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General Hydrography of the Beagle Channel, a Subantarctic Interoceanic Passage at the Southern Tip of South America
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The Beagle Channel (BC) is a long and narrow interoceanic passage (∼270 km long and 1–12 km wide) with west-east orientation and complex bathymetry connecting the Pacific and Atlantic oceans at latitude 55°S. This study is the first integrated assessment of the main oceanographic features of the BC, using recent oceanographic observations from cruises, moored instruments and historical observations. The waters transported into the BC are supplied mainly by the Cape Horn Current, which carries Subantarctic Water (SAAW) at depth (100 m below surface) along the Pacific Patagonian continental shelf break. SAAW enters the continental shelf via a submarine canyon at the western entrance of the BC. The SAAW is diluted by fresh, nutrient depleted (nitrate, phosphate and silicic acid) Estuarine Water (EW) from Cordillera Darwin Ice Field (CDIF) forming modified SAAW (mSAAW). Freshwater inputs from the CDIF generate a two-layer system with a sharp pycnocline which delimits the vertical distribution of phytoplankton fluorescence (PF). Two shallow sills (<70 m) along the BC contribute to EW and mSAAW mixing and the homogenization of the entire water column east of the sills, coherent with Bernoulli aspiration. The central section of the BC, extending ∼100 km toward the east, is filled by a salty (31–32) variety of EW. In winter, this central section is nearly vertically homogeneous with low nutrient concentrations (0.9–1.1 μM PO4 and 7.5–10 μM NO3) and PF. The temporal variability of seawater temperature from 50 to 195 m in the central section of the BC was found to be mostly dominated by the annual and semiannual cycles and influenced by tidal forcing. The middle section of the BC was less influenced by oceanic inputs and its basin-like structure most likely favors retention, which was observed from the weakly stratified water column at the mooring site. Toward the east, the central section bathymetry is disrupted at Mackinlay Strait where another shallow sill separates the middle channel from the shallow eastern entrance that connects to the Atlantic Ocean. In this section, a weakly stratified two-layer system is formed when the eastward surface outflow (salty-EW) flows over a deeper, denser tongue of oceanic mSAAW.
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INTRODUCTION


Southern Patagonia Under a Climate Change Scenario

The effects of climate change are expected to be more rapid and dramatic in high-latitude polar and subpolar environments (IPCC, 2014). Some of the most noticeable impacts are (a) the retreat of glaciers (due to melting and an increase in rainfall as compared to snowfall), and (b) the variation of atmospheric frontal systems and the resulting increase in extreme events, which ultimately modify both oceanic circulation and water properties, affecting the structure and function of marine ecosystems (Mackas et al., 2006).

The southern Patagonia icefields are among the last relics of the last glaciation. They comprise one of the largest fjord regions worldwide (Vargas et al., 2018), together with the fjord systems of Iceland, Scandinavia, Greenland, Alaska, and British Columbia. At the same time, they make up one of only two Subantarctic fjord regions, the other being the southern island of New Zealand. Situated at the southernmost extension of land before Antarctica, Tierra del Fuego and southern Patagonia constitute unique ecosystems and provide a natural laboratory for monitoring the effects of ongoing climate change.

The southern tip of the South America has a high geomorphological complexity, with fjords and protected embayments that are well-suited to the industrial production of aquatic marine organisms (e.g., salmon, blue mussels, and macroalgae), thanks to the calm and pristine waters, the high availability of phytoplankton (for blue mussels) and the temperature suitable for salmon farms. In the last decades, the salmon farm industry in particular has expanded toward the south in search of new areas to establish sites of aquaculture production. This move has been driven by the necessity to vacate the eutrophic waters generated by intensive aquaculture, with their inherent enhanced oxygen depletion and the various diseases engendered by the bad practices of the aquaculture industry during the last five decades (Buschmann et al., 2009; Pantoja et al., 2011). Aquaculture is now spreading toward the southern tip of South America, where still pristine environments are already facing the challenges of climate change; this increasing industrial pressure threatens these unique ecosystems, about which much has yet to be understood.

Studying this region is a challenge in its own right, due to the complex geomorphology and the difficulty to access most of the channels, which cover a vast surface area (∼132,291 km2). Furthermore, the region is subject to complex interactions between atmosphere, land, cryosphere, and ocean, and is under the strong influence of oceanographic features such as the Cape Horn Current (CHC) (Strub, 1998; Strub et al., 2019). The CHC originates where the South Pacific Current from the west divides at around 40–45°S, with the CHC going southward (Strub et al., 2019). The CHC is described as a surface current moving southward along the western shelf of Patagonia (Talley et al., 2011; Strub et al., 2013), transporting Subantarctic Water (SAAW) with a salinity in the range 33–34.2 and temperature between 7 and 9°C (Palma and Silva, 2004) along the coast. Close to the continent, the SAAW is diluted by fresh water from continental runoff, referred to as Estuarine Water (EW; salinity 1–32) which is subdivided in fresh-EW (salinity 1–11), brackish-EW (11–21) and salty-EW (21–31) (Silva et al., 1998; Valdenegro and Silva, 2003). As a result of the mixing of SAAW and EW, modified Subantarctic water (mSAAW) with a salinity in the range 32–33 (Sievers et al., 2002) is formed. Due to complex bathymetry, there is a permanent input of SAAW into several fjords and channels, while others have limited or no exchange with SAAW, due to the presence of shallow sills which hinder its circulation (Palma and Silva, 2004). SAAW usually enters the fjords and channels of southern Patagonia between 50 and 75 m depth (Valdenegro and Silva, 2003; Sievers and Silva, 2006), filling a series of microbasins and modifying the physical and chemical properties (Valdenegro and Silva, 2003; Sievers and Silva, 2006; Brun et al., 2020). On the other hand, the freshwater inputs from rivers, coastal runoff, and the thawing of glaciers flow out at the surface, mixing with SAAW and transporting dissolved as well as particulate organic and inorganic matter into the channels and fjords (Valdenegro and Silva, 2003; Giesecke et al., 2019). This creates unique environments that shape ecosystem structure and functioning (Hamamé and Antezana, 1999; Palma and Silva, 2004).

Southern Patagonia faces strong westerlies throughout the year, with an intensification during the austral spring and summer (Garreaud et al., 2009), but these wind regimes are gradually being modified due to climate change. Records from the last four decades indicate that the prevailing zonal (east-west) wind in the region has increased in intensity at a rate of 0.2–0.3 m s–1 per decade (Garreaud et al., 2013). Since 1990, there has been a significant increase in rainfall during the austral winter (June, 200 mm per decade) and a gradual decrease in spring and summer (González-Reyes et al., 2017). Atmospheric temperature is linked with the temporal variability of the Southern Annular Mode (SAM), generally defined as the mean sea level pressure difference between 40 and 65oS. The SAM can shift between positive and negative phases associated with the North-South movement of the west wind belt and the path of frontal systems. Since 1940, a trend toward positive SAM phases has been predominant, favoring higher atmospheric temperatures associated with rising greenhouse gas emissions and increased ozone depletion (Abram et al., 2014).



