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ABSTRACT

Dissolved organic matter (DOM) plays a crucial role in the biogeochemistry of coastal ecosystems, particularly
nutrient cycling and distribution. Little is known about these processes in the highly productive Southern
Patagonian shelf. This study was conducted to better understand the sources, composition, and behavior of DOM
and inorganic nutrients in the sector between 51 and 56°S and 64-69°W with particular emphasis on inorganic
nitrogen and DOM fractions. Surface water samples taken during late austral summer from the Beagle Channel
(BCW), Subantarctic (SAW), Subantarctic Shelf (SASW), Grande Bay (GBW) and Tierra del Fuego Waters (TFW)
and were analyzed for properties of fluorescent DOM (FDOM), dissolved organic carbon (DOC) and inorganic
nutrients. Data were related to hydrographic and plankton conditions. Highest values of ammonium, DOC,
humic-like FDOM (FDOM and FDOM)y; peaks) and humification index (HIX) were found in BCW, and the lowest
in SAW, suggesting that terrigenous input is a main source of ammonium and refractory carbon in this region,
which is supported by a highly significant inverse correlation of these parameters with salinity. In contrast,
nitrate, phosphate, silicate and the fluorescence index (FI) were positively correlated with salinity, pointing to
the contribution of autochthonous FDOM from the saltier and nutrient-rich Antarctic Circumpolar Current to the
Southern Patagonian shelf. In TFW and GBW, high nitrite concentrations, accompanied by elevated values of BIX
(biological activity index of DOM), circulation patterns and high particle residence times computed from model
results suggest the occurrence of regeneration processes that deserve further investigation of the poorly known
dynamics of the nitrogen-rich water in this region.

1. Introduction

lachetti et al., 2021), we identified patterns of ammonium and nitrate
distribution clearly related to sources in the Beagle Channel and related

Scarce information is available about the origin, distribution and
dynamics of dissolved organic matter (DOM) and inorganic nitrogen
(DIN) in the highly productive waters of the Southern Patagonian shelf
(Fig. 1) (Lara et al., 2010; Paparazzo and Esteves, 2018). DOM fractions
play a significant role in the biogeochemical processes of the Pacific-
Atlantic connection (Barrera et al., 2017), facilitating the challenging
tracking of carbon and nutrient sources in this highly complex sector. In
previous work (Garzon-Cardona et al., 2016; Giesecke et al., 2021;

fjord systems and to the Antarctic Circumpolar Current (ACC), respec-
tively. DOM inputs followed a similar pattern as ammonium, suggesting
a substantial contribution of allochthonous sources to the dissolved
organic carbon (DOC) pool. Terrigenous input appears to be a main
source of ammonium and low-bioavailability carbon, which is supported
by a statistically highly significant inverse correlation of these param-
eters with salinity (Garzon-Cardona et al., 2016). On the other side,
intriguingly, usually assumed refractory, so-called humic components
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seem to be vital for DOC microbial turnover in the Patagonian shelf
(Garzon-Cardona et al., 2021).

In this context, this sector of the Southwesten Atlantic is particularly
relevant for the understanding of the main biogeochemical pathways of
autochthonous and allochthonous carbon and nitrogen in the southern
end of the American continent, due to its hydrographic complexity, high
biological productivity, freshwater inputs, and interoceanic connections
(Lara et al., 2010; Garzon-Cardona et al., 2019). The Cape Horn Shelf
Current transports low-salinity water from the Southeast Chilean Shelf
(Acha et al., 2004, 2020; Guihou et al., 2020), and the ACC and its
northward flowing branch, the Malvinas Current (Palma et al., 2021),
delivers oceanic nutrient-rich Subantarctic Waters (SAW) to the Pata-
gonian shelf (Lara et al., 2010; Paparazzo et al., 2016; Combes and
Matano, 2018). Circulation over the Southern Patagonian shelf depends
on the local wind forcing, the propagation of tidal waves, freshwater
discharges and the influence of the neighboring deep currents (Palma
and Matano, 2012; Sabatini et al., 2016; Brun et al., 2020). There are
two types of freshwater input in this region. One is related to the direct
discharge of continental streams along the coast, where main rivers are
the Deseado, Santa Cruz, Coig, and Gallegos. The Santa Cruz River has
the largest discharge with an annual mean value of approximately 710
m® 571, and a peak of 1250m> s™! at the end of the austral summer
(March) (Sabatini et al., 2004). The second source is related to the inflow
of diluted waters from the Magellan Strait (Panella et al., 1991; Palma
and Matano, 2012; Brun et al., 2020), Beagle Channel and the Cape Horn
Shelf Current (Guihou et al., 2020).

Despite the clear patterns and drivers for nitrate and ammonium
distribution described above, nitrogen origin and dynamics in this re-
gion are still not well understood. For example, previous studies (Lara
et al., 2010) postulated the assumption that rainfall on the SE Pacific
could be the source of ammonium e in the northern Drake Passage.
However, more recent investigations (Garzon-Cardona et al., 2016)
suggest that continental runoff rather than wet deposition is an impor-
tant source of ammonium and DOM in the Pacific-Atlantic connection.
Besides the complexities of ammonium dynamics in this region, virtually
nothing is known about nitrite (Paparazzo et al., 2010) origin, dynamics
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and distribution patterns. Some elevated values around 0.8 pM have
been reported by Almandoz et al. (2007) in late summer, however no
explanation was attempted for these high concentrations, which might
be the result of nutrient regeneration in the phytoplankton senescence
phase and/or induced by physical processes. We hypothesize that the
understanding of regional DIN and DOM connections in these latitudes
would benefit from further deepening into the knowledge of seawater
optical properties as proxies of DOM freshness and biological activity,
synoptically integrated with circulation patterns.

