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Abstract: This study examines the distribution and seasonal evolution of
hydrographic, hydrodynamic, and nepheloid layers in Ushuaia Bay and the
submerged glacial valley that connects it to the Beagle Channel. The hydrographic
structure is highly seasonal, with a total mixing of the water column in winter and
the appearance of a pycnocline between 50 and 70 m deep from spring to late
autumn, mainly due to desalination. A counter-clockwise current sweeps the
entire bay regardless of the season or phase of the tide. This current is at its
maximum in the surface layer, allowing the rapid renewal of the bay’s waters,
while deep currents are weak and imply a slow renewal of the valley’s waters.
Turbid and oxygen-depleted structures are observed in summer in the valley. The
combination of seasonal stratification, high organic matter inputs from planktonic
production, oxygen consumption for remineralization, and sluggish circulation
results in a decrease in near-bottom oxygen concentration in the glacial valley at
the end of the stratified season, before mixing and re-oxygenation of the water
column during the southern winter. The possible impact of dissolved oxygen
depletion in the bottom waters of the valley on benthic organisms, like
crustaceans, is discussed.

Keywords: Beagle Channel; Ushuaia Bay; hydrology; suspended particulate
matter; hypoxia
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1. Introduction

1.1. Hypoxia in the Coastal Zone

Continental margins play a crucial role in global ocean carbon cycling through
the in situ production, resuspension, transport by lateral advection, and
transformation during their path to the seafloor [1]. About 10 percent of the
world’s population lives in coastal areas (www.un.org) and they are related to
many human activities that make this area complicated and vulnerable.

In semi-closed basins, estuaries, and fjords, the oxygen regime is regulated by
the supply of organic matter (OM), its rate of consumption, the periodicity of water
exchange, bathymetric features, and seasonal stratification. In some cases, they
may present a substantial depletion of dissolved oxygen (DO) in their deepest
zones [2,3]. Dissolved oxygen concentrations below thresholds that compromise
the health of marine ecosystems, a condition known as hypoxia, have been studied
thoroughly around the world because of its environmental and economic
consequences [4]. While a hypoxia threshold of 2 mg/L is commonly adopted, [5]
determine hypoxia as a crucial oxygen concentration below ~4.7 mg/L for some
benthic species, such as crustaceans. Such oxygen-depleted conditions imply a loss
in biodiversity and an impact on the surviving organisms, a reduction of their
growth and reproduction, a generation of physiologic stress, forced migrations, a
reduction of suitable habitat, increased vulnerability to predation, and a disruption
of life cycles [3,6].

High-latitude fjords and channels are known as areas prone to hypoxic
conditions due to the synergy between vertical stratification (brought about by
active freshwater contribution), and sharp bathymetric discontinuities that may
promote a sluggish water renewal [2,7].

1.2. Study Area

The Beagle Channel (Figure 1) is located in the southern extreme of America.
Linking the Austral Pacific and Atlantic Oceans as a continuous conduit between
them and being 180 km west-east long, it is characterized by a glacially carved
channel, which was utterly ice-covered during the last glaciation and flooded by
the sea circa 8000 years BP [8,9].
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Figure 1. Map of the study area located in Tierra del Fuego, South America (upper right panel), as a branching
of the Beagle Channel (upper left panel). Bathymetry in the Ushuaia Bay and its valley (lower panel) is in a
grey-white color gradient. Cross-Bay section (B1-B9 stations) from 54°50.088" S-68°15.710" W to the 54°47.992
5-68°14.781" W, linking the western peninsula with the river mouth of the Rio Olivia, Along Bay section (A1-
A10 stations) from 54°48.500" 5-68°16.800" W to 54°49.595” S-68°12.183" W and Fixed Station (FS in yellow) are
represented. The freshwater inputs are indicated: BES (Buena Esperanza stream), GS (Grande Stream), OR
(Olivia River) and ER (Escondido River).

