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Abstract

:

High spatial and temporal resolution hydrographic data collected by Southern Elephant Seals (Mirounga leonina, SESs) and satellite remote sensing data allow a detailed oceanographic description of the Argentine Continental Shelf (ACS). In-situ data were obtained from the CTD (Conductivity, Temperature, and Depth), accelerometer, and hydrophone sensors attached to five SESs that crossed the ACS between the 17th and 31st of October 2019. The analysis of the temperature (T) and salinity (S) along the trajectories allowed us to identify two different regions: north and south of 42°S. Satellite Sea Surface Temperature (SST) data suggests that north of 42°S, warm waters are coming from the San Matias Gulf (SMG). The high spatio-temporal resolution of the in-situ data shows regions with intense gradients along the T and S sections that were associated with a seasonal front that develops north of Península Valdés in winter due to the entrance of cold and fresh water to the SMG. The speed of the SESs is correlated with tidal currents in the coastal portion of the northern region, which is in good agreement with the macrotidal regime observed. A large number of Prey Catch Attempts (PCA), a measure obtained from the accelerometer sensor, indicates that SESs also feed in this region, contradicting suggestions from previous works. The analysis of wind intensity estimated from acoustic sensors allowed us to rule out the local wind as the cause of fast thermocline breakups observed along the SESs trajectories. Finally, we show that the maximum depth reached by the elephant seals can be used to detect errors in the bathymetry charts.
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1. Introduction


In the southern hemisphere (SH), one of the main limitations to understanding the marine environment is the scarce availability of in-situ data. Traditionally, in-situ observations of the marine environment are collected from research vessels, drifting buoys, and moorings. In recent decades, several animals have been used as autonomous platforms to collect oceanographic data, contributing to better sampling of the SH [1]. The use of diving animals allows for the best spatial and temporal resolution in the SH [2,3].



Thanks to the fact that Southern Elephant Seals (SESs) dive almost continuously [4] to deep waters (up to 2000 m) [5,6], on the order of 60 times per day [3,7], and travel thousands of kilometers [8,9], they represent excellent platforms to measure data in the water column of the ocean. SESs show strong site fidelity, returning reliably to natal breeding grounds twice a year, allowing for both attachment and recovery of instruments. The in-situ data collected allows us to study in detail the behavior of those animals and, simultaneously, allows us to evaluate the seasonal and interannual variability of key oceanographic parameters [9].



SESs colonies are located within the Antarctic Circle, except for the one located at Península Valdés (PV), in South America (Figure 1). While at sea, the spatial distribution of females and males is quite different [10]. Males forage mostly on the Patagonian shelf [11] and females mainly along the Patagonian shelf slope, shelf break, or Argentine Basin [12,13,14,15]. SESs females breed between late August and November and molt between December and January along ca. 200 km of open ocean coastline at PV [16,17]. SESs have been instrumented in PV since 1992 [14]. The oceanographic data collected by the PV colony have been used to study mesoscale structures in the open ocean [18], identify foraging places [12], and relate the species that the SESs eat to different water masses along the Patagonian shelf slope [13]. Based on the SESs path, speed, and swimming pattern, Campagna et al. [14] suggested that the shelf area is mainly a transit zone and is not the preferred feeding ground of the SESs females of PV. This was recently confirmed by McGovern et al. [15]. Here we propose to use T and S data to characterize the oceanographic conditions along the trajectories of the SESs within the continental shelf, taking advantage of the fact that they crossed it very fast. Indeed, the high-resolution profile data collected by SESs will provide a synoptic description of the oceanographic conditions of the Argentine Continental Shelf (ACS) adjacent to PV.



We focus our study on the region from the PV coast to the edge of the Patagonian shelf slope (defined by the 200 m isobath) from 55°W to 65°W and from 45°S to 41°S (Figure 1). The portion of ACS adjacent to PV is subject to different dynamics: In the eastern boundary, the Malvinas Current (MC) flows northward over the continental slope, carrying cold, nutrient-rich water. At 41°S, the slope water signal can be observed up to the mid-shelf due to MC intrusions [19]. In the western boundary, the PV tidal front is the main characteristic. The PV front is associated with transitioning between homogeneous coastal waters and vertically stratified mid-shelf waters during spring and summer [20,21]. The homogeneous coastal waters are the product of vertical mixing generated by energetic tidal currents, while the seasonal stratification on the mid-shelf is due to surface warming during spring and summer. The position of the PV front is strongly linked to the bottom topography [22,23], with a NE-SW alignment, following approximately the 75 m isobath between 41°S and 45°S [24,25]. This study area is affected by the MC and by the strong tides in the coastal region, as well as by the circulation of the San Matias Gulf (SMG). This gulf, a semi-enclosed coastal basin, is a source of salty and warm water due to the bathymetry and the current dynamics. Cold and relatively fresh shelf waters enter through the southeastern portion of the mouth mainly in winter and spring [26] and re-circulate within the SMG, gaining heat and salinity through solar heating and evaporation, respectively [27]. The warm and salty waters exported through the northern portion of the gulf mouth to the inner shelf are known as High-Salinity Coastal Waters (>34) [20,28,29]. The other water masses present in the ACS are Mid-Continental Shelf Water, which has a salinity between 33.4 and 33.8 [29,30], Coastal Water (Low Salinity, <33.4), and Malvinas Water (>33.8). Salinity is usually used in ACS to classify water masses [29,31].



