird model 911 plus with General Oceanic rosette) and cali-
brated with a final precision of 0.05 in salinity and 0.02 °C in tempera-
ture. All parameters were processed and displayed using Ocean Data
View Software (ODV-version 4.6, Schlitzer, 2010).

The degree of statistical significance of the spatial distribution was
estimated by applying a one-way ANOVA test. In all cases, normality
(Shapiro-Wilk) and homogeneity (Levene) of variances were tested
previously. Whenever needed, subsequent comparisons of unequal
samples were made by using a Tukey test.

In order to gain a deeper insight into the main driving forces of bio-
geochemical bulk parameters variability, with emphasis in the stable
isotopic signature, we used our own data set, as well as from the litera-
ture, such as inorganic nutrients, DOC, optical properties of DOM(humi-
fication index, HIX) and its fluorescent fraction (FDOMc) (Garzón-
Cardona et al., 2016) and stable C and N isotopic data of POM (Lara et
al., 2010). Simple, multiple linear and exponential regressions were ap-
plied to isotopic data to assess their response to change in biogeochem-
ical parameters. The y-intercept and slope significance of simple linear
regression lines was tested by the two-tailed Student t-test and the dif-
ference between slopes with ANOVA sum of squares (F-test).

3. Results

3.1. Hydrographic conditions

Salinity increased from 29.31 in coastal waters to 34.26 near the con-
tinental slope (Fig. 2a), in accordance with the occurrence of the three
water masses in the study area: The Beagle Magellan Waters (BMW)
with salinity b 33.4, Subantarctic Shelf Water (SSW) (33.4 b S b 34.0)



Fig. 2. Distribution of surface seawater salinity (a) and temperature (b) in the study area.

Fig. 3. T–S diagram of CTD casts of the entire expedition showing the different water
masses. Beagle Magellan water (BMW), Subantarctic shelf water (SSW) and Subantarctic
water (SAW).
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and SubantarcticWater (SAW) (S N 34.0). Temperature fields at the time
of the cruise were horizontally and vertically relatively homogeneous
(on average 7.64 °C ± 1.17 °C) in BMW, decreasing towards the conti-
nental slope and the open ocean (Fig. 2b). The transitions of water
masses are further illustrated by a T-S diagram of all stations (Fig. 3).

BMWhad temperatures around ~8.5 °C and is influenced by low-sa-
linity coastal water. In this sense, waters western of Gable Island in the
Beagle Channel shows a vertical homogeneity during most of the year
(Bujalesky, 2007). The relative degree of stratification stability was in-
ferred from the relationship between the angle of the line density (σ)
and the slope of the T-S curve. Thermoclines were well established in
the SSW and SAW. On average SAW was more saline, with salinities
N 34.0 and a pronounced vertical decrease of temperaturewas observed.

3.2. Abundance of phytoplankton and heterotrophic bacteria

Diatoms, with a total mean cell density of 1.8 ± 2.6 × 103 cells L−1,
dominated in BMW representing up to 45% of total phytoplankton
abundance (Fig. 4). Towards the open ocean, diatom counts decreased
significantly to around7%of the total abundance. In contrast, dinoflagel-
lates with a total mean cell density of 5.7 ± 6.4 × 103 cells L−1 were
highly dominant in SSW and SAW (92% and 93% of total phytoplankton
abundance, respectively). HB showed a total mean abundance of 1.0 ±
0.8 × 106 cells mL−1 (Fig. 4).

3.3. Synoptic trend of biogeochemical bulk parameters

The main biogeochemical characteristics of each water mass as de-
scribed in 3.1 are presented in Table 1. All variables showed significant



Fig. 4. Abundance of diatoms, dinoflagellates and heterotrophic bacteria (HB, black line) in different sectors from coastal to offshore.
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differences (p b 0.05) among the three analyzed zones, except for C:N
ratios.