The Beagle Channel

The Beagle Channel is the southernmost channel of the South American continent and one of the most prominent, due to the fact that it forms an uninterrupted conduit between the Pacific and the Atlantic oceans. This channel is a former tectonic valley that was completely covered by ice during the last glaciation (Bujalesky, 2011). The erosive action of glaciers and the subsequent deposits have shaped its present-day abrupt bathymetry, which includes semi-isolated basins (up to 400 m deep) and embayments separated by a series of shallow topographic sills (Bujalesky, 2011). The Channel has a Y-shape, with two arms at its Pacific end, hereafter named north-western and southern branches; these arms converge at 69 °W to form a single channel (Figure 1b). North of the north-western branch, the CDIF supplies large inputs of freshwater (glacial meltwater) into the Beagle Channel via several fjords and rivers, while the southern branch receives melt and rainwater from surrounding continental runoff. At the eastern end of the north-western section, the main topographic sill is located at Diablo Island (close to Punta Divide, Figure 1e), where the Channel narrows from 2 km to 1 km and the sill rises to a depth <50 m. In the southern arm another shallow sill (∼100 m depth) is located at Fleuriais Bay (Figure 1d). The eastern section of the Beagle Channel basin (between Punta Divide and Gable Island) is separated from the Atlantic Ocean by shallow (30 m deep) and narrow topographic sills at Mackinlay Strait and Murray Channel, respectively (Figure 1f; Bujalesky, 2011). These topographic sills limit the circulation of water masses along the Channel (Valdenegro and Silva, 2003), leading to the formation of microbasins with distinct biotic and abiotic properties (Hamamé and Antezana, 1999; Diez et al., 2018).
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FIGURE 1. (a) Map of the annual mean surface currents (m s–1, 1992– 2019) at the southern tip of South America. Currents derived from the Ocean Surface Current Analysis Project (Bonjean and Lagerloef, 2002). The names of the main currents are indicated in white letters: ACC = Antarctic Circumpolar Current and CHC = Cape Horn Current. (b) Map of the study area bathymetry, including the 200 m isobath, highlighting canyon entrances and the NW and SW branches of the Beagle Channel. (c) Detailed bathymetry along the Beagle Channel including the principal toponymy. Light gray areas indicate the location of the Cordillera Darwin Ice Field, while white areas at the western section of Gordon Island denote a lack of bathymetric data. Detailed bathymetry of the main topographic sills along the Beagle Channel at (d) Fleuriais Bay, (e) Diablo Island, (f) Mackinlay Strait. Bathymetric charts of the Chilean Beagle Channel were provided by the Chilean Navy (SHOA), while bathymetry from the Argentinian sector was digitized from chart H-477 (Argentinian Naval Hydrographic Service, SHN). The bathymetry of the continental shelf and slope was obtained from the General Bathymetric Chart of the Oceans (IOC et al., 2003).


The entire western section of the Beagle Channel is surrounded by the CDIF. Some of the glaciers of the CDIF are connected to the Channel through fjords located on either side of its north-western branch, while others flow directly into the main channel. In the southern branch of the Channel, glaciers are less numerous and are restricted to mountain tops. The eastern limit of the CDIF is located at Yendegaia Bay. Eastward from Yendegaia Bay, the number and extension of mountain glaciers tend to diminish, while dense river networks play a major role in supplying freshwater to the Channel. These freshwater discharges into the Channel are at present poorly constrained, while observations in the middle sector of the Channel show a clear seasonal pattern, with higher freshwater inputs during the spring/summer (October to January) (Iturraspe et al., 1989). The tidal regime is mixed semidiurnal with a tidal range of 2.3 m (D’Onofrio et al., 1989). It is generally agreed that the main circulation in the region is eastward, transporting waters of Pacific origin into the southwest Atlantic around Cape Horn and through the Strait of Magellan (Brun et al., 2020; Guihou et al., 2020 and references therein). Although the circulation is not well constrained in the particular case of the Beagle Channel, available observations and modeling efforts (e.g., Balestrini et al., 1990, 1998) also indicate an eastward net transport of surface waters flowing above the sills. Balestrini et al. (1990), for example, deployed near-surface current meters for periods of 48 h at 20 locations in the middle section of the Beagle Channel, and were able to describe current reversals associated with tides and residual currents. In all recording stations that were not influenced by very local bathymetric effects, the residual currents presented consistent eastward directions and current speeds between 2.6 and 13.7 cm s–1 (Balestrini et al., 1990). Comparable observations were obtained by Speroni et al. (2003) by means of a near-bottom current meter deployed in Mackinlay Strait.

More complex circulation patterns, including recirculating cells, have been observed in embayments such as Ushuaia Bay (Flores-Melo et al., 2020). Less is known about the deep circulation in sectors that are deep enough to host a two-layer system in which the mechanical action of winds, tides and waves is insufficient to mix the entire water column. In fact, both wind intensity and, in particular, wave height are significantly limited with respect to other locations of Southern Patagonia or the Drake Passage, owing to the sheltering effect provided by mountain ranges along the Beagle Channel.

The rapid growth of human settlements, maritime traffic, and industrial endeavors in the Channel call for the establishment of a baseline of the physical, chemical, and biological features of this ecosystem. Despite the relevance of the area, the Beagle Channel is at present understudied, and a complete description of the physical environment is lacking. Research in the Channel has been hindered by its remote location and also by the fact that the Channel is shared between Chile and Argentina, meaning that most research surveys have been conducted within the respective borders of each country. Indeed, coordinated efforts to study the entire Channel have been set up only recently.

This study aims to compile, for the first time, high resolution hydrographical data collected along the Chilean and Argentinian sections of the Beagle Channel in order to provide a detailed description of water mass properties at all depths throughout the Channel.



MATERIALS AND METHODS


Along-Channel Hydrographic Transects

Since October 2016, the IDEAL center (Research Center: Dynamics of High Latitude Marine Ecosystems) has conducted hydrographic transects yearly from the western end of the north-western branch of the BC to Yendegaia Bay (Figures 1a–c). While during winter 2017 (July–August), simultaneous to the IDEAL transect, a full oceanographic survey onboard M/O Bernardo Houssay (PNA, Argentina) was conducted from nearby Yendegaia Bay to the eastern limit of the BC, thus generating for the first time a full, high resolution, hydrographic section along the entire Channel. The last survey was held during July 2018 along the northern and southern branch of the BC. In all the surveys, factory-calibrated CTDs (equipped with chlorophyll fluorescence and dissolved oxygen sensors), were used. The details are given in Table 1. The raw data from the CTDs were processed individually cast by cast, according to the protocol recommended by SBE and averaged to a vertical resolution of 0.5 m. Data visualization and further analysis were performed using the Ocean Data View software (Schlitzer, 2020).