The brief oceanographic description of the region presented here is based on the use of remote sensing data, numerical model outputs, and a few in-situ data obtained during oceanographic cruises. As we show below, the high-resolution in-situ data obtained with the instruments mounted on the SESs offer new, three-dimensional observations at a very fine scale resolution in the region, allowing to distinguish small fronts almost not described previously in the literature, which might be crucial in the CO2 flux dynamics. Thus, the aim of this study is to provide an updated and detailed oceanographic description of the PV region using this unique dataset in combination with satellite data. This work also aims to relate the environmental changes to SESs foraging behavior. The article is organized as follows: the data and methods are described in Section 2. Section 3 presents the results. Finally, Section 4 present the discussion and the main conclusions.




2. Materials and Methods


2.1. In-Situ Data


In-situ data used in this work have been collected as part of an international collaboration between the Centre National de la Recherche Scientifique (CNRS), the Wildlife Conservation Society (WCS), the University of Tasmania (UTAS), and the University of Buenos Aires (UBA). We analyzed data collected by 5 Southern elephant seals (SESs hereafter, Mirounga leonina) females that were equipped with Conductivity-Temperature-Depth Satellite Relay Data Loggers (CTD-SRDLs) between October 17 and 31, 2019 in PV, Argentina. Three biologging devices were glued to the animals before their departure to the sea for their post-breeding foraging trip (Table 1 and Table 2, Figure 2): a head-mounted DTAG-4 tag (configured as either a sound and movement tag, 97 × 55 × 33 mm, 200 g in air, n = 10, or a sonar and movement tag, 95 × 55 × 37 mm, 200 g in the air), a back-mounted Satellite Relayed Data Logger (CTD-SRDL, Sea Mammal Research Unit (SMRU), St Andrews, UK, 115 × 100 × 40 mm, 680 g in the air), and a neck-mounted Argos location-only satellite tag (SPOT, Wildlife Computers, Redmond, WA, USA, 72 × 54 × 24 mm, 119 g in the air).



The CTD-SRDL records salinity derived from conductivity, temperature, and pressure in hydrographic profiles. When the animals reach the surface, the data collected along the profiles is compressed and sent via messages, along with the positional information, through the Advanced Research and Global Observation Satellite (ARGOS) (http://www.argos-system.org/, accessed on 3 May 2021) [32]. The transmission occurs several times per day. The CTD-SRDL archives pressure, temperature, and salinity data recorded continuously throughout the foraging trip at 0.5 Hz for internal memory. This is far more frequent than the transmitted data (i.e., 3 to 4 24-T/S point profiles per day), but this requires the tags to be recovered when SESs come back to shore to molt in the summer (December–January) [1]. The typical accuracies are ±0.02 °C for temperature and ±0.05 or better for salinity [33]. Additionally, the SPOT tag was included to facilitate the recovery of the instruments when the animal returned to land in case the CTD-SDRL had stopped transmitting.



Acceleration measurements associated with the head-mounted DTAG-4 movement tag provide an index of prey capture attempts (PCA) [34]. This variable is considered the most reliable proxy for foraging success [35,36]. It offers the opportunity to link variations in elephant seal movements, diving, and foraging behavior with environmental conditions. The wind estimation can be obtained from the sound tag, which is derived from the absolute sound pressure following [37]. The DTAG-4 is also equipped with accurate location sensors that provide depth, longitude, and latitude data. The depth data were sampled at a frequency of 0.2 s, while the latitude and longitude data were sampled intermittently, with a variable sampling rate ranging from 1e-5 to 0.1 s. GPS (Global Positioning System) positions were obtained at each surfacing. At-sea movements were monitored using the ARGOS satellite-tracking system, and the loggers were recovered as soon as the seals hauled out for molting. The geolocation accuracy provided by satellite using ARGOS is ±5 km [38,39] and using GPS is about 50 m [40,41]. The CTD and sonar tags were synchronized by matching the depth data sampled by their respective pressure sensors, according to Le Bras et al. [42]. The environmental data are collected up to 50 Hz (Table 2). To compute the vertical profile data, we followed the procedure described in Siegelman et al. [43]: First, temperature and conductivity are corrected for a thermal mass effect; then salinity spiking and density inversion are removed by adjusting salinity while leaving temperature unchanged.



The methodology used for the colocation of instruments on SESs is described by Campagna et al. [44]. The loggers are noninvasive [45]; they are glued to the animal’s hair and fall off when it molts. Furthermore, elephant seals’ performances do not appear to be impacted by loggers [46]. Thanks to the satellite tag, the tools are recovered when the animals return to shore. After recovering, the data collected were calibrated following the methodology described by Roquet et al. [45] and Sigelman et al. [43].