In previous work (Garzon-Cardona et al., 2016, 2019) we investi-
gated the effects of the Pacific-Atlantic connection on nutrient and DOM
distributions in the southernmost sector of the Patagonian shelf. From
samples taken in 2012 in a larger area, we focused the analysis on the
subset south of the Le Maire Strait in an attempt to identify individual
influences from the Beagle Channel, North Drake Passage and the Cape
Horn Shelf Current. The remaining sampled sector between Le Maire
Strait and Grande Bay (Fig. 1), likely containing additional signals from
the Magellan Strait, Southern Patagonia rivers and regional circulation
patterns, was therefore not included in the analysis. Preliminary
screening of data from that sector indicated distribution patterns of
nutrients, particularly nitrite, and DOM optical properties that were
seemingly influenced by other regional and local processes beyond the
scope of the cited works.

Therefore, the general objective of this study is to extend previous
investigations in the Beagle Channel and northern Drake Passage sectors
(Lara et al., 2010; Sabatini et al., 2016; Barrera et al., 2017; Garzon-
Cardona et al., 2016, 2019), expanding the study area to the afore-
mentioned sector north of Le Maire Strait. In particular, the analysis
focuses on the role of ACC and freshwater as regional main sources of
nutrients and DOC, and the distribution and properties of DIN and DOM
in the Southern Patagonian shelf in relation to circulation patterns and
seawater optical properties. Previous knowledge about DOM properties
in the Pacific-Atlantic connection (Garzon-Cardona et al., 2019) was
further developed aiming at a better understanding of relationships
among the sources, freshness, humification degree, and chemical nature
of DOM, emphasizing its possible role as proxy of biological activity in
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Fig. 1. Geographical setting. (a) Satellite surface Chl-a concentration (mg m~>) derived from MODIS 8-day average (29 March-5 April 2012) over the southern tip of
South America. Spatial resolution is 9 km. The light gray and magenta lines indicate the 100 m and 200 m isobaths respectively. Black curved lines indicate the
approximate direction of the deep ocean flow (CHC: Cape Horn Current, ACC: Antarctic Circumpolar Current). White lines and thin black lines are representative of
shelf inflow into the Southern Patagonian Shelf and regional circulation patterns. (SCHS: Southern Chilean Shelf; CHS: Cape Horn Shelf, LMS: Le Maire Strait, IE: Isla
de los Estados; MEY: Malvinas Embayment; BB: Burdwood Bank; MIS: Malvinas Islands Shelf, CHSC: Cape Horn Shelf Current). The schematic diagram is based on
hydrographic observations and model results (Piola and Gordon, 1989; Palma et al., 2008; Matano et al., 2019; Guihou et al., 2020; Palma et al., 2021). (b) Location
of surface sampling stations from 29 March-29 to April 7, 2012 (late summer). Beagle Channel Waters (BCW, red dots), Subantarctic Water (SAW, yellow dots),
Subantarctic Shelf Waters (SASW, green dots) and Southern Patagonia Coastal Waters (SPCW, blue dots):Grande Bay Waters (GBW\) and Tierra del Fuego Waters
(TFW,). For water type classification, see Section 3.1. Hydrography. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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connection to nitrite maxima. In addition, for the first time in this re-
gion, the impact of the regional circulation on physical and chemical
properties distribution was studied by means of a regional ocean nu-
merical model and a particle-tracking algorithm.

2. Materials and methods
2.1. Study area and sampling

Sampling was carried out in 2012 during austral late summer/early
autumn from March 27 to April 7 at 34 stations distributed in two sectors
between 63.55°-68.90°W and 51.20°-55.70°S (Fig. 1). One sector is
limited by the Beagle Channel, Le Maire Strait and north sector of the
Drake Passage, embracing sixteen stations (Sta 1-16) (Garzon-Cardona
et al., 2016, 2019; Barrera et al., 2017). The second one is located be-
tween Le Maire Strait and Grande Bay, with nineteen stations
(Sta.17-34).

Surface (10 m depth) water samples for inorganic nutrients, DOC and
FDOM were filtered immediately after collection through Whatman GF/
F glass fiber filters pre-combusted at 450 °C for 4 h (Lara et al., 2010).
Each filtrate was split into three aliquots. Samples for inorganic nutri-
ents were stored in alkali-rinsed (0.1 M NaOH) polyethylene bottles.
Aliquots for DOC were collected in pre-combusted 20 mL glass vials and
acidified to pH < 2 with H3PO4. Samples for analysis of fluorescent DOM
(FDOM) were collected in pre-combusted 10 mL glass vials. Suspended
particulate matter collected on glass fiber filters was used for determi-
nation of chlorophyll a (Chl-a) and phaeopigments. All samples were
preserved at —20 °C. Although freezing could potentially alter the
structure of some DOM compounds, recent studies have reported mini-
mal changes in DOM due to storage (Hanckel et al., 2014; Sanchez-Pérez
et al., 2020; Li et al., 2020).

For logistic reasons, only surface sampling was conducted. Conse-
quently, the dynamics of some of the variables in the shallower stations could
be infiuenced to some extent by processes that introduce vertical variability,
such as sediment resuspension.