POC concentration gradually decreased from the inner Beagle Chan-
nel with maximum values around 28 μM C to eastward oceanic waters
with values of 5 μM C (Table 1). The PON distribution pattern (Table 1)
was similar to POC, with a maximum around 4 μM N in the inner BMW
and 0.5 μM N in SAW. In contrast to the nearly linear decrease of POC
concentration with salinity increase, the composition of C isotopes pre-
sented a more complex pattern with δ13C values within a range of
−24.5 to −20.9‰ (mean − 23.0 ± 0.9‰). The δ15N values decreased
from BMW (6.9‰) to SAW (2.9‰) (Table 1). There was a predominance
of isotopically lighter POM with increasing distance to the coast. The
main driving forces of the isotopic variability will be analyzed in detail
later (Section 4.3.3).

The Chl a values (0.1–3.7 μg L−1), with a decreasing tendency to the
east of the BMW(Table 1), were low and comparable to those previously
reported (Garzón-Cardona et al., 2016) in the same zone and season.
Phaeopigment concentrations ranged 0.1–1.2 μg L−1 and were with on
average 0.6 ± 0.4 μg L−1 relatively high and similar to those reported
for middle and outer shelf waters during early autumn on the Argentine
Shelf and waters of Northern Drake Passage (Lara et al., 2010; Krock et
al., 2015).

MeanDOC and inorganic nutrient concentrations showed statistically
significant (p b 0.05) differences among sampled areas (Table 2). Nitrate,
silicate and phosphate increased roughly SE in direction to the nutrient-
rich waters of the Antarctic Circumpolar Current (Guerrero and Piola,
1997; Paparazzo et al., 2016). Ammonium showed the opposite trend
Table 1
Mean, standard deviations and ranges for surface values of POM bulk parameters in Beagle Ma
particulate organic carbon [μM C], PON: particulate organic nitrogen [μM N], δ13C, organic car
Phaeopigments [μg L−1]. Different letters (a, b) represent significant differences (n = 17, one-

Variable BMW (n = 6) SSW (n = 5) SAW

POC 19.5 ± 6.9 a 10.7 ± 3.8 b 6.4 ±
[11.3; 28.3] [7.5; 16.7] [5.0;

PON 2.3 ± 1.1 a 0.9 ± 0.2 b 0.6 ±
[1.0; 3.7] [0.6; 1.1] [0.5;

C:N 9.1 ± 1.6 a 11.5 ± 2.6 a 10.3
[7.2; 11.0] [8.8; 14.9] [9.1;

δ13C −22.4 ± 1.0 a −22.9 ± 0.8 ab −23
[−23.7; −20.9] [−24.2; −21.8] [−2

δ15N 6.9 ± 0.7 a 5.2 ± 2.1 a 2.9 ±
[6.3; 8.0] [2.0; 7.3] [1.9;

Chl a 1.7 ± 1.4 a 0.4 ± 0.2 ab 0.3 ±
[0.3; 3.7] [0.1; 0.5] [0.1;

Phaeo 0.8 ± 0.3 a 0.7 ± 0.1 a 0.2 ±
[0.5; 1.2] [0.5; 0.8] [0.1;
and increased to the NW, suggesting that continental runoff is the most
important source of reduced inorganic nitrogen in this region (Garzón-
Cardona et al., 2016).

4. Discussion

4.1. Hydrographic conditions

Significant differenceswere evident in temperature and salinity data
(p b 0.05) between all analyzed zones. Waters with distinct salinities
generated several surface fronts of different intensities on the shelf. Al-
though we only measured surface temperature and salinity in the Bea-
gle Channel, it can be considered as a vertically homogeneous estuary
due to its shallow depths (b100 m) (Hamamé and Antezana, 1999;
Palma and Silva, 2004). The salinity gradient between BMW (b33.4)
and SAW (N34.0) (Bianchi et al., 1982; Palma et al., 2008), generates a
front with SSW in this region. This has been previously referred to as a
typical mid-shelf water mass boundary front (Sabatini et al., 2004),
also namedAtlantic cold estuarine front (Acha et al., 2004) east of Tierra
del Fuego. However, other coastal horizontal gradients were detected at
various distances from the shore (20–30 km) south of the island. These
are likely tidal estuarine–plume type fronts, as their origin seems to be
related to freshwater discharges onto the shelf as also reported by
Sabatini et al. (2004).