2.2. Satellite Data


Sea Surface Temperature (SST) from the Multi-scale Ultra-High Resolution L4 product (MUR—https://podaac.jpl.nasa.gov/MEaSUREs-MUR, accessed on 31 August 2021) with daily resolution and spatial resolution of 0.011° × 0.011° is used to compare the surface temperature obtained by the SESs. This high spatial resolution product is generated by combining MODIS, AVHRR, GOES, AMSR-E, and TMI measurements through the technique known as multi-resolution variational analysis [47]. The choice of this product is due to its high spatial resolution, and it has been successfully compared with independent in-situ data in this study region [48,49].




2.3. Reanalysis Data


Surface wind speed values are obtained from ECMWFs reanalysis model, ERA5. Reanalysis data are the product of a physics-based model combined with in-situ and satellite data [50]. More precisely, the integrated forecasting system has a 4D-variational assimilation with 12 h long windows and 12 min time steps [51] and uses data such as French RADOME, Land SYNOP, quickSCAT, and ASCAT as observations [52]. It gives hourly data on a 0.25° grid. The model provides an estimation of the 10 m wind, which is the wind speed ten meters above the surface.




2.4. Bathymetry Data


We used three gridded bathymetry dataset versions (2019, 2020, and 2021) of the General Bathymetric Chart of the Oceans (GEBCO) that are available at https://www.gebco.net/, accessed on 1 July 2021. All versions have been developed through the Nippon Foundation-GEBCO Seabed 2030 Project, which brings together all available bathymetric data to produce a map of the world ocean floor. The GEBCO 2019 portion of the ACS that we used has been corrected, considering bathymetry measurements provided by the Servicio de Hidrografia Naval. This version is currently the most used for regional numerical models in the region [26,53,54].




2.5. Tidal Model


TPXO is a global tidal model that provides a spatial resolution of 1/30°. The model assimilates satellite data from Topex Poseidon, Topex Tandem, ERS, GFO, and other data sets (i.e., tide gauges, ship-born ADCP). The model has a toolbox for accessing the coefficients for tidal harmonic constituents in barotropic tide models and for making predictions of tide height and currents [55]. TPXO8 is used to compare the zonal component velocity obtained by the SESs. The ACS presents a complex tidal region that is largely dominated by the semi-diurnal lunar constituent M2 [20,31]. TPXO8 represents tides very well in the region [56]. It has also been used to implement regional models [26,54].




2.6. Methodology


Several considerations must be considered to compare satellite SST with in-situ data. First, in-situ data are reliable at 15 m depth [35], not at the sea surface, where satellite data indicate SST. Second, satellite images of SST are typically available only once a day, while SESs conduct a vertical profile every 16 min and every 1.1 km on average over the continental shelf and therefore offer about 90 values every day in a large area. Hence, we extracted the nearest value, in time and space, of the satellite images to the 15 m in-situ data. Pearson correlations between both data sets are computed at a 95% confidence level. To evaluate the dispersion between both datasets, biases were calculated for each trajectory as follows:


BIAS = TMur − Tin-situ



(1)







The potential temperature and potential density were calculated using the Gibbs Sea Water (GSW) oceanographic toolbox [57] that considers the Thermodynamic Equation of Seawater 2010 (TEOS-2010).





3. Results


3.1. SESs Trajectories


Figure 1 displays the trajectories of the five SESs analyzed in this work. SESs moved mainly towards the east from PV, reaching the open ocean in three to six days. The average number of dives per day on the continental shelf was 92.6 ± 10.2, and the average distance traveled per day was 110.1 ± 13.8 km (Table 3). The five SESs left PV and returned to molt to sites located very close to the place of departure in PV, between 21 December 2019, and 3 January 2020.



Table 3 summarizes basic statistics for the trajectories of the five elephant seals. All the SESs traveled a similar distance per day. The SESs that left from the north of PV (SESs 054, 878, 875) took more days to arrive at the 200 m isobath compared to the SESs that went from the south of PV (SESs 905, 051) because they traveled a longer distance to reach the eastern limit of the ACS, the 200 m isobath (Figure 1). In the following section, we analyze the speed of SESs along their trajectory in more detail.




3.2. SESs Speeds


Figure 3 shows the amplitude of the M2 tidal component and the trajectory of the SESs. M2 is the largest tidal component in the region, leading other components by an order of magnitude almost everywhere [31]. The three SESs left from the northern coast of PV crossed a portion of the ACS where the M2 tidal amplitude values were much greater than those along the trajectories of the SESs that left PV from the south (Figure 3). The speed of the zonal component of the tidal currents (considering all the tidal components of the TPXO8 model) along the trajectory of each SES is compared with the zonal speed of the animals in Figure 4. Both time series present similar variability during the three days after departure for the three northern elephants (054, 878, and 875); this feature is not observed in the two southern elephants (905 and 051). We can therefore observe that SES speed is largely correlated to tidal currents when the latter are large (>150 cm/s). It is an open question whether the SESs are taking advantage of the tidal currents or are affected by them.




3.3. Comparison between Near-Surface SES Temperatures and Satellite SST


Figure 5 shows the scatterplot and the spatial distribution of the difference between the satellite and in-situ temperature datasets. The correlation between the near-surface temperature (15 m depth) collected by the SESs and the time-space matching SST is 0.97, significant at the 95% confidence level (CL95%).