2.2. Pigments analysis

Pigment extraction on duplicate filter samples was performed in 10
mL 90% acetone during 24 h at 4 °C in darkness. Chl-a and phaeopig-
ments were quantified by fluorometry, and concentrations were esti-
mated after Holm-Hansen et al. (1965). A standard of pure Chl-a
(Anacystis nidulans) and a Shimadzu RF-5301 fluorometer at AEx/AEm:
460/671 nm were used. The correction for phaeopigments was made by
acidification with 0.1 N HCI.

2.3. Inorganic nutrients

Nitrate, nitrite, ammonium, silicate and phosphate (all in pM) were
measured using an autoanalyzer (Evolution III, Alliance Instruments)
following standard seawater methods (Kattner and Becker, 1991;
Grasshoff et al., 1999). The detection limits for nitrate, nitrite, ammo-
nium, silicate and phosphate were 0.10, 0.02, 0.01, 0.05 and 0.01 pM,
respectively.

2.4. Dissolved organic carbon

After acidification, duplicate filtrates were analyzed for DOC by high
temperature (680 °C) catalytic (Al,Os particles containing 0.5% Pt)
oxidation in a TOC analyzer (TOC-VCPN, Shimadzu) followed by
quantification of CO2 by non-dispersive linearized infrared gas analysis
(Skoog et al., 1997). A solution of potassium hydrogen phthalate was
used as calibration standard.
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2.5. Fluorescent dissolved organic matter and indices

Spectral properties of FDOM were determined with a Shimadzu RF-
5301 spectrofluorometer with a 150 W xenon lamp and a 1 cm quartz
cell. Ultrapure water was used as reference and the intensity of the
Raman peak was regularly checked. An estimation of dissolved humic-
like components was carried out at the wavelengths proposed by
Coble (1996) as follows. Humic-like fluorophores: FDOM¢, containing
mostly highly unsaturated components, at Ex/Em: 350/440 nm and
FDOM),, with low degree of unsaturation, at Ex/Em: 310/380 nm.
Absorbance was measured to evaluate the need for correction by inter-
nal filter effect. Since values <0.02 were obtained for all the samples
with a 1 cm optical path, such a correction was not necessary (Stedmon
and Bro, 2008; Murphy et al., 2010). The results were expressed in
quinine sulphate equivalent units (QSU), converted with the signal at
Ex/Em: 350/451 nm of quinine sulphate dihydrate standard dissolved in
0.05 mol L™! HySO4 and the equivalence 1 QSU = 1 pg L~! (Coble,
1996).

Three indices were used to assess possible sources and diagenetic
state of the DOM (Coble, 1996). The fluorescence index (FI) can be used
to differentiate DOM origins. FI values <1.4 correspond to terrestrially
derived DOM, while values >1.9 refer to aquatic sources. If FI is between
1.4 and 1.9, DOM components are likely affected by both terrestrial and
marine inputs (McKnight et al., 2001). The following formula was used
to calculate the fluorescence index: FI = 1370/450 / 1370/500, where
1370/450 represents the fluorescence intensity at Ex/Em: 370/450 nm
and 1370/500 is the intensity at Ex/Em: 370/500 nm.

The humification index (HIX) is used to assess DOM diagenetic
condition and was calculated as the ratio of the areas quantified between
emission wavelengths of 435 to 480 nm and 300 to 345 nm for excitation
at 254 nm (Zsolnay et al., 1999). HIX increases with the degree of
aromaticity as result of a shift in maximum fluorescence intensity from
shorter to longer wavelengths associated with an increasing number of
highly substituted aromatic nuclei and/or with conjugated unsaturated
systems of high molecular weight (Senesi et al., 1991). For example, a
HIX value >0.9 indicates a high degree of DOM humification (Hansen
et al., 2016).

The biological activity index (BIX) can be used to estimate the
relative contribution of in-situ produced DOM (Huguet et al., 2009).
Values >0.8 indicate that DOM is mainly derived from microbial and
other biological sources, whereas those <0.6 indicate a low amount of
fresh DOM. BIX is calculated as the ratio BIX = 1310/380 / 1310/430,
where I310/380 is the fluorescence intensity at Ex/Em: 310/380 nm and
1310/430 is the fluorescence intensity at Ex/Em: 310/430 nm.

2.6. Numerical Ocean model and particle tracking

To help understand the nutrients distribution in the study area we
employed the results of a regional ocean numerical model and a particle
tracking algorithm. The regional model configuration extends from 60°
S to 40° S in latitude and 81° W to 52.5° W in longitude at 1/12 degree
horizontal resolution and 40 terrain-following coordinates in the verti-
cal. The model is nested towards a lower resolution southern hemisphere
model at the open boundaries and forced at the surface by daily ERA-
Interim winds (Dee et al., 2011) and heat and freshwater fluxes from
the Comprehensive Ocean-Atmosphere Data Set (COADS). The main
eight tidal constituents are also included. The time integration covers 37
years (1979-2015). For more details about the model development and
its validation against in-situ and satellite data the reader is referred to
Combes and Matano (2014, 2018, 2019); Matano et al. (2014), Strub
et al. (2015), Guihou et al. (2020) and references therein. In this study
10-day averaged values of the model fields for March 2012 were used.
To evaluate the impact of the regional circulation on physical and
chemical properties distribution we released 14,000 neutrally buoyant
floats at specific locations and from surface to bottom at the beginning of
January and followed their trajectories during 90 days. The floats
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trajectories were calculated offline using the 3-D velocity field from the
regional ocean model employing the algorithm described in Batchelder
(2006). Relative concentrations were computed at the end of simulation
time using the particle’s final position (Palma et al., 2021).