Horizontal gradients are strong from BMW to SAW, with relatively
higher temperatures (~9 °C) and less saline waters (~29) typical for
BMW. In the SAW, the temperature decreases (5.5 °C) and salinity
gellan water (BMW), Subantarctic shelf water (SSW) and Subantarctic water (SAW). POC:
bon isotope [‰], δ15N, organic nitrogen isotope [‰], Chl a: Chlorophyll a [μg L−1], Phaeo:
way ANOVA, Tukey's test, p b 0.05).

(n = 6) Total (n = 17) F P

1.0 b 12.3 ± 7.2 12.422 0.001
7.6] [5.0; 28.3]
0.1 b 1.3 ± 1.0 9.587 0.002
0.8] [0.5; 3.7]
± 0.8 a 10.2 ± 1.9 2.595 0.110
11.5] [7.2; 14.9]
.8 ± 0.5 b −23.0 ± 1.0 4.529 0.030
4.5; −23.2] [−24.5; −20.9]
0.8 b 5.0 ± 2.1 14.499 0.004
3.8] [1.9; 8.0]
0.1 b 0.8 ± 1.0 4.898 0.002
0.5] [0.1; 3.7]
0.2 b 0.6 ± 0.4 9.689 0.002
0.6] [0.1; 1.2]



Table 2
Mean, standard deviations and ranges for surface values of DOMand inorganic nutrients in BeagleMagellanwater (BMW), Subantarctic shelf water (SSW) and Subantarcticwater (SAW).
DOC: dissolved organic carbon [μM C], DON: dissolved organic nitrogen [μMN]. Nitrate, silicate, ammonium and phosphate, all in μM. Different letters (a, b or c) represent significant dif-
ferences (n = 14, one-way ANOVA, Tukey's test, p b 0.05).

Variable BMW (n = 4) SSW (n = 4) SAW (n = 6) Total (n = 14) F P

DOC 67.9 ± 5.2 a 58.3 ± 5.9 ab 53.3 ± 4.8 b 58.9 ± 8.0 7.419 0.009
[63.1; 76.4] [50.1; 64.0] [46.0; 58.7] [46.0; 76.4]

DON 4.0 ± 1.3 a 2.8 ± 0.9 a 2.0 ± 1.4 a 2.9 ± 1.5 2.277 0.153
[2.3; 5.9] [1.9; 4.3] [0.4; 3.6] [0.4; 5.9]

Nitrate 7.1 ± 1.6 a 12.1 ± 2.7 b 18.9 ± 2.0 c 13.6 ± 5.4 29.474 0.0001
[4.9; 8.8] [8.7; 16.2] [8.7; 16.2] [4.9; 20.4]

Ammonium 2.6 ± 1.1 a 1.2 ± 0.6 ab 0.5 ± 0.1 b 1.3 ± 1.1 8.478 0.006
[1.6; 4.5] [0.6; 2.1] [0.4; 0.6] [0.4; 4.5]

Silicate 1.9 ± 0.1 a 2.0 ± 0.2 a 3.1 ± 0.4 b 2.4 ± 0.6 24.845 0.0001
[1.8; 2.0] [1.7; 2.2] [2.4; 3.5] [1.7; 3.5]

Phosphate 0.8 ± 0.1 a 1.0 ± 0.1 a 1.3 ± 0.1 b 1.1 ± 0.2 21.417 0.0001
[0.6; 0.9] [0.9; 1.1] [1.1; 1.4] [0.6; 1.4]
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increases (34.4) (Fig. 2). This gradient is generated as result of the com-
plex mixing of fresher water from the Beagle Channel, slope water, Cape
Horn continental shelf and SAW (Krepper, 1977; Krepper and Rivas,
1979; Bianchi et al., 1982; Guerrero et al., 1999).