TABLE 1. Summary of each sampling campaign along the Beagle Channel (BC) included in this study, as well as and the instrumental mooring deployed at the central section of the BC.
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Water Chemistry Along the Beagle Channel From Historical CIMAR-FJORD Campaigns

Similar spatial coverage of the Beagle Channel but at lower spatial resolution was obtained through two research cruises sponsored by the Chilean Navy CIMAR 3 (1998) and CIMAR 16 (2010) (see Table 1). During both cruises, a rosette equipped with 24 Niskin bottles collected water samples at discrete depths for the analysis of macronutrients (nitrate (NO3–), phosphate (PO4–3) and silicic acid (Si (OH)4). Water samples (50 mL) were fixed with mercury chloride, stored at −20°C in acid-cleaned high-density polyethylene bottles and analyzed as described by Atlas et al. (1971) (for more details see Valdenegro and Silva, 2003). These data were provided by the Chilean National Oceanographic and Hydrographic Data Center (CENDHOC).



Time Series From an Oceanographic Mooring and Atmospheric Conditions

An instrumented mooring was deployed from 21 July 2017 through 28 September 2019 in the middle section of the Beagle Channel (54°55′ 3.83″S; 68°38′ 48.72″W, see Figure 1c) and over a water depth of 280 m. Temperature and conductivity loggers (Star Oddi) with a recording interval of 1 h were deployed at 50, 100, and 195 m depth. The latter was also equipped with a pressure sensor to confirm the final depth of each sensor after deployment. Due to the remoteness of the mooring site, the turnaround took place once a year. Prior to deployment and after recovery, a CTD (SeaBird 25plus) profile was conducted at the mooring site to calibrate the sensors and adjust for any potential drift during their deployment. Conductivity sensors underwent a considerable drift due to fouling and were ultimately discarded from further analysis.

Hourly temperature records at 50 m and 195 m were registered and analyzed for the period July 22, 2017 to September 27, 2019, while temperature at 100 m was recorded from July 22, 2017 to July 19, 2018 only.

Wind and atmospheric temperature data were obtained from the fifth major global European Centre for Medium-Range Weather Forecasts (ECMWF) global reanalysis (ERA5) (Hersbach et al., 2020). The data have a horizontal resolution of 0.25 × 0.25 degrees. A grid of data points around the Beagle Channel was selected and analyzed. The grid point closest to the location of the mooring was selected to be analyzed in the temporal domain using time series analyses (Emery and Thomson, 1998). The ERA5 reanalysis, satellite wind products and in situ weather stations had previously been used to determine the spatiotemporal variability of the surface winds along Southern Patagonia (Pérez-Santos et al., 2019): the study validated surface wind reanalysis to surface in situ and satellite observations, and obtained satisfactory correlation coefficients (0.5 – 0.9) and RMSE between 2 and 4 m s–1. With this in mind, and considering that the study region is characterized by rugged topography that can shape and shift surface winds, caution must be employed when using the global scaled wind products provided by ERA5 to interpret the role of surface winds at smaller spatial scales: for this reason, we limit and focus the use of surface winds to determine main modes of temporal variability only.

To determine the principal modes of temporal variability in ocean and atmospheric conditions, hourly time series of ocean and atmospheric temperatures and winds were fit with annual and semi-annual harmonics. A residual was obtained by removing the annual and semi-annual cycles, the mean, and the trend. Afterward, spectra were calculated on the residual hourly time series by using fast Fourier transform.

Subtidal variability in temperature and atmospheric conditions was also analyzed by calculating daily averages of time series and estimating the spectra for all variables. Cross-correlations (Emery and Thomson, 1998) were used to determine relationships between wind and ocean temperature at subtidal temporal scales. Cross-correlations were estimated between the daily averaged along-channel wind components, wind magnitude and ocean temperature at 50 m and 195 m. A significance level of 95% was used.



RESULTS


Bathymetric and Hydrographic Features Along the Beagle Channel

The continental slope outside of the western section of the Beagle Channel is a relatively narrow (53 km) and steep margin. It is intersected by a submarine canyon which is 4 km wide and 250 m deep, on a continental shelf less than 100 m deep (Figure 1b). This canyon connects the two western branches of the Beagle Channel. The entrance of the NW branch presents a bathymetric depression which reaches a depth of 674 m and is the deepest part of the study area. The entrance of the SW branch, on the other hand, is on average shallower, reaching a maximum depth of 400 m. The seafloor in both branches gradually ascends eastward over an uneven bathymetry. This deep section extends across 70 km along the NW branch and 40 km along the SW branch, ending with narrow (1 km) and shallow topographic sills at Diablo Island (∼50 m) and Fleuriais Bay (∼100 m) in the NW and SW branch, respectively (Figures 1d,e). The seafloor deepens abruptly eastward from each sill, reaching a maximum depth of ∼250 m. Both channels converge in the Punta Divide, forming a microbasin which ends in the east at Ushuaia Bay. The depth profile of the eastern section off Ushuaia Bay decreases significantly, forming a narrow valley with depths of ∼150 m along the center of the Beagle Channel. In comparison, the borders of the Channel have a relatively shallow bottom depth (<100 m). Toward the east, there is another shallow (<30 m depth) and narrow (1.5 km wide) sill at Mackinlay Strait. East of this sill, the depth of the Channel is relatively shallow (<40 m), until reaching a transitory depression around 120 m deep in Picton Strait. Eastward from Picton Island, the Channel opens onto a broad and shallow continental shelf (depth < 75 m) that ends rather abruptly at approximately 66.2 °W, where it reaches the continental slope.