2.7. Statistical analysis

The relationships among optical signatures of DOM, inorganic nu-
trients and hydrographic parameters were assessed with the software
PAST 2.17c (Hammer et al., 2001). Parametric Pearson’s rank correla-
tion was applied, and the degree of significance was termed: not sig-
nificant (p > 0.05), significant (0.05 < p > 0.01) or highly significant (p
< 0.001).

3. Results and discussion
3.1. Hydrography

A temperature-salinity (T - S) diagram (Fig. 2) allowed the identi-
fication of four water masses in the study area:

1) Waters of the Beagle Channel (BCW), with temperatures between
7.9° and 8.9 °C, low salinities (29.3-31.2) and depths between 20 and
50 m. These characteristics were associated with those of the Cape Horn
Shelf Current, with temperatures >7 °C and salinities <34.0 due to a
high precipitation regime in the zone of the Chilean fjords and ice
melting in Southern Patagonia (Guihou et al., 2020; Giesecke et al.,
2021; Iachetti et al., 2021).

(2) Subantarctic Water (SAW), with high salinities (> 34.0) and
depths (1093-2285 m) and low temperatures (< 6.4 °C) (Fig. 2), derived
from the Northern Drake Passage (Piola and Gordon, 1989; Matano
et al., 2019).

(3) Subantarctic Shelf Water (SASW), from the external BCW to the
Grande Bay, with warmer and saline water in the eastern part of Pata-
gonian shelf, temperatures, salinities and depths ranging 7.6° -8.5 °C,
33.2-33.8, and 115-1783 m, respectively. The wide ranges of depths,
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Fig. 2. Division of the study area in four water types based on surface tem-
perature and salinity, as well as bathymetric data. Abbreviation: Beagle
Channel Water (BCW), Subantarctic Water (SAW), Subantarctic Shelf Water
(SASW) and Southern Patagonia Coastal Water (SPCW).

Journal of Marine Systems 241 (2024) 103893

salinity and temperature in the SASW point to the connection and
transition among the water masses from the Magellan Strait and the
Antarctic Circumpolar Current (ACC) (Guihou et al., 2020; Brun et al.,
2020).

4) Southern Patagonia Coastal Waters (SPCW) (Guerrero and Piola,
1997), located at depths below 100 m (Fig. 1b) and embracing Grande
Bay waters (GBW) north of the Magellan Strait mouth and the coastal
waters off Tierra del Fuego (TFW) in the south (Fig. 1b). These water
masses have salinities lower than 33.4 and are influenced by outflow
from the Magellan Strait and small riverine discharges attached to the
coast in Grande Bay (Palma and Matano, 2012; Brun et al., 2020), and
are composed by a mix of Cape Horn Shelf waters, BCW and SASW
intruding the Patagonian Shelf mainly through Le Maire Strait in the
coastal region off Tierra del Fuego (Guihou et al., 2020; Brun et al.,
2020). Surface temperatures lay between 8.4° and 9.7 °C with lower
values near and offshore the Magellan Strait mouth and higher values
close to the coast (Fig. 2).

3.2. Distribution and relationship between inorganic nutrients, salinity,
temperature, circulation patterns and biological activity

3.2.1. Nutrients and salinity

Surface concentrations of nitrate, phosphate and silicate (Fig. 3C, D,
G) showed a clear gradient with highest concentrations in SAW and
lowest values in SPCW. In SASW and SAW, these nutrients presented a
decreasing trend from SE to NW. In general, these trends can be ascribed
to the transport of nutrient-rich water from the ACC to shelf waters
(Palma et al., 2021).

However, surface concentrations of these nutrients presented a
distinct characteristic in SPCW. Mainly phosphate and silicate appear to
have additional sources. Relatively high concentrations of both in the
GBW and TFW sectors of SPCW could be related to increased regener-
ation due to longer residence times as shown in the particle model
(Fig. 4b). The shape of these two sectors, with a low-concentration area
between them, suggests a modest contribution of these nutrients by the
Magellan Strait. Further, nitrate is low from the mouth of the Magellan
Strait to GBW, with an intrusion of high-salinity (Fig. 3A), high-nitrate
(Fig. 3C), low-ammonium (Fig. 3F) water from SASW reaching the Rio
Grande coastal sector of TFW (see also Fig. 1). The concentrations of
nitrate, phosphate and silicate in BCW were similar to those reported by
Giesecke et al. (2021). Yet, their silicate values were somewhat higher
(5-6 pM), probably because their sampling was carried out in winter and
planktonic Si uptake was low.

From these nutrients, those with a source of likely predominantly
ACC origin show strong positive correlations with salinity (Fig. 5). Ni-
trate and phosphate showed the highest correlations, with r = 0.79, and
r = 0.83, n = 34, p < 0.001, respectively (Fig. S5A and B). Despite the
highly significant correlation of the linear regression between nitrate
and salinity, an exponential fit (y = 7.76 + exp. [0.88 (x-31.41)] renders
a much higher r = 0.96. This nonlinear relationship between both var-
iables could be due to recent and on-going nitrate uptake. In BCW,
where Chl-a values are highest, nitrate seems independent of salinity
variation at values <32, probably due to on-going uptake, while in most
other sectors, low Chl-a and high phaeopigment values point to a
declining phytoplankton activity and grazing. The correlation of silicate
and salinity was also positive albeit weaker, with r = 0.42, p < 0.05
(Fig. 5D). This supports the assumption above of a secondary source of
continental origin for silicate, which would increase data scatter and
reduce positive correlation through freshwater nutrient input. Addi-
tionally, its much lower concentration of more than an order of
magnitude as compared to nitrate, likely brings in further variability
derived from siliceous phytoplankton uptake following Redfield-
Brzezinski ratios C:Si:N:P = 106:15:16:1 (Brzezinski, 1985). A further
possible silicate source could be related to sediment resuspension and
resulting interstitial pore water fluxes in the shallower sectors.