Despite the good correlation between in-situ and satellite SST, the two datasets show a moderate dispersion in temperature values lower than 8 °C along the linear regression (Figure 5a). The differences are reflected in the bias values (Equation (1)) that, in general, are less than 0.5 °C, except in some parts of the trajectories, mainly near the shelf-break. (Figure 5b). Note that the bias values in all trajectories are positive. This means that the in-situ temperatures are lower than the SST-MUR. At first glance, this is an expected result since in-situ data are collected at 15 dbar, while the satellite sensor represents the skin layer of the ocean. Yet the differences are very small in most of the places, suggesting that the top 15 m of the water column are very well mixed in this portion of the ocean.




3.4. Analysis of the Temperature and Salinity Spatial Distributions


The spatial distribution of the temperature along the trajectories displays a zonal gradient, observing warm (warmer than 11 °C) water in the inner shelf and cold (colder than 6 °C) water in the outer shelf (Figure 6, left column). This is in good agreement with similar in-situ observations presented by Campagna et al. [11]. The zonal temperature gradient is evident in the three pressure levels (Figure 6, left column). The cold water close to the shelfbreak is associated with MC waters. A meridional gradient in the inner and middle shelves is also evident, showing that, north of 42°S, the surface temperature is 1 °C warmer than in the south (Figure 6).



In the northern trajectories, a maximum salinity (34 < S < 34.2) is observed when the depth is less than 60 m (Figure 6, right column). This region also has the warmest water (~12 °C). Near the 75 m isobath, the salinity decreases by 1 unit (S = 33.3) and increases again until it reaches 33.9 on the outer shelf. The temperature and salinity observed north of 42°S and west of the 75 m isobath are likely due to the mixing with waters coming from the SMG. The 75 m isobath coincides with the limit between the colder and fresher water from the south that moves towards the outer portion of the continental shelf and the hotter and saltier water closer to the coast, north of 42°S. The influence of the SMG waters over the adjacent portion of the continental shelf is in good agreement with previous observations [27].



Along the southern trajectories (south of 42°S), the salinity increases from 33.2 near the coast to 33.9 at the shelf-break in the three depth layers displayed (Figure 6).



Figure 6 also shows different values at the different depths in the temperature record, particularly in the mid and outer shelf, suggesting that waters are more stratified in those regions than in the inner shelf. Considering the large tidal amplitude in the region (Figure 3), we computed the Simpson parameter [58] to quantify in which regions tides are responsible for mixing waters and preventing seasonal stratification. We estimated the Simpson parameter (ϕ) as in Kahl et al. [59] using the in-situ data collected by the SESs. The spatial distribution of ϕ displays low values (<10 J/m3) in the inner shelf and larger values (10–50 J/m3) in the middle and outer shelves (not shown). The most significant ϕ (critical value of 10 J/m3) occurs along the 75 m isobath, suggesting that well-mixed waters are located between such isobath and the coast and stratified waters are in waters deeper than 75 m. This result is in very good agreement with our observations in the following sections. In this study region, Lucas et al. [27] and Kahl et al. [59] showed the spatial distribution of ϕ for spring/summer with a critical value of 40–50 J/m3 that followed the 50–60 m isobath. The values obtained in this work are low because October is a transition period toward strong stratification due to the solar radiation annual cycle. A similar result was found between 47° and 55°S in October 2005 by Sabatini et al. [60].




3.5. Water Mass Characterization


In Section 3.4, we showed that the data collected in the northern trajectories differs quite a bit from the data collected in the southern trajectories. In what follows, we analyze the water masses north and south of 42°S, selecting one representative trajectory for each region. We used trajectory 051 to represent the southern ones and 875 for the northern ones (Figure 1).



Both Northern and Southern SESs swam across three distinctive water masses that were identified in the TS diagrams: Low Salinity Coastal Waters (LSCW, S < 33.4), Mid-Shelf Waters (MSW, 33.4 < S < 33.8), and Malvinas Waters (MW, S > 33.8) (Figure 7b,c). The Northern elephant also crossed the High Salinity Coastal Waters (HSCW, S > 34) at the beginning of its trip (18, 19, and 20 of October), which contain waters from SMG (Figure 7b). SMG has higher temperatures and salinity values relative to the continental shelf because it is an evaporation basin, i.e., precipitation is lower than evaporation [28,61,62]. As described above, the waters adjacent to the SMG are affected by the waters from the gulf. The HSCW is not present south of 42°S.



The LSCW and MSW were sampled by the southern and northern SESs on the 22 and 23 of October (Figure 7). These water masses originate in the coastal Pacific Ocean and are transported by the Patagonian current [63].




3.6. Vertical Profiles of Temperature, Salinity, and Density


3.6.1. Northern Trajectory


The northern elephant had 479 profiles, with an average distance between each profile of 1.1 km and an average profile depth of 67.3 m.



The vertical structure of the temperature is homogeneous from the surface to the bottom in the first 300 km from the coast (Figure 8, upper panel). During the first day after departure from the north of PV (19 October 2019), the potential temperature profile displays several increases and decreases in temperature (between 10 °C and 11 °C). From km 300 towards the shelf break, a vertical stratification begins, which is accentuated towards the slope with temperatures of 8 °C on the surface and 6 °C on the bottom (Figure 8 upper panel).