At depth in the western section of the Beagle Channel, we observed relatively warm (8–9°C; Figures 2, 3B), saline (>33; Figures 3A, 4A–C), and less oxygenated (6.6–6.8 mL L–1; Figures 3C, 5A–C) SAAW across several kilometers inside both channels. This water mass enters the north-western and southern branches of the Beagle Channel through deep canyons following the 25.5 kg m–3 isopycnal. This water mass flows along the NW and SW branches below 100 m depth until it reaches the sills in both branches, where its eastward movement is prevented (Figures 6A–D). At the surface in the western section of both branches, the input of diluted (salinity < 30), cold (5–6°C) and more oxygenated (7–7.4 mL L–1) water from the Cordillera Darwin Ice Field (CDIF) combined with continental runoff, forms surficial Estuarine Water (fresh-EW), which then mixes with the SAAW at depth, forming the mSAAW between 50 and 100 m (Figure 7). Over both sills (at Diablo Island and Fleuriais Bay) and to the east of them an isopycnal rise (σθ = 24.75 kg m–3) was seen to occur during every cruise (Figures 4A, 6A).
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FIGURE 2. Vertical distribution of potential temperature (°C) overlaid by isopycnals of potential density along the NW branch of the Beagle Channel, during the (A) October 2016, (B) June 2017 and (C) June 2018 campaigns. Interpolated contours are created from individual CTD profiles (positions shown as vertical lines), where St1_N (left side of the figure) represents the westernmost station, and Yendegaia station the eastern part, sampled during 2016 and 2018. During 2017 (B) the westernmost station extends from St1_N to St. Picton at the eastern end of the Beagle Channel. The position of the instrumented mooring is indicated by a vertical white line.
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FIGURE 3. Vertical distribution of chlorophyll-a fluorescence (mg Chl-a m–3), overlaid by isopycnals of potential density along the NW branch of the Beagle Channel, during the (A) October 2016, (B) June 2017 and (C) June 2018 campaigns. Interpolated contours are created from individual CTD profiles (positions shown as vertical lines) where St1_N (left side of the figure) represents the westernmost station, and Yendegaia station the eastern part, sampled during 2016 and 2018. During 2017 (B), the westernmost station extends from St1_N to St. Picton at the eastern end of the Beagle Channel. The position of the instrumented mooring is indicated by a vertical white line.
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FIGURE 4. Vertical distribution of salinity (EOS-80), overlaid by isopycnals of potential density along the NW branch of the Beagle Channel during the (A) October 2016, (B) June 2017, and (C) June 2018 campaigns. Interpolated contours are created from individual CTD profiles (positions shown as vertical lines), where St1_N (left side of the figure) represents the westernmost station, and Yendegaia station the eastern part, sampled during 2016 and 2018. During 2017 (B) the westernmost station extends from St1_N to St. Picton at the eastern end of the Beagle Channel. The position of the instrumented mooring is indicated by a vertical white line.
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FIGURE 5. Distribution of dissolved oxygen concentration (mL L–1), overlaid by isopycnals of potential density along the NW branch of the Beagle Channel, during the (A) October 2016, (B) June 2017 and (C) June 2018 campaigns. Interpolated contours are created from individual CTD profiles (positions shown as vertical lines) where St1_N (left side of the figure) represents the westernmost station, and Yendegaia station the eastern part, sampled during 2016 and 2018. During 2017 (B) the westernmost station extends from St1_N to St. Picton at the eastern end of the Beagle Channel. The position of the instrumented mooring is indicated by a vertical white line.



[image: image]

FIGURE 6. Vertical distribution of (A) salinity (PSS-78), (B) potential temperature (°C), (C) dissolved oxygen (mL L–1) and (D) chlorophyll fluorescence (mg m–3), overlaid by isopycnals of potential density along the south-western branch of the Beagle Channel, during the June 2018 campaign. Interpolated contours are created from individual CTD profiles (positions shown as vertical lines) where St1_S (left side of the figure) represents the westernmost station, and Punta Divide station the eastern part, sampled in the south-western branch.
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FIGURE 7. Potential temperature-salinity diagram of all CTD profiles during the different surveys carried out along the Beagle Channel. Light gray lines represent density anomalies (kg m–3). Color codes represent the profiles carried out in each of the described microbasins reported along the Beagle Channel. The NW section (red) includes all the profiles from ST1_N to the Diablo Island sill. The SW section (blue) ranges between ST1_S station and the Fleuriais Bay sill, the central section (green) extends west of the sills in both western branches to the Mackinlay Strait sill, while the eastern section (yellow) indicates all the profiles carried out east of the Mackinlay Strait sill. SAAW, Subantarctic Water; mSAAW, modified Subantarctic water and EW, Estuarine Water which is subdivided into (salty-EW and brackish-EW according to the definition provided by Silva et al. (1998) and Valdenegro and Silva (2003).


The vertical structure was slightly different according to the years and months sampled along the NW branch. During October 2016 (onset of austral spring), the SAAW in the NW branch was slightly colder, and estuarine water (fresh-EW sensu Valdenegro and Silva (2003) was slightly warmer and less oxygenated at the surface. During July 2017 and July 2018, the temperature of the SAAW increased by 0.5°C, while surface fresh-EW remained almost the same (Figures 2A–C), albeit slightly more oxygenated than during 2016 (Figures 5A–C). Oxygen concentration in the upper 50 m of the water column is closely coupled with both Chl-a fluorescence along the entire transect (Figures 3A–C), and with the vertical structure of the water column. Chl-a fluorescence values were highest in the western part of the Channel during 2017 and 2018 (west of the Diablo Island sill), where the vertical structure of the water column was clearly defined by the upper fresh-EW and the lower SAAW, both separated by a pycnocline (σθ = 24.75 kg m–3) which further limited the vertical distribution of phytoplankton fluorescence (Figures 3A–C).

East of the ∼50 and ∼100-m deep sills in both western branches, mixing disrupts the pycnocline and the water column showed vertical mixing from surface to bottom (down to 250 m). This homogenization results in higher dissolved oxygen concentrations and lower Chl-a fluorescence when considering the entire water column. During 2017, the section east of Yendegaia Bay was sampled, allowing us to follow the hydrography along the entire Beagle Channel. Toward the east of the Channel as the seafloor gradually rises, water temperature decreased slightly (0.5°C), while salinity remained relatively constant through the entire water column. Along the middle section of the Channel between these two sills (at Diablo Island and Fleuriais Bay) and the Mackinlay sill, the main water mass filling the entire basin is consistent with salty-EW (sensu Sievers et al., 2002; Palma and Silva, 2004), as defined by a salinity 31–32 (Figure 7) with a potential density of 24.5–25.25 kg m–3, and temperature ranging between 5.25 and 7.2°C. The most noticeable feature of this section was the increase in Chl-a fluorescence along the eastern section (Figure 3B), where bottom depth becomes shallower, coinciding with an increase in dissolved oxygen at the surface (Figure 5B). East of the sill at Mackinlay Strait (eastern section of the Beagle Channel), we observed more saline, oxygenated and slightly warmer waters, consistent with mSAAW, which enter beneath the less saline and colder waters that flow out of the Beagle Channel, thus creating a shallow pycnocline that follows the 25.5 kg m–3 isopycnal at 20 m depth (Figure 4B).