4.2. Abundance of phytoplankton and heterotrophic bacteria

Phytoplankton abundance showed similar values and trends as pre-
viously reported for this region in autumn (Almandoz et al., 2011;
Krock et al., 2015). One of the most conspicuous features of the phyto-
plankton assemblage in PCES was the contrasting change of dominance
between diatoms anddinoflagellates during the autumnperiod. Diatoms
typically dominate in cold waters, in this sector extending to 57°S near
the Polar Front (Olguín and Alder, 2004). However, in this part of the
PCES the total abundance of autotrophic dinoflagellates was higher,
which has also been reported by Almandoz et al. (2011).

In PCES, high abundance of phytoplankton was found at the bound-
aries between BMW-SSW and SSW-SAW, respectively. The former has
been previously referred to mid-shelf front (Sabatini et al., 2004). In
the high-nutrient low-chlorophyll areas, the algal productivity has
been related to frontal systems (Lancelot et al., 2000).

4.3. Synoptic trends of biogeochemical bulk parameters

4.3.1. Main driving forces of POM and DOM variability
Correlations of POM parameters with temperature and salinity are

summarized in Table 3. POC and PON showed highly significant inverse
correlations with salinity and positive correlations with temperature
and thus support the postulated input of DOC and inorganic nutrients
(Garzón-Cardona et al., 2016) to the Pacific-Atlantic connection zone
by runoff from southern Chilean fjords,which is themain source of fresh-
water to the Cape Horn Current, and likely also from Tierra del Fuego
rivers.

POC and PON correlated significantly at all stations (r= 0.96, n=17,
pb 0.001) (Fig. 5a).With exception of three stations (Sta. 12, 13, 16), DOC
(Garzón-Cardona et al., 2016) andDON(thiswork) also correlated signif-
icantly (r = 0.85, n = 12, p b 0.001) (Fig. 5b). In both cases, the y-inter-
cept was significantly different from zero (tPOC-PON = 3.94, tDOC-DON =
19.58, p b 0.001). This suggests an input of carbon-rich, nitrogen-poor or-
ganic matter from subantarctic peatlands into the investigated region.
Table 3
Matrix of Pearson correlation coefficients (p b 0.001) between POM parameters and tem-
perature and salinity data. n.s.: not significant.

Biogeochemical parameters Temperature [°C] Salinity

POC 0.70 −0.86
PON 0.62 −0.83
C:N n.s. n.s.
POC and PON showed highly significant correlations with the DOM
humification index HIX (Fig. 5c) and its fluorescent fraction, FDOMc
(Fig. 5d). Since these parameters provide information on the complexity
and diagenetic maturity of humic DOM based on its structure (Senesi et
al., 1991; Zsolnay et al., 1999; Ohno, 2002), the direct correlations with
POC and PON, as well as the inverse correlations of these with salinity
further indicate that at least a fraction of POM in the study area is derived
from terrestrial runoff.

HB abundance showed highly significant correlations with DOC (r =
0.77, n=14, pb 0.001) andparticularly POC (r=0.91, n=17, p b 0.001)
(Fig. 5e). This can be interpreted as bottom-up, resource control of HB
(e.g. Varela et al., 2003), and likely also a major contribution of bacterial
biomass to POC in the nanoparticle fraction.

The significant correlation betweenHB, FDOMc andHIX (Fig. 5f) sug-
gests that marine bacterioplankton can metabolize specific fractions of
the terrigenous DOMpool that are traditionally perceived to bemore re-
sistant to biodegradation (Fellman et al., 2010).