The vertical salinity structure along the trajectory also presents an oscillating pattern during the first day after departure, with salinity values between 33.6 and 34. Between 300 and 400 km from the coast, on the middle continental shelf, the salinity shows minimal values of 33.4 from surface to bottom. Then, the salinity increases towards the east, reaching values of 33.6–33.9 (Figure 8 middle panel).



The vertical density structure depends on temperature and salinity; homogeneous values are observed from surface to bottom and from the coast up to about 320 km (Figure 8 bottom panel). The spatial density distribution also shows the strip pattern identified in temperature and salinity during 19th of October. In the middle continental shelf (~350 km), a density minimum modulated mainly by salinity is observed. From 400 km to the edge of the shelf, the density is dominated by T and S. In this section, a weak vertical stratification begins, which increases towards the slope. An increase in salinity (33.6 < S < 33.9) and a decrease in temperature (<8 °C) in the bottom are observed in this portion of the section in Figure 8 (upper and middle panels), clearly suggesting intrusions of the saltier and colder MC water. Such intrusions have been previously reported at 41°S by Piola et al. [19].



PCA values are indicated with magenta dots in the three panels of Figure 8. A few values are observed at the sea bottom along the section. A large concentration of PCAs is observed in a particular region on the outer shelf, between 450 and 480 km from the coast. A careful inspection of the T and S values shows an increase in salinity in this region, which coincides with a decrease in temperature of 0.5 °C and an increase in density (from 26.3 to 26.4 kg/m3). As discussed above, this water mass can only originate from an intrusion of the MC. It is very interesting to note the correspondence between the large number of PCAs and the T and S values that most closely resemble the MC waters. The fact that many PCAs are observed in a particular region where the MC rested isolated suggests that the MC waters bring food the SESs like.



The analysis of Figure 8 in conjunction with the analysis of the spatial distribution of T and S (Section 3.4) and the TS diagrams (Section 3.5) allows us to identify that the warm and salty region (between km 80 and km 250, Figure 8) corresponds to the HSCW from SMG. The strip pattern observed in T and S the first day after its departure indicates that the SES swam across different water masses at the beginning of its trip. To further understand these features, we used satellite SST images that showed excellent agreement with the in-situ data (Section 3.3). On the 18th of October 2019, SST agreed to an alternating pattern of increasing and decreasing values (Figure 9a) that agreed with the pattern observed in Figure 8. The spatial pattern of SST indicates that the relative cold water is advected from the south into the SMG and that the relative warm water corresponds to HSCW. Moreover, the monthly average of 17 years of SST gradient reveals that in October there is a strong and persistent front (0.06 °C/km) at 41.9°S and between 63.3° and 63.6°W (Figure 9b). The front separates warm and salty water from SMG and cold and fresh water from the southern portion of the adjacent shelf. The Northern SES crossed this frontal area, explaining the abrupt temperature changes observed in Figure 8. Figure 9 also indicates that the other two northern SESs crossed the frontal area. The frontal area north of PV has been reported in Pisoni [64]. Using SST satellite images, they show that it is a seasonal front that exists during winter and the beginning of spring. The TS values recorded by the SESs in conjunction with SST images show that the front separates fresh and cold waters that enter the SMG in the narrow region between the coast and the front from warm and salty water created in the SMG, north of the front. The water entering the SMG comes from the coastal region east of PV, where a strong upwelling took place [26].




3.6.2. Southern Trajectory


Potential temperature, salinity, and potential density for the Southern elephant seal are presented in Figure 10. The southern elephant conducted 259 profiles, with an average distance between each profile of 1.4 km and an average profile depth of 82.8 m. The temperature shows homogeneous values in the vertical of about 10 °C in the first 50 km of the trajectory. Warmer values in the upper 30 m of the water column are observed from km 50 to the shelf-break, suggesting the presence of seasonal stratification (Figure 10 upper panel). Cold waters (less than 8 °C) are observed close to the sea floor from km 180 towards the edge of the shelf-break (Figure 10), as observed in the northern trajectory.



Salinity along the southern trajectory (Figure 10 middle panel) is vertically homogeneous in the first 180 km, with relative salty values close to the coast (33.6) that decrease up to 33.3 in the east. The lowest salinity values (33.3) occupy a large portion of the section, from 50 to 180 km from the shore. These values are characteristic of the diluted water coming from the Chilean coast through the Magellan Strait. From km 180 to the shelf-break, the salinity increases to 33.8.



The density section (Figure 10, bottom panel) shows homogeneous values in the vertical range of 25.7 kg/m3 in the first 50 km of the trajectory. The density pattern is similar to the salinity pattern between 0 and 150 km from the shore, suggesting that density is dominated by S. Between 150 km and the shelf break, a comparison of the three panels of Figure 10 indicates that the density is dominated by the contributions of both T and S. The cold and salty waters (T < 7 °C and S > 33.8) occupy most of the mid and outer shelf in the deepest portion of the water column between 180 km and the shelf break. These values are due to the mixing between MW and MSW.