This high latitude system (~55° S) has a marked seasonal cycle, with maximal air
temperatures (5-14 °C) and runoff during austral summer, and minimal temperature
(-1 °C-5 °C) during winter [10]. The tidal regime corresponds with a mixed
semidiurnal, with tidal amplitudes in the range 0.67-2.18 m, and 1.2 m in average
[11]. The prevailing SW winds reach 31 km/h on average [10].

The bathymetry of the Beagle Channel is complex and irregular, consisting of a
series of shallow sills and deeper basins. This condition, together with large
freshwater inputs, has led previous authors (e.g., [8,12]) to view the entire Beagle
Channel as a semi-estuarine marine environment that displays a fjord-like
circulation.

The Ushuaia Bay (Figure 1) is located on the north coast of the Beagle Channel.
The bay displays a northwest-southeast orientation and can be roughly divided
into a western sector with a smooth bathymetry, reaching 10-30 m depth and an
eastern area where depth increases sharply, continuing with a U-shaped, drowned
glacial valley with an average depth of 150 m along its axis. Based on modeling,
the residual water circulation has been described as an anti-clockwise gyre [11].

The bay receives freshwater discharges from the Olivia, Arroyo Grande,
Encajonado and Buena Esperanza rivers, having annual average discharges of 5,
35, 1.3 (only winter data), and 0.9 m%s respectively [10,13]. The city of Ushuaia
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(54°48" S, 68°19” W) is located along the northern part of the Bay. This city and its
port have undergone substantial growth in recent decades, resulting in a
significant anthropogenic pressure from discharges of urban and industrial
effluents [14]. A sewage diffuser is situated on the eastern coast with the
wastewater from the city [13].

Previous studies in this area [15] showed minimum values of oxygen in the
deepest zone of Ushuaia Bay during the austral autumn and early winter of 2015,
reaching DO concentrations around 3 mg/L in June at the head of the glacial valley.
This near-bottom oxygen depletion was associated to seasonal vertical
stratification that isolates the deeper water masses from contact with the
atmosphere, thus preventing its ventilation [15].

This works aim at characterizing the interplay of hydrographic features, water
circulation, and particle matter distribution and composition in Ushuaia Bay and
adjacent valley and assess their potential role in regulating DO concentrations. The
study embraces three contrasting periods of the year: austral winter (August),
summer (January) and autumn (April), along which residual currents, suspended
particle concentration and size distribution, particulate organic carbon (POC)
content and fluorescence of chlorophyll-a (Chl-a fluorescence; as a proxy for
phytoplankton biomass) were measured to constrain the forcings that may drive
oxygen depletion in the study area.

2. Materials and Methods

2.1. Sampling Strategy

The measurement strategy had two components (Table 1). Firstly, a 1.5-year-
long (August 2017 to December 2018) quasi-monthly monitoring of the hydrology
at a fixed station, 150 m deep, located in the valley (FS in Figure 1). This point was
chosen considering that it represents a transitional place between the Beagle
Channel and Ushuaia Bay, being part of the deep glacial valley. The variables
measured included physical (temperature, salinity, density) and bio-optical (DO,
Chl-a fluorescence, turbidity) parameters. Secondly, spatial monitoring of
hydrological and hydrodynamic structures across and along the axis of the bay
and valley (Figure 1) was carried out in winter (August 2017), summer (January
2018) and autumn (April 2018). Additional data on the concentration and size of
suspended particles and POC concentration were also acquired during that period.

Table 1. List of parameters collected at the fixed station and along the sections. (*) monthly
sampling limited to December 2017-December 2018 period.

Period

Parameter Instrument August 2017 .
December 2018 August2017  January 2018 April 2018
Temperature, Salinity, Cross Bay

. ’ . . . Cross Bay Cross Bay (B1-B9)

Den51tyi:10xygen, Turbidity, CTD Fixed station (B1-BS) (B1-BS) Along Bay
uorescence (A1_A10)
Cross Bay Cross Bay Cross Bay

Particle size spectra LISST-100X (B1-BS) (B1-BS) (B1-B9)
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Particle Cross Bay
LISST-Hol -
images SST-Holo (B1-BS)
Cross Bay Cross Bay
Currents ADCP (B1-BS) - (B1-B9)
POC Niskin bottle Fixed station (*) - -