In contrast to the nutrients discussed above, the relationship between
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Fig. 3. Surface distribution of temperature, salinity, inorganic nutrients and photosynthetic pigments (Chl-a: chlorophyll a, Phaeo: phaeopigments).

ammonium and salinity (Fig. 5C) shows a strongly negative, highly
significant correlation (r = —0.74, n = 34, p < 0.001).

This, together with the distribution pattern of higher concentrations
associated with the BCW (Fig. 3F), point to freshwater sources of
ammonium in Tierra del Fuego related to stream inputs, lixiviation from
fjords and peatlands, melting glaciers and the inflow of waters from the
Southern Chilean Shelf and Cape Horn Shelf current through the Le
Maire Strait (Guihou et al., 2020; Palma et al., 2021).

3.2.2. Nutrients and temperature

Most nutrients do not show a direct relationship to temperature,
excepting that arising from the origin of the water mass, notably as in
the case of the cold, nutrient-rich ACC and nitrate, which is better
expressed by its salinity. An exception seems to be the behavior of ni-
trite. Besides the evident dependence of nutrient concentration on
salinity (Fig. 5A, B, C, D), their increased variability at a salinity of about
33 is noteworthy, and particularly accentuated for nitrite (Fig. 5E). This

nutrient presents a distinct behavior, evidenced by a particular distri-
bution pattern without any obvious relationship to the potential hy-
drographic sources described above, only sharing with the other
nutrients the high variability in the SPCW. In this sector, nitrite reaches
concentrations of 1.1 uM (see Table 1), to our knowledge the highest
reported in the Southwesten Atlantic, with a core of above-average
concentrations ranging 0.6-1.1 pM in TWF and to a less extent in
GBW (Fig. 3E) and that occurs at water temperatures in the quintile of
highest registered values (9.0-9.7 °C) (Fig. 3B and 5F) and salinities
around 33 (Fig. 3A and 5E). This particular setting can be clearly visu-
alized in a contour plot of nitrite against with temperature and salinity
(Fig. 5G).

3.2.3. Nutrients and circulation patterns

The distributions of nitrate and ammonium (Fig. 3C and F) seem to
roughly delimit the reaches of a high-nitrite sector (Fig. 3E). This may
have two non-excluding reasons. On the one side, they could be
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Fig. 4. Circulation and retention patterns. (a) Sea surface temperature (colors) and depth-averaged velocity vectors from March 24 to April 3, 2012 (10-day
averaged) computed from a numerical model (Combes and Matano, 2018). The red line is the 200 m isobath. (b) Particle’s relative concentration scaled with respecto
to its initial value (%) 90 days after release in January 1st 2012. The black line is the 100 m isobath. The particle’s release area is indicated in the inset (inside the 100
isobath). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

considered to be representative of local circulation patterns (see below)
of ammonium-rich BCW and nitrate-rich water from the SASW,
respectively intruding and protruding into SPCW and physically
confining the extension of the high-nitrite core. On the other side, these
nutrients could be respectively acting as substrate for denitrification or
more likely nitrification, fueling nitrite production by bacterial activity
(Zakem et al., 2018), what will be discussed in section 3.2.4.

The possibility of a physical delimitation of the high-nitrite sector
could be supported by local recirculation patterns that have been
postulated for the region, particularly an anticyclonic cell (Fig. 4a)
driven by the combined action of local winds and tidal forcing (Palma
et al., 2008). In this context, the catalyzing effect of local frontal activity,
as well as eventual vertical nutrient and DOM fluxes from particle
resuspension in the shallower sectors cannot be ruled out and deserve,
together with the distinctive nitrogen dynamics in this region, further
investigation.

Further, an increased biological activity in SPCW could also be
favored by longer residence times and elevated concentrations of sus-
pended particulate organic matter. This assumption is strongly sustained
by the concentration patterns (Fig. 4b) obtained from the particle
tracking algorithm fed with the 10-day averaged 3D velocity from the
summer 2012, showing two cores of high particle relative concentration
(%) in GBW and TFW respectively. Particularly the core in TFW shows a
maximum in long-term (at least 90 days) particle retention at the same
location as the nitrite maximum.

3.2.4. Nutrients and biological activity

The assumption of nitrite production by elevated biological activity
is supported by the spatial distribution of high values of BIX, which
reaches values >0.6 combined with temperatures >9 °C in the high-
nitrite sectors (contour plot in Fig. 5H). These high BIX values could
be related to a setting of nutrient regeneration during phytoplankton
senescence, as shown in Fig. 8C, where BIX > 0.6 occur at high phaeo-
pigment concentrations (> 0.5 pg L™H. Additionally, high bacteria
counts in this sector have been reported by Krock et al. (2015) for the
same cruise. In their Fig. 5, between 50°- 53°S the stations with highest
abundance of heterotrophic bacteria (HB), ranging 1.3-1.9 10° cells
mL~}, coincide with the corresponding ones with high nitrite values in
the range 0.6-1.1 pM. In the remaining stations of this area, HB

abundance was <1.0 10° cells mL™.