A particular feature is observed in three consecutive temperature profiles of the Southern elephant, between 15 and 35 dbar at ~225 km from the coast (Figure 10 top panel). To better study this event, we plotted the potential temperature and salinity at 15 dbar for all the SESs. The cooling event detected by SES 051 was also detected in SES 905, with a time difference of 6 h (Figure 11). The potential temperature drop of 1 °C in both SESs was accompanied by an increase in salinity of ~0.2 psu (Figure 11).



Similar cooling events have been observed in the ACS and have been attributed to strong winds and/or rapid changes in the wind stress direction, generally due to the passage of a low-pressure system [49]. Such low-pressure systems intensify the sea surface wind and temporarily disrupt vertical stratification. The sea level pressure analysis provided by ERA5 (ECMWF Reanalysis v5) shows that a low-pressure system over the shelf coincided in time and space with the anomalies along the SESs 905 and 051 discussed here (Figure 11). Yet, wind estimation from ERA5 does not show an abrupt change in the wind stress intensity at the time when the anomalies were observed on the 22 and 23 of October 2019 (Figure 11). Figure 11b also shows an excellent correlation (r = 0.81, significant at the 95% confidence level (CL95%)) between the DTAG-4 wind estimates and ERA5, further supporting the capacity of the DTAG-4 logger to estimate wind and providing confidence in the ERA5 wind data [65].



We therefore conclude that local wind was not responsible for disrupting the stratification of the water column observed on the 22 and 23 of October 2019. The disruption of the stratification could also be due to the passage of internal waves, a possibility that we will investigate in future work.





3.7. Comparison between Depths Reached by SESs and GEBCO Bathymetric Charts


The maximum depth reached by the SESs is higher than reported in bathymetric charts from GEBCO (2019 + SHN, 2020, and 2021) along several portions of the trajectories (Figure 8 and Figure 10). Thus, the depths reached by the SESs may be a useful variable to calibrate/validate the bathymetric charts. Here, a quantitative comparison is presented between the maximum depth reached by SESs and the corresponding value provided by bathymetric charts (Figure 10). Note that we neglected the cases where the depth reached by the SESs was lower than the GEBCO products since we cannot guarantee that the SESs reached the sea floor. Most of the discrepancies are observed near the coast for the three datasets, especially in the northern trajectories, reaching values larger than 10 m (Figure 12). The lowest bias values (< 9 m) are observed on the middle shelf for GEBCO 2019 + SHN and GEBCO 2021. GEBCO 2019 + SHN underestimates the depth on the outer shelf with values larger than 12 m. Figure 12 also revealed that GEBCO 2020 undervalues the depth throughout the trajectories. The histogram of the bathymetry differences higher than 5 m (Figure 13) confirms that GEBCO 2021 is the bathymetry chart that presented the lowest number of cases where the depth reached by SESs is higher, suggesting that it is the best option available to represent the bathymetry in the region.





4. Summary and Discussion


In this study, we analyzed high-spatial and temporal-resolution hydrographic data collected by five SESs that crossed the ACS between 44°S and 41°S in October 2019.



The spatial distribution of temperature and salinity revealed two regions, north and south of 42°S. The northern region is 1 °C warmer and 0.5 psu saltier than the southern region due to the fact that in the latter, the diluted water coming from the south mixes with the High-Salinity Coastal Water coming from SMG.



The spatial patterns of T and S at different pressure levels also indicated that the 75 m isobath delimited the vertically homogeneous region from the stratified one. Indeed, the 75 m isobath corresponds with the position of the largest increment of the Simpson parameter computed along the SESs trajectories. The Simpson parameter at the 75 m isobath is 10 J/m3, a rather low value compared with values commonly found in the region to separate coastal mixed waters from open ocean stratified waters [27,59,66]. This is probably due to the fact that our estimation of the Simpson parameter has been conducted in austral spring (mid-October), a period of the year when the vertical stratification over the continental shelf is much lower than in austral summer, when the other estimations have been conducted [24,66].



SST from MUR correlates very well (r = 0.97) with the T measured at 15 m depth by SESs. Both datasets show the presence of an advective front in the northern region of PV, between 63.3°W and 63.6°W, at 41.9°S. Pisoni [64] described such a front using only satellite SST data and discussed that an intense coastal jet carries cold and fresh waters from the western coast of PV, causing the formation of the so-called advective front. T and S data provided by the three SESs that sampled the waters on both sides of the front allowed showing that there is a gradient of salinity also in the region.



The SESs crossed the ACS in a few days with a mean speed of 1–1.5 m/s, similar to the values documented by Campagna et al. [11] and one order of magnitude higher than the geostrophic velocities in the area [49]. We show for the first time that SESs speed might be modulated by tidal currents: the speed of the three northern SESs showed a semi-diurnal cycle that correlates with the macro-tidal regime observed close to the coast, north of 42°S. South of 42°S, this oscillation is not observed since the tidal velocities are not as large as in the northern region.



Temperature and salinity along the trajectories might present large variations (Figure 11). Local wind stress estimated from an acoustic sensor mounted on some of the SESs and as computed by ERA5 reanalysis data does not show large values related to T and S abrupt changes observed. We argue that the passage of internal waves originating in a remote place could be the force that explains the anomalies observed.