2.2. Hydrological Data

A multiparameter JFE ASTD 102 RINKO profiler was used to collect surface to
bottom profiles at 10 Hz of pressure, temperature, conductivity, DO, Chl-a
fluorescence, and turbidity data. DO was measured with a fast-responding
fluorescence sensor. The oxygen sensor was adjusted routinely following a two-
point calibration (0% in Na:SOs solution; 100% bubbled water for 30 min) as
recommended by the manufacturer. Additionally, water samples were collected at
selected depths during surveys using a Niskin bottle, to conduct oxygen analysis
by Winkler titration

Winkler DO (mg/L) = 0.81 x DO sensor (R = 0.96, N = 27).

Chl-a fluorescence concentration and turbidity were measured with a
fluorometer and a backscattering sensor, respectively. Raw data were transformed
into engineering units using the software and calibration sheets provided by the
manufacturer and later processed using the Sea-Bird Data Processing Software to
obtain 1-dbar binned data. Derived parameters (potential temperature, salinity,
potential density anomaly, density ratio) were derived according to the TEOS-10
equations. Hydrographic data were processed according to routine procedures and
displayed using the Ocean Data View software [16].

On several occasions, near-bottom water samples were collected together with
CTD profiles and filtered on 0.4 um Whatman Nuclepore Polycarbonate filters. In
situ volumetric concentrations of suspended particulate material (SPM) were
estimated from dry weights of particulate matter. A simple regression equation
was derived between SPM concentration and turbidity measurements for the
optical backscatter sensor:

SPM(mg/L) = 1.17 x Turbidity(FTU) + 0.25 (R>= 0.88, N = 17),

which can be used to approximate the observed concentrations.

2.3. In Situ Particle Size and Shape

A Sequoia LISST-100X (Type C, 2.5-500 um range, 1 Hz sampling rate) was
used together with the CTD (Conductivity, Temperature and Depth) probe to
estimate the in situ particle size distribution (PSD) in the water column.

PSD was derived from the laser diffraction spectrum using the “randomly
shaped” Mie’s theory [17-19]. The raw spectrum was converted into volume
concentration (expressed in pL/L) using the volume conversion constant. Extreme
size classes (1.90-2.25 and 322-381 um) showed typical “rising tails” explained by
the presence of smaller particles (for the first class) and bigger particles (for the last
class) outside the measurement range [20]. Except for the LISST-100X primary
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particle characterization in the laboratory, we excluded the extreme size classes of
the PSD measured in situ before calculating the derived parameters (total volume
concentration, Vctot). PSDs were then normalized with Vctot and expressed in %.

During the August 2017 survey, a digital holographic camera (Sequoia LISST-
HOLO, 0.2 Hz sampling rate) was used in parallel to the LISST-100X to study the
volume and number concentrations, and the shape of large particles, within the
range 20-2000 pm [21]. Two steps of 5 min, 2 m below the surface and 2 m above
the bottom were carried out for each profile to collect enough images (>150), which
were combined to obtain a representative estimation of particle composition in the
surface bottom layers. PSD was estimated using a Matlab based image analysis
processing (based on the estimate of the spherical equivalent diameter), and the
size spectrum was expressed in uL/L for each of the 50 size classes logarithmically
spaced from 20 to 2000 um. The LISST-HOLO also measured several particle shape
parameters. The aspect ratio (AR = length of minor axis/length of major axis), and
the equivalent circular diameter (ECD) were used to classify the particles.

2.4. Particulate Organic Carbon Concentrations

Monthly water samples were taken with Niskin bottles at three levels between
December 2017 and December 2018 (except June and August 2018) at the fixed
station (FS in Figure 1), water samples were collected close to the surface, around the
deep Chl-a fluorescence maximum (at about 20 m) and close to the seafloor.
Suspended particle matter (SPM) concentrations were determined by filtering
seawater on GF/F filters (0.7 um nominal pore size) following the method described
in [22]. Filters were then used to determine particulate organic carbon (POC)
content. Firstly, dry samples were decarbonated with repeated additions of HsPOu
(IM) and HCl (2M) until the end of effervescence. POC contents were then
measured using a VarioMAX CN, Elementar (Langenselbold, Germany)
Instrument.