Regarding the likely situation of phytoplankton senescence discussed
above, Garzon-Cardona et al. (2016) reported that the concentration of
Chl-a showed a decreasing tendency from the east of the Beagle Channel
to the west of Tierra del Fuego region. The horizontal distribution of Chl-
a is shown in Fig. 3H, which illustrates declining values from inshore to
offshore sites. High Chl-a concentrations were found only at two stations
in BCW (2.9 and 2.2 pg L™1). Values were similar to those reported by
lachetti et al. (2021) and Giesecke et al. (2021), but lower than in
Guinder et al. (2020). In the area located between the Le Maire Strait
and Grande Bay the concentrations of Chl-a fluctuated from 0.8 pg L ™! to
0.1 pg L1 In SASW the highest value was 0.5 pg L7, gradually
decreasing to a range of 0.1-0.3 pg L1 in SAW (Fig. 3H). In the SPCW
the highest Chl-a concentrations occurred in GBW, decreasing towards
the mouth of the Magellan Strait, reaching a minimum in the north
sector of TFW and increasing again to the south. Late-summer recent and
remnant autotrophic uptake is likely a reason for the nonlinear rela-
tionship between nitrate and salinity and the weaker correlation be-
tween silicate and salinity. Phaeopigment concentrations (Fig. 3I)
followed a similar pattern as Chl-a, yet with mostly higher values, and
maxima in the Grande Bay zone extending south of the Magellan Strait
mouth, depicting a situation of seasonal phytoplankton senescence
typical for this region (Sabatini et al., 2016).

3.3. Sources and main features of DOC, humic DOM, and the
fluorescence index

3.3.1. DOC and humic DOM

The concentrations of DOC and intensities of the DOM humic com-
ponents FDOM¢ and FDOM)y; (Table 1) are within the range previously
observed in SAW (Garzon-Cardona et al., 2019, 2021). DOC is generally
low, even in the high-concentration sector in BCW, where it reaches a
maximum of only 77 uM C, despite evidence of terrestrial input as dis-
cussed for ammonium. Synoptically, it is noteworthy that high DOC,
FDOM¢ and FDOMy values and their increasing gradient towards the
coast (Fig. 6A and B, only FDOM¢ is shown for its similarity with
FDOM)y) approximately follow the distribution of salinities <33
(Fig. 3A), besides reflecting the effect of the intrusion of saltier, DOC-
poorer waters of the SAW and SASW. In more detail, the humic-like
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Table 1

Data obtained in different sectors of the eastern study region. Average,
+standard deviations and ranges [:] of depth (m), temperature (°C), salinity,
dissolved inorganic nutrients (in pM: NOgz, nitrate, NO3, nitrite, Si(OH)4, sili-
cate, PO;3, phosphate, NH;, ammonium). Dissolved organic carbon (DOC, uM
C)). Fluorescent dissolved organic matter intensities (in QSU): Humic-like
components: FDOM¢ (highly unsaturated), FDOMy,, (low degree of unsatura-
tion). Indices: HIX (humification index), FI (fluorescence index), BIX (biological
activity index): pigments (in pg L™'): Chl-a (chlorophyll a), Phaeo (phaeopig-
ments). Water types: BCW (Beagle Channel), SAW (Subantarctic), SASW (Sub-
antarctic Shelf) and SPCW (Southern Patagonia Coastal Waters). n = number of

samples.

Variable BCW SAW SASW SPCW
Depth 38+12 1651 =+ 553 527 + 647 73 £ 29
(n=34) [20:50] [1093:2285] [115:1783] [29:119]
Temperature 8.4+£04 6.0 £0.3 8.0 £ 0.4 9.0 £0.5
(n =34 [7.9:8.9] [5.7:6.4] [7.6:8.5] [8.4:9.7]
Salinity 29.9 £0.7 342+0.1 33.6 £0.2 329 +£0.3
(n=34) [29.3:31.2] [34.2:34.3] [33.2:33.8] [32.3:33.2]
NO3 8.1+ 0.5 19.8 + 0.6 141 + 1.4 115+ 1.6
(n=34) [7.6:8.8] [19.1:20.4] [12.4:16.2] [8.7:14.8]
NO3z 0.2 +£ 0.0 0.2+0.1 0.3+0.1 0.4 + 0.3
(n=34) [0.1:0.2] [0.2:0.3] [0.2:0.3] [0.1:1.1]
Si(OH)4 2.0+ 0.3 3.2+0.2 2.0+ 0.3 2.4+ 0.5
(n=34) [1.8:2.4] [3.0:3.5] [1.7:2.4] [1.5:3.4]
PO;* 0.8 +0.1 1.3+0.1 1.0 £0.1 1.1+0.1
(n=34) [0.7:0.9] [1.2:1.4] [1.0:1.1] [0.9:1.2]
NHi 2.6 +0.8 0.5+0.1 0.8 +0.3 1.1+0.8
(n=34) [1.6:3.8] [0.4:0.6] [0.3:1.1] [0.1:2.3]
DOC 67.8 £5.8 54.1 £5.3 548 £5.5 64.6 + 5.5
(n=34) [62.7:77.0] [46.0:58.7] [48.9:63.9] [51.7:73.2]
FDOM¢ 1.1 +0.2 0.3+0.1 0.3+0.1 0.7 £ 0.2
(n =29) [0.8:1.4] [0.2:0.4] [0.2:0.5] [0.4:1.0]
FDOMy 1.1+0.3 0.3+0.1 1.6 +1.2 0.7 + 0.2
(n =29) [0.8:1.5] [0.2:0.4] [0.7:3.3] [0.3:1.0]
HIX 1.7 £0.3 0.7 £ 0.4 0.8 + 0.2 1.3+0.3
(n=29) [1.1:2.0] [0.3:1.3] [0.6:1.0] [0.8:1.8]
FI 1.7 £ 0.2 3.6 £ 0.6 3.2+0.2 2.4+ 0.3
(n=29) [1.5:1.9] [3.0:4.3] [3.0:3.4] [1.7:2.9]
BIX 0.8 +0.1 0.5+0.1 0.8+ 0.1 0.9+ 0.1
(n =29) [0.7:0.9] [0.3:0.6] [0.7:0.9] [0.7:1.0]
Chl-a 1.3+1.2 0.2+0.1 0.4+0.1 0.5+ 0.2
(n=29) [0.3:2.9] [0.1:0.3] [0.3:0.5] [0.1:0.8]
Phaeo 1.0+ 0.5 0.2+0.1 0.7 £ 0.1 1.0+ 0.3
(n =29) [0.5:2.3] [0.1:0.2] [0.6:0.8] [0.5:1.6]