Nutrient Distribution (CIMAR 3 and CIMAR 16 Cruises)

During the CIMAR 3 (Oct-1998) cruise (Figures 8A–C), the highest concentrations of macronutrients (silicic acid, nitrate and phosphate) were found at depth, related to the inflow of SAAW at the northwestern entrance of the Beagle Channel, while the lowest values were observed at the surface where the high input of meltwater from the CDIF is transported from the fjords into the Channel, forming the fresh-EW and brackish-EW. Nitrate and phosphate (Figures 8A,B) followed the same pattern as that observed for the physical properties along the Channel, with higher concentrations associated with the inflow of SAAW at the NW section of the Beagle Channel, west of the Diablo Island sill (Figures 8A–C). Phosphate (Figure 8A) and nitrate (Figure 8B) concentrations were highest at depth (>100 m depth) (1.3–1.6 μM PO4 and 12.5–17.5 μM NO3) where SAAW was observed, while silicic acid (Figure 8C) showed a more heterogeneous distribution with few maxima at 200m depth (6–8 μM). The upper water column (<100 m depth) had the lowest nutrient concentrations observed (<0.9 μM PO4, < 9 μM NO3 and <2 μM Si(OH)4) along the entire BC, which coincides with the section where maximum flow of meltwater from the CDIF reaches the BC, forming the fresh and brackish-EW. East of the Diablo Island sill, a disruption of the vertical distribution of nutrients was observed, causing an almost complete vertical homogenization of nitrate and phosphate through the entire water column of salty-EW which fills the central section of the BC (Figure 7). This relatively homogeneous nutrient distribution (0.9–1.1 μM PO4 and 7.5–10 μM NO3) extends throughout the water column, along the entire Channel until it reaches the Atlantic Ocean. A significant increase of phosphate was observed at 100 m depth (1.47 μM PO4) and a lesser increase of nitrate was recorded in a station 20 km west of Mackinlay Strait (Figures 8A,B). Silicic acid concentrations were lowest east of Diablo Island, with some maxima [5–6 μM Si(OH)4] at intermediate depths reaching Mackinlay Strait. Slightly higher silicic acid concentrations were recorded in shallow stations from Ushuaia toward the eastern opening to the Atlantic. Twelve years later, during the CIMAR 16 cruise (Oct–Nov. 2010, Figures 9A–C), the same stations were sampled. Slight increases in phosphate (∼0.1 μM PO4, Figure 9A) and nitrate (∼0.5 μM NO3, Figure 9B) were observed at depth in the western part of the Beagle Channel, following a similar pattern as that observed in 1998. Higher concentrations of phosphate, nitrate and silicic acid were observed at stations where SAAW was present. At the surface, and close to the CDIF, a depletion of nutrients (fresh- and brackish-EW) was recorded, and east of the Diablo Island sill could be seen a homogenization of nutrients through the water column, with few maxima at depth west of Mackinlay Strait, similar to the pattern observed during the CIMAR 3 cruise. The major difference was the decrease of silicic acid at the surface along the entire transect, with concentrations <1.5 μM in the upper 150 m. The entire Beagle Channel showed a noticeable nitrate limitation which was consistent among all water masses (Figures 10A,B) with a N : P ratio of 8.42 and 8.25 during CIMAR 3 (Figure 10A) and CIMAR 16 (Figure 10B), respectively. In contrast to the N : P ratio, the N : Si ratio showed a differential limitation related to the different water masses (Figures 10C,D). There was a relative silicic acid limitation in SAAW despite its higher nutrient concentration, compared to the mSAAW and whole EW. The fresh and brackish-EW was the water mass with the lowest nutrient concentration, with an Si(OH)4:NO3 ratio close to 1 during both CIMAR cruises (Figures 10C,D).


[image: image]

FIGURE 8. Vertical distributions of (A) phosphate, (B) nitrate, and (C) silicic acid along the entire northern branch of the Beagle Channel during the CIMAR 3 campaign in October 1998. The left of the figures represents the western part of the Beagle Channel, while the right side corresponds to the most eastern part sampled (St. Picton). Black dots represent the stations and depths sampled.
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FIGURE 9. Vertical distributions of (A) phosphate, (B) nitrate, and (C) silicic acid along the entire NW branch of the Beagle Channel during the CIMAR 16 campaign in November 2010. The left of the figures represents the western part of the channel, while the right side corresponds to the most eastern part sampled (St. Picton). Black dots represent the stations and depths sampled.



[image: image]

FIGURE 10. PO4–NO3 relationships along the Beagle Channel during (A) the CIMAR 3 and (B) the CIMAR 16 cruises, during October 1998 and November 2010, respectively. The solid line indicates the Redfield ratio (1:16). Si(OH)4 – NO3 relationships along the Beagle Channel during (C) the CIMAR 3 and (D) the CIMAR 16 cruises. The solid line indicates the optimum Si(OH)4 : NO3 for diatoms, according to Ragueneau et al. (2000). The color bar represents the salinity (PSS-78) recorded at each sampling point.




Time Series of Temperature and Atmospheric Variables in the Middle Section of the Beagle Channel

The temporal variability in water and atmospheric temperature at low frequencies was dominated by the annual cycle (Figures 11, 12A–C), which explained 75–89% and 53% of the variability, respectively (Table 2). A lower percentage of the temporal variability of the water temperature was explained by the semi-annual cycle (2–5%). This explains the significant control exerted by summer and winter seasons in the vertical structure of the water column from the surface (50 m) to 195 m depth in the middle section of the BC. The influence of the annual cycle from the surface (50 m) to the depths of the Beagle Channel (195 m) showed a temporal lag of 27 days, and 0 days lag between the surface (50 m) and the subsurface (100 m) (Table 3). Correlations among different annual signals, including the atmosphere, showed similar lagged correlations between the annual cycle of the atmosphere and temperatures at 50 and 100 m (r2 = 0.85 and 0.83, respectively), while atmospheric temperature and measurements taken at 195 m showed a delay of 63 days at the maximum correlation (r2 = 0.69) (Table 3). Once the annual and semi-annual cycles were removed, a peak of energy in ocean temperature variability was explained by high-frequency fluctuations dominated by the semidiurnal tidal periods. Spectral density for the three ocean time series peaked at 12.4 h, although this was more noticeable at 50 m and 100 m than at 195 m (Figure 11). The highest energies in the temperature spectrum were observed at 26 days for 50 m and 195 m, while a band of energy between 9 and 17 days was noted for the 100 m temperature time series. A weak cross-correlation was observed between wind magnitude and the residual of ocean temperature (results not shown). The largest temperature gradient from surface (50 m) to depth (195 m) was observed during summer and early fall (January to mid-April), reaching 1.5°C (Figure 12C). The mooring was positioned off Yendegaia Bay, east of Diablo Island in the middle section of the Beagle Channel, which is less influenced by oceanic inputs. The basin-like structure of this section of the Channel favors retention, and is most likely responsible for the weak temperature gradient found between 50 and 195 m depth.
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FIGURE 11. Spectral densities of ocean temperature at 50, 100, and 195 m. Frequency is in cycles per hour (cph) (bottom horizontal axis) and period in days (top horizontal axis). A significance level of 95% was used.
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FIGURE 12. Temporal variability of daily (A) wind vectors, (B) wind magnitude, (C) air temperature and (D) ocean temperature, at 50, 150, and 195 m depth. The wind stick plot reports the wind in m s–1 and the direction from which it originates. Temperatures are expressed in °C. Wind and atmospheric temperature were obtained from the ERA5 reanalysis corresponding to the location closest to the mooring.