2.5. Hydrodynamical Data

A Teledyne RDI workhorse 300 KHz ADCP was used to measure currents
along the cross-bay section (B1-B9 in Figure 1). The ADCP was mounted on an
aluminum structure attached to a dinghy, which moved at a speed between 1 and
2 m/s along the section. The boat’s trajectory was tracked by GPS. The ADCP was
programmed to sample at 1 Hz with a vertical resolution of 4 m, and took
measurements of current speed and direction from 7 m depth to 4-8 m above the
bottom (signals from the 4 ADCP beams, each with an orthogonal angle of 20°, are
typically affected by side-lobe interference in the lowest 6% of the depth). The
section was repeated 4 to 5 times resulting in cross-profiles 3950-4250 m and 36-63
min long. For operational reasons, each survey could not extend beyond 5 h and
cover a complete tidal cycle. It used the bottom tracking to derive absolute speed
and direction, and bottom depth. Velocity data were linearly extrapolated in the
unmeasured zones to the bed and the surface.
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Data from the different transects were projected on the average cross-section
plane using an orthogonal translation and interpolated on a regular grid. The
arithmetic average of the velocity components of all transects was computed at
each node of the grid. Water discharge was calculated as the flow perpendicular to
the mean cross-section.

The renewal time in the northern part of Ushuaia Bay delimited by the section
was estimated as the ratio of the volume of the domain (evaluated at 3.4 x 10 m? by
integrating bathymetric data interpolated on a regular grid) and the water flow
entering the bay and perpendicular to the section.

A short-term mooring line was deployed between 2 December and 11 December
2019 on a 60 m bottom in the valley axis (54°48.316 S-68°14.972 W, Figure 1) to
describe the variability of tidal currents and determine the residual current at the
water vein entering the shallow bay. The currents were measured with a Nortek
Aquadopp acoustic current meter, positioned at a depth of 4 m, with 2 min burst
sampling at 1 Hz every 10 min.

The tidal data (sea-level anomaly) are from the Ushuaia gauging station
maintained by the Argentinian Naval Hydrographic Service and have been
retrieved from the IOC sea-level station monitoring facility (http://www.ioc-
sealevelmonitoring.orgy/).

3. Results

3.1. Temporal Variability of Hydrology: 2014-2018 Time Series at the Fixed Station

As other high latitudes systems, the hydrographical structure of the Ushuaia
Bay shows the seasonal stratification over the year (Figure 2). During austral
summer, approximately from December to March, stratification results from the
presence of warmer (T > 8 °C) and fresher (S < 30) surface layer, with respect to the
deep layer (T = 5-7° C, S = 31-32). The pycnocline is around 40-70 m depth, with a
density anomaly about 22 kg/m? at the surface and 25 kg/m? close to the bottom.
During winter, from April to November, the water column becomes homogeneous
with temperatures around 5-7 °C, salinity around 31-32, and density anomalies
around 24.8-25 kg/m?. As a general rule, DO depletion (<6 mg/L) occurs after the
seasonal stratification. The oxygen decline is seen during autumn, starting in April
and reaching minimal values in June. During August, the vertical mixing allows
the oxygen to increase along the water column reaching values between 9 and 11
mg/L. The largest oxygen depletion is found after the summer of 2015, reaching
concentration around 3.7 mg/L during June, in water deeper than 136 m.
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Figure 2. Time series at the fixed station over the entire water column measured between August
2017 and December 2018 of (A) salinity (in gradient color) and turbidity (black isolines); (B)
dissolved oxygen (in gradient color and white isolines) and density anomaly (black isolines); and
(C) temperature (in gradient color) and Chl-a fluorescence (black isolines). The enhanced
observation period: red dotted lines are the field trips of August 2017, January 2018, and April 2018.