components showed analogous distribution patterns, with high values in
BCW and MSW (0.4-1.4 QSU), and marked decreases to <0.4 QSU at the
more marine stations (SASW and SAW) (Fig. 6B). FDOM¢ and FDOMy
intensities positively correlated with each other (r = 0.94, p < 0.001, n
= 29), and showed a highly significant negative correlation with salinity
(FDOMg, r = 0.83; FDOMy,, r = 0.78; p < 0.001, n = 29, Fig. 7C and D,
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respectively), suggesting that both have a common origin in the fresh-
water input into the southernmost sector of the Patagonian Shelf.

Interestingly, a lower, yet still significant positive correlation was
also obtained between humic-like components and Chl-a (FDOMc, r =
0.66; FDOMy, r = 0.68). Correlations with phaeopigments was also
positive but lower (FDOMc, r = 0.50; FDOMy;, r = 0.47). Although
previous studies have also found that multiple terrestrial humic-like
components can show similar biogeochemical behaviors along aquatic
gradients in a determined region (Goncalves-Araujo et al., 2015; Zhou
et al., 2019), FDOM¢ and FDOM); do very likely correspond to chemi-
cally distinct DOM fractions. FDOM is associated with highly degraded
terrigenous humic material, while FDOM); is conventionally assigned as
a marine humic-like component, and thought to be generated by het-
erotrophic reprocessing of aquatic autochthonous DOM (Coble, 1996;
Cabrera-Brufau et al., 2022). Yet, in our study, there is a much higher
correlation between these peaks intensities and salinity as tracer or
terrigenous input than with proxies of biological activity such as chlo-
rophyll or phaeopigments.

FDOM(; correlates slightly better with salinity than FDOM)y, and this
in turn correlates better with chlorophyll than FDOM¢ does. It could be
inferred that FDOM); was only moderately associated with aquatic pri-
mary production. This could be caused by several factors: Chl-a was
mostly low across our study region, so there simply might not have been
enough variation in aquatic primary production to produce a higher
correlation. Additionally, FDOM) probably has a main terrestrial source
from Fuegian peatlands, without discarding that a fraction corresponds
to microbially reprocessed DOM, as suggested by other studies (Murphy
et al., 2008; Yamashita et al., 2017). Nevertheless, crossed correlations
are possible. For example, the correlation between Chl-a and salinity is r
= 0.68, p = 0.01, n = 29, which is very similar to that between FDOMy,
and Chl-a. Thus, without discarding any of the possibilities discussed
above, speculation about sources of aquatic humic in compounds in this
complex environment requires caution.

3.3.2. The fluorescence index

The fluorescence index (FI) can be useful to differentiate DOM ori-
gins. FI ranged between 1.5 and 4.3 (Table 1) and its horizontal distri-
bution (Fig. 6C) showed a clear gradient with highest values in SAW and
SASW (2.9-4.3) and lowest in BCW and SPCW (1.5-2.9). DOM derived
from terrestrial sources (degraded plant and soil organic matter) pre-
sents lower FI values than material directly produced by aquatic sources
such as extracellular release and leachates from algae and bacteria
(McKnight et al., 2001; Hansen et al., 2016). FI values <1.4 correspond
to terrestrially derived DOM, while those >1.9 refer to aquatic sources.
If FI is between 1.4 and 1.9, DOM components originate from both,
terrestrial and marine sources (McKnight et al., 2001). Hansen et al.
(2016) observed that for algae leachates, FI showed large changes over
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Fig. 6. Distribution of DOC, fluorescent humic-like dissolved organic matter (FDOM¢) and fluorescence index (FI) in surface waters of the study zone.
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time, with final values around 3.5, alike those observed in the SAW and
SASW zones (Fig. 6C). The lowest values in BCW point to a substantial
influence from terrestrial sources in this sector and to a lesser extent in
MSW, as also indicated by FDOM)y. Highly significant correlations of

DOC and FI with salinity, (r = —0.57, p < 0.001, r = 0.75, p < 0.001,

Fig. 7A and B, respectively) depict the dilution of DOM by mixing with
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3.4. Integrated synthesis of DOC molecular nature, DOM freshness and
DIN distribution

3.4.1. Origin and molecular nature of DOC

Despite the narrow range of DOC concentrations (46-77 pM C), the
nature of the different DOM sources discussed above is reflected in a
highly significant inverse correlation (r = — 0.82, n = 29, p < 0.001)
between DOC and FI values (Fig. 8A). This further sustains the charac-
terization of DOM in the open Subantarctic waters (SASW and SAW) as
mainly originated from planktonic sources, and in the more coastal BCW
and SPCW as a mixture of autochthonous and continental components.
The trend of the regression line suggests that in the study region, DOC
concentrations >80 pM C, can be expected to occur at FI < 1.4 and to be
mainly of terrigenic origin. The lowest registered DOC values were close
to the concentration of termed refractory background DOC (~38 pM C)
resistant to microbial degradation, present throughout the water column
in the ocean, and characterized by old material (4000-6000 years ac-
cording to *C dating), which likely survives multiple mixing cycles in
the ocean (Druffel et al., 1992, 2019). Consistently with this, in our work
these low concentrations occur at high FI values, implying a predomi-
nantly aliphatic character of DOM, typical of purely marine humic
compounds (Ishiwatari, 1992).