TABLE 2. Percentage explained by annual and semi-annual signals in atmospheric temperature (AT), ocean temperature (T50, T195), and wind magnitude (Wind Mag), for the two-year time series.
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TABLE 3. Cross-correlation analysis between the annual and semi-annual signal of atmospheric temperature (AT) and ocean temperatures at 50, 100, 195 m and lags (in days) associated with the maximum correlations observed using a 95% confidence level.
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DISCUSSION


Physical and Chemical Water Column Structure of the Beagle Channel

The hydrography along the Beagle Channel shows a coherence between different sampling events, from the cruises in October 1998 and November 2010, as well as the most recent campaigns in October 2016, July 2017, and July 2018. The system is dominated by (a) the inflow of warm, saline, less oxygenated and nutrient-rich waters characteristic of SAAW, to the western section of the Channel, and (b) by the presence of surface fresh-EW with oxygen-rich and nutrient-poor characteristics. The fresh-EW results from the inflow of cold freshwater from the CDIF glaciers and continental runoff on both shores of the two western branches of the Beagle Channel. Accordingly, a sharp pycnocline develops, separating the lighter fresh-EW from the subsurface tongue of SAAW. The latter fills the entire western section below 75 m depth from the Pacific entrance as far as the sills at Diablo Island (north-western branch) and Fleuriais Bay (southern branch). However, these shallow sills prevent the spreading of SAAW toward the east into the middle section of the BC. Lower dissolved oxygen concentrations west of the sills in the NW and SW branches suggest a long residence time and a slow exchange of SAAW and mSAAW. Eastward from these sills, the vertical structure of the water column changes abruptly from stratified to completely mixed from surface to bottom (down to 250 m depth). The mixed water column has properties that indicate the mixing of fresh-EW with the upper limit of the mSAAW, resulting in salty-EW (31-32) (Sievers et al., 2002; Valdenegro and Silva, 2003). Downstream from these sills, upward pumping of the mSAAW may take place due to Bernoulli aspiration (Kinder and Bryden, 1990), as has been observed for similar environments involving sills along channels (Seim and Gregg, 1997). In fact, Bernoulli aspiration has been registered in the neighboring Magellan Strait (Valle-Levinson et al., 2006), which also connects the Pacific and Atlantic oceans, and provides bathymetric and hydrological along-channel gradients comparable to those of the BC. Briefly, as surface flow accelerates upon encountering the sill, pressure diminishes (Venturi effect), which allows the upward pumping of deep and denser waters; this, in turn, raises the pycnocline. Eventually, the outcrop and overflow of the denser waters toward the downstream side of the sill will be caused by this up-sill suction effect. We presume that only a fraction of the mSAAW is pumped, but it may be enough to increase the density of the brackish-EW near the surface, east of the sills, and may thus trigger convective mixing of the entire water column. Such up-sill suction of the SAAW is not evident in our data due to a lack of spatial resolution close to the sill, but previous and more detailed hydrographical profiles conducted along the Diablo Island sill do document this (Figure 2 in Hamamé and Antezana, 1999). Both the up-sill pumping of deep waters and the complete vertical mixing downstream of the sill, observed in Hamamé and Antezana (1999), are consistent with observations from other locations with similar hydrographic settings (Seim and Gregg, 1997; Valle-Levinson et al., 2006). On the other hand, such a suction effect has not been observed in the other major sill to the east, at Gable Island, which may be due to a smoother bathymetric transition and a wider channel in comparison with the sector around Diablo Island. East of Gable Island, the two-layer structure observed corresponds to the outflow of fresher waters from the middle section of the Channel; these overly a tongue of water with distinctive higher temperature and salinity, corresponding to mSAAW. The transport of this less saline surface water from the Beagle Channel has been characterized by the transport of nutrient-depleted and high humic-like components associated with highly degraded terrigenous humic material along the eastern margin of the continent toward the Atlantic Ocean (Garzón et al., 2016). In this way, the entire Beagle Channel can be understood as a dilution basin, limited by SAAW in the western section and with a less saline mSAAW at the eastern end. The eastward outflow of the middle Beagle Channel may play a role in the total transport of water properties from the Pacific to the Atlantic Patagonian Shelf, which has a major impact on the hydrography, circulation and ecology of that area (Guihou et al., 2020 and references therein).

The temporal variability of temperature at different depths was described for a region off Yendegaia Bay (Figure 12), in the middle section of the Beagle Channel (between the Diablo Island – Fleuriais Bay sills and Mackinlay sill). As mentioned previously, this region is characterized by a relatively homogenous water column (during winter and spring; Aug-Dec), a feature that is permanent in time and changes only slightly during summer months (Dec-Mar). During summer, the atmospheric conditions contribute to both the stratification and the mixing of near-surface waters at the same time. Westerlies increase mainly in November through March (Garreaud et al., 2013), likely contributing to the mixing of the upper water column, whereas higher solar radiation enhances stratification, and hence the relatively homogenous water column, even during summer months (Figure 12C). The most significant temporal driver is dominated by the annual signal, followed by higher frequencies dominated by semidiurnal tides (D’Onofrio et al., 1989).



Chemical Features Along the Beagle Channel

In the Beagle Channel, the highest nutrient concentrations are associated with the inflow of SAAW along the western section of the Channel, while at the surface, nutrient-poor waters are formed by river and glacier runoff. This structure is common to the Patagonian fjords (Silva and Vargas, 2014; Vargas et al., 2018; Cuevas et al., 2019). Generally speaking, this two-layer structure promotes the development of moderate phytoplankton biomass (<0.6 mg Chl-a m–3) which is restricted to the upper part of the pycnocline, where diffusion and turbulence favor vertical transport of nutrients from the SAAW toward the upper water column, thus promoting phytoplankton growth (Hamamé and Antezana, 1999; Cuevas et al., 2019). It must be noted that most of the cruises were carried out during the austral winter (July), therefore low phytoplankton biomass is to be expected due to light limitation (Almandoz et al., 2011). Similarly, the sills in the Channel may play an important role in the mixing of the entire water column (mSAAW and brackish-EW), which in turn disrupts the vertical structure of the water column from surface to bottom. This water mixing moves phytoplankton cells throughout the entire water column, displacing them at times below the photic layer, which in turn reduces light availability and further limits primary production and phytoplankton growth. However, even during the austral spring (October 2016), phytoplankton biomass did not increase and high Chl-a fluorescence was confined to a small area at the NW branch, where larger inputs of freshwater were observed (Figures 3A–C). Similarly, east of Ushuaia where bathymetry becomes shallower, higher fluorescence was recorded (Figure 7B). The latter may be the consequence of a resuspension of nutrients from the shallow sediments at Mackinlay Strait, as well as a potential inflow of mSAAW along the east entrance of the BC. This water mass flows over a relatively wide (150 km) and shallow (<100 m) continental platform where it can carry nutrients toward the Beagle Channel, promoting primary production. Unfortunately, current measurements along the Beagle Channel are scarce, and are mainly limited to surface currents in the middle section of the Channel (Balestrini et al., 1990). In order to reveal the role of mSAAW on the biogeochemistry and productivity of the eastern section of the BC, the extent and recurrence of mSAAW intrusions across the eastern section should be assessed in the near future.