PCA values suggest that SESs feed mostly at the bottom of the sea when crossing the ACS. Only SES 875 fed intensively in a particular region located on the outer shelf, between 50 m and the sea bottom, located at 80 m. The T and S analyses showed that such a region was occupied by an intrusion of MC waters. We suggest that MC carried prey that SES 875 liked.



Lastly, the records of the maximum depth reached by the SESs provide valuable information to calibrate/validate bathymetric charts. Our results pointed out the regions along the trajectories where the bathymetry from three GEBCO products underestimated the depth of the sea. A reliable topography is crucial for ocean numerical models to reproduce a realistic circulation [67].



The SES colony of PV has been demonstrated to be an excellent platform for measuring oceanographic variables at high spatial and temporal resolution over the ACS, providing an average of 92.6 dives per day and one profile every 1.1km. This unique dataset opens the opportunity to explore physical, small-scale processes that are not yet well understood but can have a significant impact on the air-sea fluxes of CO2 and heat advection. The continuity of high-frequency, high-spatial-resolution hydrographic data are crucial for studying these processes and their variability. Hence, maintaining the deployment and collection of data collected through SESs could enhance the comprehension of the climate change process in the region. Variations in temperatures, currents, and salinity can deeply impact marine ecosystems, biodiversity, and biological productivity [33,68]. Finally, this work highlights the advantages of the utilization of mammal-based sensors in comparison to gliders and Argo floats. Many of the regions sampled by the SESs in the ACS are shallow (less than 50 m) and are characterized by strong tidal currents (up to 2.5 m/s), largely limiting the operability of gliders and Argo floats. The mammal-based sensors, through their unique capabilities, allow more effective data collection under such conditions.
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Figure 1. Thick color lines represent the trajectories of the five SESs that crossed the Argentine Continental Shelf (ACS) in October 2019. The colors in the background represent the bathymetry of GEBCO 2021. The thin black lines represent the 75 and 200 m isobaths. SMG: San Matias Gulf. PV: Península Valdés. 
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Figure 2. A female SES with three biologging devices glued: a head-mounted DTAG-4, a back-mounted CTD-SRDL, and a neck-mounted SPOT. The main characteristics of the devices are listed in Table 2. 
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Figure 3. Amplitude (cm) for the M2 constituent as obtained with the TPX0 tide model. Thick lines represent the trajectories of the five SESs in October 2019. Colors along the trajectories correspond to the different days, as detailed in Figure 4. Thin gray lines represent the 50, 75, 90, 100, 150, and 200 m isobaths. 
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Figure 4. The zonal component of the SES swimming velocity (black) and the tidal current velocity derived from TPXO (magenta) along the five trajectories. The mean value along each trajectory of the in-situ velocity (blue line) was added to the tidal currents. A threshold of two standard deviations was used to eliminate the outliers from the in-situ velocity data. The colors on the x-axis match the colors along the trajectories in Figure 3. 
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Figure 5. (a) A scatter plot of the in-situ temperature of SESs and SST-MUR was extracted along the trajectories (black dots). Linear regression and 95% confidence level intervals are indicated with a magenta line and a shaded gray region. (b) Temperature bias (SST MUR—T at 15 dbar) along trajectories. Black lines represent the 50, 75, 90, 100, 150, and 200 m isobaths. 
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Figure 6. Temperature (°C) (left column) and Salinity (right column) were measured by sensors placed on 5 elephant seals during October 2019. The variables are presented at 3 pressure levels: 20 dbar (upper panel), 40 dbar (middle panel), and 60 dbar (bottom panel). Black lines represent the 50, 75, 90, 100, 150, and 200 m isobaths. 
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Figure 7. (a) Trajectories represent the northern (875) and southern (051) regions. The corresponding TS diagrams are presented in panels (b,c). The colors in panels (a–c) correspond to the segment of trajectory traveled per day by each elephant. The black lines represent isolines of σ in kg/m3. 






Figure 7. (a) Trajectories represent the northern (875) and southern (051) regions. The corresponding TS diagrams are presented in panels (b,c). The colors in panels (a–c) correspond to the segment of trajectory traveled per day by each elephant. The black lines represent isolines of σ in kg/m3.



[image: Remotesensing 15 05604 g007]







[image: Remotesensing 15 05604 g008] 