Monitoring was carried out at the fixed station in December 2017 and December
2018, the concentrations of POC on the surface and subsurface covary with the
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fluorescence of Chl-a 5 (Figure 3A). These two variables have an unambiguous
seasonal signal with maximum values of POC (21-22 puM C) and Chl-a
fluorescence (4 RFU, Relative Fluorescence Unit) in December and minimum
values of POC (4 uM C) and Chl-a fluorescence (0.2 RFU) in May-June.

During the same period, POC concentrations at the bottom of the valley
(Figure 3B) show distinct variability with the first maximum in December (17 uM
C), associated with high DO concentration (9 mg/L), and a second relative
maximum of POC in March (12 uM C) preceding the annual DO minimum (5.5
mg/L).
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Figure 3. Time series between December 2017 and December 2018 at the fixed station (FS in Figure
1) of (A) POC concentrations at the surface (S) and subsurface (SS, 20 m depth) together with the
averaged Chl-a fluorescence concentrations between 0 and 20 m deep; (B) POC concentrations near
the bottom (NB) and averaged DO concentrations for depths over 90 m.

3.2. Spatial Variability of Hydrology: Seasonal Sections Across and Along the Ushuaia Bay
and Valley

Observations along the sections (Figures 4-7) characterize the spatial extent of
hydrological structures across the bay and valley at critical times of the year
(winter, summer, autumn).

Practical salinity [PSU] Turbidity [FTU]

Turbidity [FTUJ

Distance (km)
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Figure 4. Cross-bay section of turbidity (color gradient) and salinity (isolines) for (A) August 2017;
(B) January 2018; and (C) April 2018. The intersection between cross-bay and along-bay sections is
marked with a yellow arrow.
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Figure 5. Cross-bay section of DO (color gradient and white isolines at the bottom) and density
anomaly (isolines) for (A) August 2017; (B) January 2018; and (C) April 2018. The intersection
between cross-bay and along-bay sections is marked with a yellow arrow.
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Figure 6. Cross-bay section of temperature (color gradient) and Chl-a fluorescence (isolines) for (A)
August 2017; (B) January 2018; and (C) April 2018. The intersection between cross-bay and along-

bay sections is marked with a yellow arrow.
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Figure 7. Along-bay section of (A) DO (in gradient color and white dotted isolines) and density
anomaly (black isolines); (B) turbidity (in gradient color) and salinity (black isolines); and (C)
temperature (in gradient color) and Chl-a fluorescence (black isolines) for April 2018. The
intersection between cross-bay and along-bay sections is marked with a yellow arrow.

As previously described in Figure 2, observations made in August 2017
(Figures 4A, 5A and 6A) clearly illustrate the effect of winter mixing, which results
in near-homogenization of the entire water column for all parameters, except for
turbidity, which shows an increase near the bottom of the bay and on the eastern
side of the valley.
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In January (Figures 4B, 5B and 6B), the thermohaline stratification is maximum
with minimal salinity and maximum temperature in the surface layer that is
delimited by a pycnocline at a depth of 60 m.

In April, structures both across the bay (Figures 4C, 5C and 6C) and along the
valley (Figure 7) show that stratification remains important despite the cooling and
desalination of the surface layer. The decrease in DO in the deep layer intensifies
during the stratified period and the minimum oxygen, located at the bottom of the
valley and near the bay in April, corresponds to the maximum turbidity. Chl-a
fluorescence values indicate that phytoplankton production is reduced but still
active and located above the pycnocline level.

The low values of Chl-a fluorescence in the turbid bottom layers, in both
stratified and non-stratified periods, indicate that the SPM is probably composed
of senescent planktonic particles.

3.3. Particulate Matter Characteristics

Three distinct layers are considered to estimate and illustrate the evolution of
the in situ size spectrum of suspended particles in the water column and for the
different seasons (Figure 8). Since the horizontal variations in size spectra do not
vary significantly, and to obtain an integrated view, data from all stations in the
section across the bay were combined for each layer. The layers retained are the
surface layer (0-20 m), the layer around the seasonal pycnocline (40-70 m) and the
bottom layer in the valley (90 m-bottom).
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Figure 8. PSD in the surface (green, 0-20 m), intermediate (red, 40-70 m) and deep (blue, 90 m—

bottom) layers for all stations of the section across the bay for (A) August 2017; (B) January 2018;
and (C) April 2018. The thick lines represent the median values, and the light-colored envelopes

represent the 25% and 75% percentiles.