4.3.2. Inorganic nutrients variability
Inorganic nutrients and their ranges in the upper BMW, SSW and

SAW (Table 2) were similar to those in other cold estuaries (Cauwet
and Sidorov, 1996; Kattner et al., 1999; Carmack et al., 2004; Emmerton
et al., 2008) where, in general, water runoff entering the ocean is rich
in organic matter and depleted in inorganic nitrogen in the inside zone
(McClelland et al., 2012). The PCES is associated to the Sub-Antarctic
frontal system (Acha et al., 2004),which provides a highnutrient concen-
tration in fall (Paparazzo et al., 2016). Small fronts or eddies, associated to
atmospheric anomaly (Sprintall, 2008) and west winds, can sustain nu-
trient reload and biological productivity in this area (Thompson and
Alder, 2005).

4.3.3. Main driving forces of isotopic variability
The latitudinal variability of isotopic signatures in SAWhas been pre-

viously analyzed on a regional scale (Lara et al., 2010). Based only on
temperature, the empirical regression equation δ13C = 0.6 SST −
28.7‰ obtained in the aforementioned work, rendered an estimated
δ13C value of −24.0‰ for the average temperature of 7.6 °C in the
study region, which is in very good accordance with the average value
of −23.8 ± 0.5‰ reported in the present work. However, the wide
range of δ13C values found in BMW to SAW cannot be explained by tem-
perature variation alone (r= 0.4, n= 17, p N 0.05). It is worthmention-
ing that in the LeMaire Straitmuchheavier POCwith δ13C around−20‰
was reported by Lara et al. (2010), in coincidence with high ammonium
concentrations of around 1.5 μM. This underlines the potential influence
of ammonium distribution on the δ13C variability in the region, even at
high nitrate concentrations (see below).

In order to obtain a deeper insight into the driving forces of isotopic
signature variability, we focused on parameters whose variation had
been already found to significantly influence δ13C in the Southwestern



Fig. 5. Relationships among biogeochemical characteristics of organicmatter andwith heterotrophic bacteria counts. Linear regressions of POC vs PON (a), DOC vsDON (b), POC and PON vs
fluorescence characteristics of DOM,HIX (c) and FDOMc (d),measured in the same area by Garzón-Cardona et al. (2016). Total heterotrophic bacteria abundance (HB) vs POC andDOC (e),
and vs FDOMc and HIX (f).

Table 4
Correlation coefficients from simple and multiple regressions of δ13C vs C:N ratio of POM,
ammonium (NH4

+) and the calculated indexφ. % Variance: percentage of δ13C variance ex-
plained by each set of independent variables. d.f.: degrees of freedom. Coefficientswith p ≤
0.001 are indicated in bold.

Dependent variable Independent variables r %Variance d.f.

δ13C C:N 0.20 4 16
NH4

+ 0.61 37 13
φ 0.44 19 16

δ13C C:N 0.20 4 16
C:N, NH4

+ 0.91 83 13
C:N, NH4

+, φ 0.96 92 11
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Atlantic, namely POC and ammonium, with awide variation range in the
study area. Further, we included PON, the POC:PON ratio and informa-
tion about the composition of the planktonic community, since the isoto-
pic signature of plankton changes with their physical and chemical
environment, notably with the concentrations of nutrients (Vuorio et
al., 2006). Nutrient values for this analysis were taken from Garzón-
Cardona et al. (2016).

During data analysis, we observed that the multiple regression δ13C
vs POC and ammonium rendered a significant correlation of r = 0.75.
However, POC and ammonium were not independent and showed a
highly significant correlation of r= 0.97. Although this result precluded
the simultaneous use of thementioned parameters as independent var-
iables in the multiple regression, it also highlighted the importance of
ammonium for biomass production in PCES, in comparison to nitrate,
which showed a lower and inverse correlation with POC (r = −0.78).