The productivity of southern Patagonia follows a pronounced seasonal pattern, with an increase in biomass starting in October (reaching between 3 and 8 mg Chl-a m–3) and lasting until March (Iriarte et al., 2001; Almandoz et al., 2011). Photosynthetically active solar radiation then decreases (Cuevas et al., 2019) and chlorophyll biomass diminishes to < 0.5 mg m–3 (Almandoz et al., 2011). Phytoplankton in the Beagle Channel may be limited primarily by low irradiance, or by the low nutrient concentrations in fresh and brackish-EW. The low N : P ratio through the entire Beagle Channel likely causes nitrate limitation (Figures 10A,B), which restricts phytoplankton growth. Indeed, nutrient limitation, and especially nitrate limitation, is a common feature hampering phytoplankton growth in the upper waters of southern Patagonia (Iriarte et al., 2001; Valdenegro and Silva, 2003; Iriarte et al., 2013; Vargas et al., 2018; Cuevas et al., 2019). In some areas of the Beagle Channel there may also be a silicic acid colimitation (Figures 10C,D). The low concentrations of silicic acid in surface waters is likely associated with glacier meltwater inputs. The concentration of silicic acid in coastal runoff depends on variables controlling weathering processes, such as temperature, precipitation, lithogenic structure of the soil, types of vegetation, transport time, etc. The Patagonian freshwater input south of 51 °S is characterized by low levels of silicic acid, due to the small mineral area exposed, low temperatures, reduced runoff, and low volcanic activity, which combine to reduce the weathering flux of silicates to coastal waters (Torres et al., 2011, 2014). Diatoms tend to dominate phytoplankton communities under high phosphate (PO4), nitrate (NO3) and silicic acid (Si (OH)4) concentrations (Sarthou et al., 2005) with a Si (OH)4:NO3 uptake ratio of 1:1 under no iron limitation (Ragueneau et al., 2000). The stoichiometry of macronutrients recorded within the Beagle Channel favors other phytoplankton groups rather than diatoms, which explains why small phytoflagellates and other pico- and nanophytoplankton tend to dominate the phytoplankton community in the Beagle Channel (Almandoz et al., 2011). Likewise, the low concentration of nutrients in the surface waters may partially drive the overall low phytoplankton biomass recorded in the Channel.

During the 2017 cruise, the eastern section of the Channel showed an increase in surface Chl-a fluorescence east of Ushuaia where the seafloor rises, reducing the depth of the water column. This bathymetry may favor the resuspension of nutrient-rich sediments, while an increased human footprint may produce a nutrient-rich runoff compared to the western part of the Beagle Channel (Torres et al., 2009; Amin et al., 2011). As observed during the CIMAR 3 and 16 cruises, higher nutrient concentrations occur at depth in the eastern section of the Channel, coinciding with the region where higher Chl-a fluorescence was recorded in 2017. The only time series report on the eastern section of the Channel (Almandoz et al., 2011) shows a clear seasonality in nutrient concentration, with higher nutrient concentrations at surface during winter (NO3 10–16 μM, PO4 2 μM and SiOH 4–8 μM), which is consistent with our observations. During spring and summer (October—March), nutrients tend to drop below 2 μM (NO3), 1 μM (PO4), and 3 μM (SiOH), which can be associated with phytoplankton uptake when phytoplankton biomass may reach 9 μg Chl-a L–1 (Almandoz et al., 2011). Almandoz et al. (2011) also found species of benthic diatoms in the eastern section of the Channel (west of Mackinlay Strait), which further confirms the presence of resuspension in this area, enabling the advection of nutrients to upper waters in this shallow section of the Channel. However, we cannot rule out the possibility of episodic intrusions of mSAAW at depth from the east, which may also transport nutrients into the middle section of the Beagle Channel. The advection of mSAAW may, in fact, be important in both branches of the western section of the Channel due to the presence of deep submarine canyons which may enable the direct inflow of mSAAW. Unlike in the eastern section of the Channel, the deep bathymetry (>200 m) of the western section may hamper the transfer of mSAAW nutrients into surface waters, which in turn may limit phytoplankton growth and the overall effectiveness of deep nutrient inflow through the western end of the Beagle Channel.

The presence of four microbasins along the Beagle Channel creates distinct semi-isolated systems with particular physicochemical properties that are subject to the interplay of SAAW and mSAAW at depth and fresh-EW at the surface. This favors the formation of particular biological niches with both chlorophyll and nutrient discontinuities (Hamamé and Antezana, 1999) and distinctive planktonic communities (Palma and Silva, 2004), reinforcing the idea that these discontinuities can produce ecosystems which are structurally and functionally unique. Further efforts should be focused on increasing process-oriented studies within each of the semi-enclosed basins, as well as on improving spatial and temporal monitoring procedures to shed light on the dynamics of this interoceanic passage.