The size spectra in winter (August 2017; Figure 8A) shows strong similarities.
The first mode around 5 pm appears on the entire water column. The second mode
is around 15 um in the surface and intermediate layers and increased slightly,
about 20 pum, at depth. In summer (January 2018, Figure 8B), during the planktonic



Water 2020, 12, 324 16 of 24

bloom period, the size spectra change significantly, although they still have two
main modes. The first mode between 10 and 40 um appears in the intermediate
and deep layers, while the second mode between 150 and 250 um appears at all
levels. In the fall (April 2018, Figure 8C), the size spectra differ depending on the
depth. While the surface and intermediate layers show a bi-modal size spectrum,
close to that of the previous winter, with a mode around 5 um and another around
15 pm, the size spectrum in the deep layer presents characteristics close to
summer, with a secondary mode between 10 and 40 m and a main mode composed
of particles larger than 150 pum.

The particle assemblage image (Figure 9A) corresponding to the surface layer
in August 2017 shows that the in situ particle population is dominated by small
aggregates with sizes ranging between 0 and 120 um with a large variability of
shapes (AR between 0.1 and 1). In the bottom layer (Figure 9C), the in situ particle
population is also dominated by a large proportion of fine particles but the
imaging system shows large aggregates ranging from 120 to 300 pm.
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Figure 9. Examples of particle assemblages from the LISST-HOLO images (A) at the surface and (C)

near the bottom for all stations of the across-bay section in August 2017. Variation of SPM aspect

ratio (AR, dimensionless) as a function of the SPM equivalent circular diameter (ECD, pum) at the

surface (B) and the bottom layer (D). The corresponding particle number distribution per size class

is shown on the right panels.

The maximum density of particles in both surface and bottom layers is found in
the 0-50 pum size classes with AR (aspect ratio) ranging from 0.5 to 0.7 (Figure 9B,D).
The number of measured particles from approximately the same number of analyzed

images in both layers (173-179 images) shows that the particle number concentration
is one order of magnitude larger in the bottom layer than in the surface layer.
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3.4. Currents Intensity and Variability

Currents were measured across the bay in two seasons (August 2017 and April
2018) around the high tide period associated with the predominant semidiurnal
tidal cycle (Figure 10A,B) to take into account its effect on the circulation and
renewal of the bay and valley waters. In addition, and in order to have information
on the complete tidal cycle, single-point current meter measurements were
obtained for eight days (between 2 December and 11 December 2019) in the
shallow part of the valley (see mooring position in Figure 1).

A B
1.5 1
18 August 2017 3 25 April 2017

Sea Level Anomaly (m)

"1 T T T T '1 .5 T T T T
12:00 16:00 20:00 24:00 12:00 16:00 20:00 24:00
Time (UTC) Time (UTC)

Figure 10. Time of the ADCP cross-bay sections performed in winter (A, August 2017), and autumn
(B, April 2018). Numbers are the successive sampled sections in the different tidal moments. Tidal
parameters were obtained from http://www.hidro.gov.ar/oceanografia/Tmareas/RE_Mareas.asp.

The average currents for the high sea period during the stratified and non-
stratified seasons are similar and are mainly perpendicular to the section (Figure 11).
They clearly show that the circulation in the bay during the flood and high tide
periods is counter-clockwise at the surface over a thickness of 50 m. The intensity of
the average currents is 6-7 cm/s at the surface and decreases with depth. The mean
speed is about 3 cm/s. Minimal current speed is found in the deep layer of the valley
(1-3 cm/s).
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Figure 11. Current intensity and direction along the section across the bay for (A) August 2017 and
(B) April 2018. The sections were repeated over part of the tidal cycle and covered periods of flow
and ebb. The side views of the sections for (C) August 2017 and (D) April 2018 show the magnitude
of the currents normal to the section, entering and leaving the bay, averaged over the different
crossings. The top views show the depth-integrated currents along the section averaged over the

various passages in both seasons.