While testing the influence of the abundance of the individual plank-
ton groups on δ13C, we observed cross correlations between abun-
dances of diatoms and HB. Thus, in order to circumvent this limitation
and at the same time preserve the ecological information, we calculated
a coefficient (φ, Eq. (III) see below) roughly expressing the relative
abundance of “autotrophs” (includingdinoflagellates,which can behave
asmixotrophs) and heterotrophs, in order to be able to use the informa-
tion about the composition of the planktonic community, reflecting the
growth conditions for algae as well as the availability of organic sub-
strates for bacterial growth (Azam et al., 1983). Following a similar rea-
soning, we replaced POC by POC:PON ratio which gives information
about its origin and avoids the high correlation between POC and
ammonium.

Thus, we appliedmultiple regressions of δ13C relative to C:N ratio, in-
organic nutrients and φ, as relation between the normalized abundance
of diatoms, dinoflagellates and heterotrophic bacteria:

φ ¼ logDiatomsþ logDinoflag
logHB

ðIIIÞ

Themost relevant results of the different regression arrays tested for
modelling our δ13C data following Dehairs et al. (1997) are summarized
in Table 4, including only theminimum amount of parameters that had
proofed influence on δ13C of POM, did not cross-correlate with each
other, and explained the highest amount of δ13C variance.

The ANOVA of the multiple regressions indicated a significant im-
provement in the prediction of the dependent variable (F = 31.05, n =
12, p b 0.001) with the incorporation of each independent variable
shown.

The combination of the best-fit andmore realistic distribution of pre-
dicted valueswas obtainedwith C:N ratio of POM, ammonium andφ in a
multiple regression equation that explained 92% of the variance of the
observed δ13C values.

δ13C ¼ −26:6þ 0:4 C : Nþ 0:8 NHþ
4−2:0 φ ðIVÞ

The δ13C values predicted by Eq. (IV) are compared to be measured
ones in Fig. 6.

The ecological meaning of the used parameters, in terms of
explaining most of the variance of the δ13C signal, can be interpreted as
follows: the carbon isotopic signature in this region is partly dependent
on the relative inputs of autochthonous and allochthonous POM
(expressed in the Eq. (IV) as C:N ratio), the assimilation of inorganic nu-
trients and the activity of planktonic organisms. The relatively low con-
tribution of C:N to the variance explained by the model (4%), is likely
related to the tight correlation between POC and PON and a slope of an
almost Redfield (1934) value of ~7 for their linear regression equation
(Fig. 5a), which thus would represent a relative homogeneous situation



Fig. 6. Relationship of measured δ13C in POM vs. predicted δ13C values from a multiple
regression with C:N ratios, ammonium, and φ as independent variables.
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in terms of phytoplankton activity. Yet, the significant intercept of POC vs
PON (3.2 μMC) and the range of variation (7.2 to 14.9) of the individual
C:N values, are likely related to the input of terrigenous detritus and/or
presence of phytoplankton in different stages of senescence at some sta-
tions and thus partially explain variations in δ13C. The variation of the
C:N ratio could be considered as an indicator of phytoplankton degrada-
tion and/ormineralization (Lancelot and Billen, 1985;Martin et al., 1987;
Saino, 1992).

Regarding the effect of ammonium on the isotopic signature, its up-
take by phytoplankton increases δ13C through its effect on the β-carbox-
ylation pathway for C fixation (Guy et al., 1989; Dehairs et al., 1997). In
presence of high ammoniumconcentrations, the activity of enzymes reg-
ulating the intermittent assimilation of ammonium (phosphoenolpyr-
uvate carboxylase (PEPC) and carboxykinase, PEPCK) is stimulated,
which results in less isotopic discrimination and higher δ13C values
(McCarthy and Goldman, 1979; Guy et al., 1989). This effect is strongly
reflected in the model, where the inclusion of ammonium as the second
variable increases the amount of explained variance to 83%, contributing
to successfully predict the occurrence of isotopically heavier POM. Lara et
al. (2010) showed that there is evidence that natural phytoplankton can
react to higher ammonium concentrations with reduced discrimination
against δ13C even in nitrate-rich Antarctic waters dominated by diatoms
(Dehairs et al., 1997). The present data set indicate that ammonium fluc-
tuations can be relevant for explaining δ13C variability in general and not
only in nutrient-poor, regenerative systems.