Additionally, HIX ranged 0.27-2.02 and showed a highly significant
direct correlation with DOC (r = 0.64, n = 29, p < 0.001) indicating a
higher aromatic character of DOM components at increasing DOC con-
centrations (see HIX trend arrow in Fig. 8A). The highest HIX values (>
1) indicate an advanced degree of humification of the peatland-derived
DOM components present in seawater (Hansen et al., 2016).

3.4.2. DOM freshness, biological activity and DIN distribution

There is a statistically significant inverse relationship (r = — 0.68, n
=29, p < 0.001) between the biological activity index BIX (Fig. 8B) and
FI, implying a mixture of aliphatic and aromatic DOM components with
increasing BIX, and a more aliphatic character (“old” DOM) at low
biological activities and high FI, as in SAW. BIX values >0.6, which
indicate higher biological activity (see discussion on nitrite above), and
hence freshly produced DOM, occur at intermediate to low FI values.
This is probably related to the fact that in the study region, higher
planktonic activity was detected in BCW and other coastal sectors,
where ammonium and DOM of terrestrial origin are high, likely pro-
ducing a mixture of autochthonous and allochthonous dissolved organic
components. The relationship between BIX and autotrophic and het-
erotrophic activity can be also depicted through the relationship be-
tween this index and the concentration of phaeopigments (Fig. 8C).
Fresh DOM can also be produced by sloppy feeding of zooplankton on
microalgae (Mgller, 2007), which would be consistent with the higher
phaeopigment values. Again, BIX values <0.6 appear to be related to the
high-nutrient-low-chlorophyll SAW (Fig. 3I) (Dugdale and Minas, 1995;
Lara et al., 2010; Sabatini et al., 2016), where phaeopigments are low
too. BIX values >0.6 mostly occur at higher phaeopigment values (>
0.5), suggesting a setting of higher bacterial activity associated to the
senescence of the phytoplankton community in late summer, a condition
under which inorganic nitrogen regeneration seems to be taking place
mainly in SPCW, as stated before in the nitrite discussion in section
3.2.4.

Also in relation to distribution of inorganic nitrogen, FI revealed to
be a good auxiliary tracer of water mass origin and nitrate concentra-
tion. Fig. 8D shows the nonlinear relationship between both parameters,
with a highly significant correlation (r = 0.84, n =29, p < 0.001) and the
clear delimitation of the high-nitrate SAW, which originates from ACC
water, ultimate source of nitrate for much the Southern Ocean. The
logarithmic relationship between both variables seems realistic, since FI
is not assumed to further increase in ACC, given the almost background
DOC concentrations of likely “old” DOM. At a concentration of 36 pM N,
considered the signature nitrate concentration of the Upper Circumpolar
Deep Water (Sigman et al., 2000), the regression equation predicts a FI
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value of 4.8, which seems quite realistic at low DOC (see Fig. 8 A).
4. Conclusions

Four different water types were identified, namely BCW, SAW, SASW
and SPCW. The latter was divided in two subtypes (TFW and GBW),
based on the occurrence of cores with high particle concentration. The
surface distribution of inorganic nitrogen nutrients presents distinct
characteristics related to their origin: the ACC is the main source of
nitrate, while ammonium shows inputs from freshwater sources in
Tierra del Fuego and the Cape Horn Shelf Current. Nitrite presents a
distribution pattern without any obvious relationship to the above-
mentioned sources, with high concentrations in TFW and GBW. Nitrite
production is likely driven by elevated bacterial activity, related to a
late-summer/early autumn setting of nutrient regeneration and freshly
produced DOM during senescence and grazing of the phytoplankton
population. Anticyclonic cells with high particle residence times could
favor this process. The current work reports for the first time the exis-
tence of high nitrite values in this region and postulates a mechanism for
their occurrence.

High DOM concentrations roughly follow the distribution of salin-
ities <33. DOC maxima were lower as expected for a region with
considerable terrestrial runoff, and minima were close to global back-
ground levels. The fact that humic components of DOC, as well as
ammonium present a highly significant inverse correlation with salinity,
point out that freshwater input is a key source of reduced nitrogen and
refractory carbon in this region. Furthermore, the HIX index increases
with DOC, suggesting a high aromatic character of terrestrial humic
material in BCW, derived from Fuegian peatlands. The fluorescence
index FI indicates that DOM in SAW and SASW is mainly of planktonic
origin and that in the more coastal BCW and SPCW waters it consists of a
mixture of autochthonous and continental components. Low DOC con-
centrations at high FI values imply a predominantly aliphatic character
of that DOM, typical of refractory marine humic components.

Considering the influence of terrestrial runoff on the input of DOM
and ammonium in the studied sector, it appears relevant to investigate
their regional dynamics during the peak period of freshwater inputs
from continental ice melting in spring/early summer (Iturraspe et al.,
1989). Complementarily, the confirmation of the postulated formation
mechanisms of nitrite high-concentration zones would require addi-
tional studies on vertical structure, sediment resuspension, abundance
and activity of zooplankton and heterotrophic bacteria.
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