Short term mooring results (Figure 12A,B) clearly shows that the current is
aligned mainly along the axis of the valley, with maximum velocities of 20 cm/s,
and that the residual current, which is about 7 cm/s, is oriented towards the W-NW
(286° N) and corresponds to the main vein entering the bay. The semidiurnal tidal
currents are low (<2 cm/s). This result complements the one of [23], which showed
that the tidal currents and residual current at the southwestern end of the transect
were oriented towards the east-southeast.
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Figure 12. (A) Scatter plot of the short term current meter data from December 2 to December 10,
2019; and (B) average daily sea-level anomaly and current intensity along the mean current
direction.

Hence, the results from the different transects and the short-term mooring
show that the predominant semidiurnal tides only slightly modulate the currents
and that the residual current clearly indicates that the average circulation in the
bay is counter-clockwise. The average water flow entering the bay in the first 50 m
of the water column and contributing to the renewal of its waters is estimated at ~3
x 103 m3/s in August 2017 and ~6 x 10° m3/s in April 2018 (Table 2). Considering a
volume of the Ushuaia bay of 2.05 x 108 m?, the residence time of the waters in the
bay varies between 9 h (August 2017) and 19 h (April 2018). The sluggish currents
in the valley likely imply a slower renewal and ventilation of the deep waters.

Table 2. Date, time, and inflow in the first 50 m of the water column for the ADCP cross-bay
sections performed in winter (August 2017), and Autumn (April 2018).

18 August 2017 25 April 2018
13:19-14:10 UTC
Flood: High Tide -3 h 00
Inflow: 4.5 x 103 m%/s

14:10-14:40 UTC 14:33-15:13 UTC
Flood: High Tide -2 h 00 Flood: High Tide - 2 h 00
Inflow: 3.3 x 103 m3/s Inflow: 4.7 x 103 m3/s
15:11-15:59 UTC 15:33-16:18 UTC
Flood: High Tide -1 h 00 Flood: High Tide -1 h 00
Inflow: 4.1 x 103 m3/s Inflow: 5.2 x 103 m3/s
16:44-17:30 UTC 16:43-17:19 UTC
Slack water: High Tide Slack water: High Tide
Inflow: 3.2 x 103 m3/s Inflow: 3.50 x 10° m3/s
17:58-18:46 UTC 17:41-18:21 UTC
Ebb: High Tide +1h 00 Ebb: High Tide + 1 h 00
Inflow: 3.1 x 103 m3/s Inflow: 2.6 x 103 m3/s

4. Discussion

Our monitoring in the Ushuaia Bay shows a clear seasonal stratification, with
the presence of a thermocline, halocline, and pycnocline at a depth of 50 and 70 m
from December to March. The stratification observed in the Ushuaia Bay and its
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valley during the warm season is primarily attributed to the freshwater inputs
coming from the surrounding mountains, which remain covered by ice and snow
during winter [13]. Even if during summer, the enhanced solar radiation [10] could
play a primary role on the surface layer warming, desalination is the predominant
factor in the establishment of seasonal stratification, as in other similar
environments such as the nearby fjords and channels of the Magellan region of
Chile [24].

At the same time that summer stratification is established due to freshwater
runoff, a phytoplankton biomass maximum appears in the surface layer as
indicated by the highest concentrations of Chl-a fluorescence and POC between
December and February. The particulate material present in the surface layer up to
the pycnocline level is then mainly formed by coarse particles that are composed of
either planktonic organisms or aggregates. The major tributaries rivers of the
Ushuaia Bay are the Olivia and Grande rivers. These rivers drain soils rich in
organic matter, such as peat bogs and forests, and one of them (GS) also transports
untreated industrial and urban effluents. They induce an enrichment in nutrients
and OM of the bay [13]. However, this impact appears to be limited to the shallow
environments of the bay [25], suggesting that the particulate organic matter
reaching the deep layer in the valley is mainly the result of settling of the OM
produced in the surface layer rather than the transport of particulate organic
matter from the rivers.