The incorporation of φ improves the δ13C variance explained by the
model to 92%. This factor can reflect the preferential use of different C
sources for primary production by the various phytoplankton taxa
(Mompeán et al., 2013). The inorganic C uptake by autotrophic
picoplankton occurs via direct HCO3

− transport, while other phytoplank-
ton (diatoms) are also able to transport CO2 derived from HCO3

− dehy-
dration (Tortell and Morel, 2002). This difference would result in a
larger isotopic fractionation in diatoms compared to autotrophic
picoplankton (Fry and Wainright, 1991). However, dinoflagellates can
utilize CO2 (Dason et al., 2004) or bicarbonate (Rost et al., 2006), in a pro-
portion not known for this study. Additionally, HB cells are enriched in
δ13C as result of respiration of organic substances in the Krebs cycle
(Macko and Estep, 1984). Despite this complexity, the φ parameter
seems to embrace these variability sources in a way that contributes sig-
nificantly to explain the δ13C signature of seston POM and thus deserves
further investigation.
In contrast to δ13C, the distribution of δ15N shows a simple pattern of
monotonous distribution, with values decreasing to the southeast, from
~8 in the inner BMW to ~2 in SAW. Considering the strong effect of am-
moniumon δ13C values, itwould be expected that it also influenced δ15N.
However, the highly significant inverse correlation between ammonium
and nitrate in this sector (r = −0.79, n = 14, p b 0.001) precludes the
use of both nutrients as independent variables for explaining δ15N vari-
ability. Several model approaches with different combinations of inde-
pendent variables were tested to help understand the reason for δ15N
variability and the difference to δ13C distribution. Yet, the best fit of
δ15N was obtained using only the natural logarithm of the nitrate con-
centration as independent variable (r = −0.92) in a simple linear re-
gression, while ammonium rendered an r = 0.84. The general inverse
relationship between nitrate and δ15N-POM is attributed to isotopic frac-
tionation during nitrate uptake by phytoplankton (Altabet, 2001). In
order to test a possible general model for δ15N-POM in the western
South Atlantic Ocean, values of the same relationship from Lara et al.
(2010) were compared to our data (Fig. 7a).

The difference of the regression fit is likely due to the diversity of en-
vironments sampled by Lara et al. (2010), who precisely for that reason
decided not to calculate the Rayleigh (ε) fractionation factor. In the pres-
ent work, in a diverse yet in comparison relatively reduced area, we cal-
culated ε from the inverse of the slope (Waser et al., 1998), which with
4.8‰ (r= 0.92, n= 14, p b 0.001) is well in the range of values reported
(4–6‰) in regions such as SouthernOcean, Subarctic Pacific, and equato-
rial Pacific (Altabet, 2001).

Nevertheless, strictly taken, the relation between δ15N and nitrate is
not a function of nitrate concentration itself, but of the fraction (f) of un-
utilized substrate (Eq. (V)). This was also reported by Altabet and
Francois (1994) for large horizontal gradients in surface nutrient concen-
trations, and more recently by Lara et al. (2010) for the Southern Ocean.

f ¼ NO−
3

� �
observed

NO−
3

� �
initial

ðVÞ

The δ15N of produced PON has been assumed to be proportional to F
(see Eq. (VI), Needoba et al., 2003), which is based on the Raleigh frac-
tionation equation for the substrate pool (Mariotti et al., 1981).