Expected Future Changes in the Beagle Channel and Possible Consequences

Currently, most of the Beagle Channel is still subject to relatively low human pressure, with the exception of the two cities in the eastern section: Ushuaia (67,600 inhabitants, Census 2015) and Puerto Williams (1,868 inhabitants, Census 2018). Currently, the region is facing a major threat due to the expansion of aquaculture toward higher latitudes. This concerns the salmon industry in particular, and can alter nutrient stoichiometry, as has already been observed in central and northern Chilean Patagonia (Iriarte, 2018). In the near future, local anthropogenic activities (city wastewater, industrial activities, navigation and aquaculture) may exert an important impact on the chemical composition of the Beagle Channel waters, and even alter biological productivity, if proper management plans are not implemented now. The major impacts on this region are associated with increased nutrient inputs (especially nitrogen) due to changes in land-use and aquaculture. Microcosm experiments in northern Patagonia have shown that the addition of ammonium due to aquaculture promotes the development of large amounts of autotrophic biomass and bacterial production (Olsen et al., 2017), which could lead to oxygen depletion events in the photic layer. These events, even when sporadic, will affect the entire pelagic community, causing major changes both within the trophic webs of the ecosystem and to the biogeochemistry of the water column and benthos. Due to the pronounced seasonality of marine high latitude ecosystems, the productive period is limited to spring and summer (from October to mid-March, Almandoz et al., 2011) when the net uptake of CO2 exceeds the community respiration, creating a net sink of CO2 (Torres et al., 2011). During the remaining months, Chl-a concentration falls to < 1 μg Chl-a L–1 (Almandoz et al., 2011) and heterotrophic processes tend to dominate (e.g., Torres et al., 2011; Vergara-Jara et al., 2019). In a scenario of intensive aquaculture, we might expect higher loads of dissolved and particulate organic matter as well as an increase in nutrients (N and P mainly), which will primarily be remineralized by heterotrophic organisms, thus increasing pCO2 levels and altering the carbonate chemistry of the seawater. On the other hand, increasing loads of inorganic (NH4, NO3) and organic nitrogen might also enhance the recurrence of Harmful Algal Blooms (HABs) (Anderson et al., 2002) of the type that already occur in the area (Almandoz et al., 2014, 2019). The current state of the Beagle Channel, and in particular east of the Punta Divide, is particularly vulnerable due to the reduced water exchange between basins. This reduced exchange is thought to promote eutrophication, while vertical mixing of the water column may favor the resuspension of cysts of toxic phytoplankton from the sediments. HABs (especially Alexandrium catenella) have been monitored by the Chilean Institute for Fisheries Development (IFOP) since 2006 along the Beagle Channel. HABs have occurred at several locations along the Channel, particularly during the onset of summer (Benavides et al., 1995). One of the largest HABs was recorded between November 1991 and April 1992; it started close to Ushuaia and then spread westward during its development. This HAB caused a high toxicity in blue mussels (80 μg STXeq. 100 g–1) that lasted until the end of 1992 (Benavides et al., 1995). If nutrient inputs increase in the future (e.g., city sewage, aquaculture inputs), it is likely that the middle and eastern sections of the Channel will be affected. In addition, the current decrease in rainfall observed over the last decades during spring and summer in the Magellan region (González-Reyes et al., 2017) may trigger the development of HABs in the Beagle Channel, as has already been the case in northern Patagonia (León-Muñoz et al., 2018).

Similarly, changes in glacial meltwater runoff, as well as sea water temperature and stratification, may alter the occurrence of HABs in the western part of the Beagle Channel in the near future (e.g., Richlen et al., 2016; León-Muñoz et al., 2018; Joli et al., 2018). Previous studies have shown that the warming of the Beagle Channel waters will reduce the abundance of diatoms, which will shift the composition of the plankton community and may, in turn, favor other phytoplankton groups (Moreau et al., 2014). These changes may reduce the efficiency of the biological carbon pump in the Beagle Channel due to the loss of fast sinking diatom frustules, while other groups more prone to developing into HABs (e.g., dinoflagellates) might be favored by the reduction of diatom biomass.

Observations from the last four decades indicate that the prevailing zonal (west-east) wind in the region has increased its intensity to a rate of 0.2–0.3 m s–1 per decade (Garreaud et al., 2013). This increase has been related to an increase in rainfall at a rate of 200 mm per decade in areas south of 50 °S. In this region, low frequency forcing is strongly influenced and dominated by the SAM, which in recent decades has shifted to positive polarities, favoring higher atmospheric temperatures. Since 1990, records of rainfall in Punta Arenas have shown a significant increase over the austral winter months (June) and a decrease during spring and summer (González-Reyes et al., 2017). These fluctuations reflect an increase in the minimum air temperature and an intensification of the effect of the circumpolar atmospheric circulation, respectively (Garreaud et al., 2013). The IPCC projections for atmospheric conditions in the Magellan region in 2050 indicate that, under a business-as-usual scenario (RCP 8.5 scenario), rainfall will increase by about 10 % and the average air temperature will rise by 0.5°C, strengthening and confirming the present-day trends.

The hydrography of the Beagle Channel is primarily constrained by the presence of sills at both ends. This bathymetric configuration is characterized by limited exchange which restricts the permanent flow, in turn generating specific physical, chemical and biological conditions. This situation makes the Beagle Channel a remarkable study area, where each basin has its own dynamics which likely respond differently to external forcing and stressors, such as nutrient discharge, freshwater inputs from glacier melting and rainfall, and large-scale processes such as atmospheric oscillations (SAM, ENSO). Further research should focus on studying the circulation along different sections of the Beagle Channel, as well as on implementing and validating coupled atmosphere-ocean-glacial models in order to determine residence times and identify regions of higher retention. Such studies will help to better understand the main circulation features, forcings, and the spatio-temporal changes that currently drive Beagle Channel dynamics, while establishing a baseline to monitor and manage potential threats to this still near-pristine environment.
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analyses casts/sampling
stations
CIMAR-3 October 1998 full BC - yes 7
CIMAR-16 Oct-Nov 2010 full BC - yes 7
IDEAL-2016 October 2016 NW branch to Yendegaia SBE 19plus no 16
IDEAL-2017 July 2017 NW branch to Yendegaia Seabird 25plus no 11
Houssay-17 August 2017 Yendegaia to eastern limit of BC Seabird 911plus no 39
IDEAL-2018 July 2018 NW branch to Yendegaia Seabird 25plus no 13
IDEAL-2018 July 2018 Southern branch Seabird 25plus no 6
Survey Date Spatial range Sensors Biogeochemistry Depths (m)
analyses
Mooring Beagle 21 Jul. 2017 to 28 Sept. 2019 Mid-section Beagle Channel Star-Oddi (Temperature) no 50, 195
Mooring Beagle 21 Jul. 2017 to 19 Jul. 2018 Mid-section Beagle Channel Star-Oddi (Temperature) no 100





OPS/images/fmars-08-621822-t002.jpg
Temporal signal T50 T100(*) T195 AT Wind Mag

182 days 1.60% 8.00% 5.40% 0.20% 0.60%
365 days 88.70%  49.60%  7490%  52.60% 4.80%

*The percentage explained by annual and semi-annual signals for 100 m ocean
temperature was done for only one year of data.





OPS/images/fmars-08-621822-g011.jpg
10 3

Spectral density
=)

—
=
w

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

0.15
Frequency (cph)





OPS/images/cross.jpg
3,

i





OPS/images/fmars-08-621822-g012.jpg
FM AMJ J A S ONDJ FMAM J

J

ASONDJFMAMJJ ASONDJIFMAMUJIJI AS

A S O N D

—
—

10

O o
f-wEv Bew puipn
o

|

ASONDJJFMAMJJASONDJIFMAMUJIJ A S

(D,) dwa] ay

ASONDJJFMAMJJASONDJIFMAMUJIJI A S

2019

2018

2017