Figure 8. Temperature (top), salinity (middle), and density (bottom) profiles for SES 875 after departing north of PV. The horizontal axis is the distance in km from PV. The red, gray, and black lines show the seafloor using the GEBCO-SHN 2019, GEBCO 2020, and GEBCO 2021 bathymetries, respectively. The top colorbar indicates the day and month of 2019; the colors are the same as in Figure 7. Magenta dots are Prey Catch Attempts. 
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Figure 9. (a) Sea surface temperature (SST) is derived from the Multi-Scale Ultra-High Resolution L4 (MUR) satellite product for 18 October 2019. The stars are kilometers from the coast (Figure 8). Black lines represent the 50, 75, and 100 m isobaths. (b) Average magnitude of Sea surface temperature (SST) gradient (°C/km) derived from the Multi-scale Ultra-High Resolution L4 (MUR) satellite product for all months of October from 2002 to 2019. The yellow lines represent the trajectories of SESs. The trajectory of the SES 875 is marked with the black-magenta line on both panels. The magenta color corresponds to the segment of trajectory traveled on October 18 by the SES. 
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Figure 10. Temperature (top), salinity (middle), and density (bottom) profiles along the southern trajectory 051. The horizontal axis is the distance in km from PV. The red, gray, and black lines show the seafloor using the GEBCO-SHN 2019, GEBCO 2020, and GEBCO 2021 bathymetries, respectively. The top colorbar indicates the day and month of 2019; the colors are the same as in Figure 7. 
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Figure 11. (a) Trajectories of SESs 905 (magenta) and 051 (red). (b) In-situ temperature (magenta—red), salinity (blue), and wind speed from ERA5 (grey) and DTAG-4 (black) along the two trajectories. DTAG-4 values were low-pass filtered with a 20 min cut-off period using a Loess filter. The black dots in panel (a) and the black stars in panel (b) indicate the cooling event in both trajectories. 
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Figure 12. Bathymetry differences higher than 5 m between the depth reached by SESs and the depth reported by GEBCO 2019 + SHN (upper panel), GEBCO 2020 (middle panel), and GEBCO 2021 (bottom panel). The black lines represent the five SES trajectories, and the gray contours represent the 25, 50, 75, 100, 150, and 200 m isobaths. 






Figure 12. Bathymetry differences higher than 5 m between the depth reached by SESs and the depth reported by GEBCO 2019 + SHN (upper panel), GEBCO 2020 (middle panel), and GEBCO 2021 (bottom panel). The black lines represent the five SES trajectories, and the gray contours represent the 25, 50, 75, 100, 150, and 200 m isobaths.



[image: Remotesensing 15 05604 g012]







[image: Remotesensing 15 05604 g013] 





Figure 13. Histogram of the bathymetry differences higher than 5 m between depths reached by SESs and bathymetric charts: GEBCO 2019 + SHN (dark blue), GEBCO 2020 (red), and GEBCO 2021 (dark yellow). 
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Table 1. The location where the instruments have been placed within the body of each SESs.
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	Id SESs
	Head
	Back





	054
	
	CTD SMRU



	875
	Dtag-4

sonar
	CTD SMRU



	878
	Dtag-4

sonar
	CTD SMRU



	905
	Dtag-4

sonar
	CTD SMRU



	051
	Dtag-4-

Acoustic
	CTD SMRU










 





Table 2. Main characteristics of the instruments deployed.
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Tag Name

	
Variables Measured

	
Range

	
Accuracy

	
Precision

	
Frequency

	
Range






	
CTD

	
Temperature

	
−5 to 35 °C

	
0.0005 °C

	
0.0001 °C

	
0.5 Hz

	
−5 to 35 °C




	
Geolocation (ARGOS)

	

	
5km

	

	

	




	
Salinity

	
0 to 50

	
0.01

	
0.002

	
0.5Hz

	
0 to 50




	
Pressure

	
0 to 2000 dBar

	
2 dbar

	
0.05 dBar

	
0.5Hz

	
0 to 2000 dBar




	
SPOT

	
Geolocation (ARGOS)

	

	
5 km

	

	

	




	
Sonar

	
Pressure

	
0 to 2000 dBar

	
2 dbar

	
0.05 dBar

	
50 Hz

	
0 to 2000 dBar




	
Triaxial acceleration

	

	

	
0.03 ms -2

	
200 Hz

	




	
Magnetic field

	

	

	
0.5 µT

	
50 Hz

	




	
Geolocation (GPS)

	

	
50 m

	

	

	




	
Dtag-4

	
Pressure

	
0 to 2000 dBar

	
2 dbar

	
0.05 dBar

	
50 Hz

	
0 to 2000 dBar




	
Triaxial acceleration

	

	

	
0.03 ms -2

	
200 Hz

	




	
Magnetic field

	

	

	
0.5 µT

	
50 Hz

	




	
Geolocation (GPS)

	

	
50 m

	

	

	




	
Sound (Acoustic sensor)

	

	

	

	
20kHz

	











 





Table 3. Date of departure, date of arrival at isobath 200 m, mean number of dives per day within the ACS, number of days to cross the ACS, distance traveled (km), and mean distance traveled per day (km/day).
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	SESs ID
	Date and Time of Departure
	Date and Time of Arrival at the 200 m Isobath
	Mean Number of Dives per Day within the ACS
	Number of Days to Cross the ACS
	Distance Traveled (km)
	Mean Distance Traveled per Day (km)





	054
	25-October

11:29:54
	01-November

03:08:00
	92.8
	6.7
	667.2
	100.3



	878
	17-October

23:32:56
	23-October

02:41:46
	85.4
	5.1
	586.8
	114.4



	875
	18-October

01:09:10
	23-October

19:31:48
	83.1
	5.8
	540.4
	93.7



	905
	20-October

15:44:22
	23-October

22:19:10
	109.0
	3.4
	381.1
	116.4



	051
	21-October

06:48:48
	24-October

01:52:00
	92.7
	2.8
	359.4
	128.6



	Mean
	
	
	92.6 ± 10.2
	4.7 ± 1.6
	507.0 ± 133.0
	110.1 ± 13.8
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