F ¼ f ln
f

1− fð Þ ðVIÞ

Therefore, we reprocessed our δ15N and nitrate data using an esti-
mate of f for the study region. Following Sigman et al. (2000) and Lara
et al. (2010), we adopted a [NO3

−] value of 36 μM, considering the
Upper Circumpolar Deep Water as the essentially the nitrate source
for most of the Southern Ocean surface, since in comparison, continen-
tal inputs of nitrate in this region are rather low (Frangópulos et al.,
2007; Torres et al., 2011). The correlation for the relationship between
δ15N and F was highly significant (δ15N-PON = 13.0 + 14.5 F, r =
0.92, n = 14, p b 0.001, Fig. 7b).

In our data set, there is a statistically significant difference (F-test
value = 4.34, n = 14, p b 0.05) between the slopes of both regression
lines, with the higher value for the regression line of the present data.
We speculate that the reason of this difference could be the influence
of the uptake of isotopically heavier ammonium derived from runoff in
the BMW internal zone. This is also reported by Paerl and Fogel (1994)
for N inputs as sources of enhanced primary production in coastal Atlan-
tic Ocean waters.

5. Conclusions

POC and PON concentrations showed clear spatial trends, decreasing
frommaxima in the Beagle Channel to intermediate values in Subantarc-
tic Shelf Water and minima in Subantarctic Water. Both parameters



Fig. 7. (a) Relation between δ15N and ln nitrate (NO3
−). The inverse slope of 4.8 estimates the fractionation factor (ε). (b) Linear regression of δ15N vs F = f ln f / (1− f), where f= [NO3

−

]observed / [NO3
−]initial and [NO3

−]initial = 36 μMN, as originated from theUpper Circumpolar DeepWater. Empty circles and regression script lines in (a) and (b) correspond to data from Lara
et al., 2010.
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highly correlated, yet showed a wide range of C:N ratios suggesting a
complex mixture of allochthonous and autochthonous components.

POC and PONhighly significantly correlatedwith optical properties of
DOM related to the diagenetic maturity of its humic components. Fur-
ther, the inverse correlations of POC and PON with salinity, together
with C:N variability indicate that a fraction of POM in the study area is
derived from terrestrial runoff, superimposed on autochthonous compo-
nentswith C:N values close to Redfield (1934) ratios and plankton in dif-
ferent life stages.

The abundance ofHB correlated highly significantlywithDOC and es-
pecially with POC. This likely reflects a resource control of HB and a sig-
nificant contribution of bacterial biomass to POM in the nanoparticle
fraction. Further, the direct relationship between HB and specific DOM
fluorescence properties suggest the bacterial uptake of fractions of the
terrigenous DOM pool usually considered refractory.

The complexity of POM, as reflected in its isotopic signature, was elu-
cidated by two models embracing most of δ13C and δ15N variability.
Compared with other works where δ13C variability is mainly explained
by large temperature gradients, the studied region presented a narrow
temperature range with a wide δ13C variation. This could be accounted
for by a model with a degree of detail hitherto not reported in literature.
A multiple regression including C:N ratio, ammonium and the quotient
between log abundance of diatoms, dinoflagellates and heterotrophic
bacteria explained 92% of δ13C variance in this region, mostly produced
by ammonium.

The δ15N showed a strong inverse relationship with the fraction of
unutilized nitrate. Estimated ε values are similar to prior field estimates
for this and other regions, which suggests dominance of nitrate uptake.
However, the quantitative influence of the uptake of presumably isoto-
pically heavier ammonium derived from runoff on the bulk δ15N-POM
remains uncertain and requires the investigation of the isotopic compo-
sition of dissolved inorganic nitrogen in this region.

The current work presents for the first time, high-resolution models
on POM isotopic composition and links the dynamics of particulate and
dissolvedmatter in the PCES. The presented information and its compar-
isonwith data from other sectors of the Argentine shelf constitute a con-
tribution to an approach for the understanding of the organic matter
dynamics that can be potentially expanded to the entire Southwest
Atlantic.
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