While the entire water column is well ventilated and almost saturated in DO
(95%) in winter (May-September), there is a significant decrease in DO in the
bottom layer, to an average of 70% saturation, during the summer (November—
February) and fall (March-April) periods associated to the largest POC
concentrations (Figure 3B). The DO in the deep layer decreases notably in the head
of the valley (Figures 5C and 7A), where bottom water renewal is probably the
longest. During summer and fall, the pycnocline inhibits vertical mixing and
reoxygenation of the deep layer, while settling of the aggregated OM produced in
the surface layer is maximum (Figure 3). The DO in the deep layer reaches
minimum values at this time due most probably to the consumption of oxygen by
the bacterial remineralization of OM.

In a review, [26] showed that this mechanism of seasonal decrease in oxygen
concentration due to summer stratification, stagnation of water masses, and
degradation of OM was present in similar environments, such as fjords and estuaries.
Many studies point out that this natural mechanism can be amplified and reach
critical levels for wildlife in response to human pressures and climate change, which
enrich the marine environment with OM and increase the intensity or duration of
stratification [3,4,27,28].

While the oxygen decreases observed in the deep layer in the Ushuaia Bay
valley appear to be mainly the result of natural processes, it is feared that current
salmon aquaculture projects and increased tourism activity will increase organic
matter inputs at depth and increase the risk of hypoxia.
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In the studied period, DO concentrations below 2 mg/L, which is usually
considered as the threshold for hypoxia [4], were not observed. However, it has also
been defined from a biological and ecological point as “DO [levels] that forces fish
and aquatic invertebrates to either work harder at extracting oxygen from the water
or reduce their rate of energy expenditure to match the availability of oxygen” [29].
For example, [5] define a threshold of 4.6 mg/L for which an impact on the
physiology of crustaceans, up to a lethal effect, is observed. Our observations in the
deep layer at the fixed station show that OD concentrations below this threshold of
4.6 mg/L were reached once, in June 2015. It is conceivable that such a reduction if
repeated could affect marine wildlife in the Ushuaia Bay valley and also in the
multiple small deep basins that lines the Beagle Channel.

The king crabs Lithodes santolla and Paralomis granulosa, represent a major
touristic and economic resource for Argentina and Chile in the Beagle Channel
[30]. Both species have benthic habitats as larvae and adults [30,31] and also show
a strong sensibility to dissolved oxygen availability [6,32]. These species have been
subjected to strong fishing pressures and despite the major efforts to restock them,
the overall population of these crustaceans in the Beagle Channel is not showing
positive trends [30]. The spatial and temporal patterns of dissolved oxygen
distribution and potential depletion is the key to understanding the life traits and
mobility of king crabs in the Beagle Channel and eventually to propose measures
for repopulation and sustainable exploitation. Interdisciplinary research is needed
to advance in that direction.

5. Conclusions

This is the first high spatial and seasonal resolution study of the physical and
biogeochemical characteristics of Ushuaia Bay, with the objectives of
understanding seasonal oxygen depletion and providing baseline data for future
studies.

The major outcomes and conclusions of this study are:

* The seasonal stratification, observed during summer and autumn (December
2017-March2018), is induced mainly by freshwater inputs at the surface during
snowmelt and is concomitance with planktonic production in the surface layer.

¢ Despite the inputs of organic matter of natural and urban origin by runoff,
outside the most coastal part, the rest of Ushuaia Bay does not seem to be
affected by these inputs because the rapid renewal of the bay’s waters
maintains a high level of oxygenation.

¢ The decrease in oxygen in the deep layer in the proximal part of the valley
during summer and autumn is likely due to the settling and degradation of
planktonic organic matter produced in the surface layer, that is found in the
form of aggregates in the deep layer and low water turnover.

e It is likely that a seasonal decrease in dissolved oxygen also occurs in the
multiple deep sub-basins that are present along the Beagle Channel, due to
deep layer stagnation and surface organic production in stratified periods.
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* The DO depletion might extend in time and space in line with global warming,
glacier retreat and the subsequent increase of vertical stratification, and thus
yield to significant alterations of this sub-Antarctic ecosystem.
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