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A B S T R A C T

Temperature is a primary determinant of biogeographic patterns and ecosystem processes. Standard techniques to study
the ocean temperature in situ are, however, particularly limited by their time and spatial coverage, problems which might
be partially mitigated by using marine top predators as biological platforms for oceanographic sampling. We used small
archival tags deployed on 33 Magellanic penguins (Spheniscus magellanicus), and obtained 21,070 geo-localized profiles
of water temperature, during late spring of 2008, 2011, 2012 and 2013; in a region of the North Patagonian Sea with lim-
ited oceanographic records in situ. We compared our in situ data of sea surface temperature (SST) with those available
from satellite remote sensing; to describe the three-dimensional temperature fields around the area of influence of two
important tidal frontal systems; and to study the inter-annual variation in the three-dimensional temperature fields. There
was a strong positive relationship between satellite- and animal-derived SST data although there was an overestimation
by remote-sensing by a maximum difference of +2 °C. Little inter-annual variability in the 3-dimensional temperature
fields was found, with the exception of 2012 (and to a lesser extent in 2013) where the SST was significantly higher.
In 2013, we found weak stratification in a region which was unexpected. In addition, during the same year, a warm
small-scale vortex is indicated by the animal-derived temperature data. This allowed us to describe and better understand
the dynamics of the water masses, which, so far, have been mainly studied by remote sensors and numerical models. Our
results highlight again the potential of using marine top predators as biological platforms to collect oceanographic data,
which will enhance and accelerate studies on the Southwest Atlantic Ocean. In a changing world, threatened by climate
change, it is urgent to fill information gaps on the coupled ocean-atmosphere system allowing to link the hydrothermal
process to the at-sea distribution of top predators.

© 2016 Published by Elsevier Ltd.

1. Introduction

The key role-played by the water temperature in the functioning
of marine ecosystems is widely accepted by biologists and oceanog-
raphers (e.g. Perry et al., 2005; Blanchard et al., 2012; Beaugrand
et al., 2015). In coastal temperate regions, variations in vertical wa-
ter temperature gradients are caused by the interplay of seasonal cy-
cles of solar radiation, tidal currents, bathymetry, and/or wind patterns
(e.g. Bakun, 1996; Mann and Lazier, 2006). These variables can create
ocean structures known as temperature frontal systems over the con-
tinental shelf (e.g. Bakun, 1996, 2006). The timing of formation and
location of the different regions of stratification are key drivers of the
temporal and spatial distribution of primary production and associated
higher trophic level biomass, with marine life typically concentrated
at frontal regions (Franks, 1992; Acha et al., 2004; Bost et al., 2009;
Scales et al., 2014).

The most common techniques for measuring ocean temperature
have important limitations: (1) ship-based studies are very expensive
and replication is rarely affordable, particularly by countries with low
economic resources, resulting in a lack of temporal resolution (i.e.
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annual or multiannual frequency; Boehme et al., 2010); (2) mooring
buoys data provide good resolution through time, but are highly lo-
calized (Kinzig, 1999); and (3) satellite-mounted infrared sensors only
measure the top few millimetres of the water column, and are highly
affected by clouds (Minster, 1997). These limitations have catalysed
new approaches such as the implementation of marine animals as plat-
forms of opportunity for oceanographic sampling (see Fedak, 2004;
Charrassin et al., 2008; Block et al., 2011, 2016).

Shortly after the first attempt to use animals as ocean samplers re-
ported by the seminal work of Wilson et al. (1994), interest in study-
ing the environmental variables surrounding the actions of marine top
predators waned (but see e.g. Weimerskirch et al., 1995; Koudil et al.,
2000; Charrassin et al., 2002; for a review see Wilson et al., 2002).
This was possibly due to the primary desire for people to know about
the at-sea behaviours, feeding grounds, migration routes, fine scale
movements and energy management of marine animals (e.g. Wilson et
al., 2007; Block et al., 2011, 2016; Wilmers et al., 2015).

In more recent years, the interplay between oceanographic fea-
tures and the behavioural patterns of marine top predators have been
more extensively studied by attaching solid-state recorders attached
to free-living animals (e.g. Block et al., 2011 and references therein)
within a relatively new research field collectively known as bio-log

http://dx.doi.org/10.1016/j.ecss.2017.03.021
0272-7714/© 2016 Published by Elsevier Ltd.
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ging (Boehme et al., 2010; Wilmers et al., 2015). This micro technol-
ogy-based approach has proven successful in two important ways; (1)
in generating large volumes of unprecedented information on the in-
teraction between top predators and their marine environment, useful
for management and conservation (Block et al., 2011, 2016; Wilmers
et al., 2015); and (2) as a relatively low-cost method of obtaining
high-quality oceanographic data over a variety of temporal and spatial
scales (see e.g. Wilson et al., 2002; Fedak, 2004, 2013; Roquet et al.,
2014; Block et al., 2016).

From these bio-logging data, unprecedented high-resolution tem-
perature records of the North Patagonian Sea were obtained. This al-
lows us to describe and better understand the dynamics of the water
masses, which were previously mainly studied using remote sensors
and numerical models (but see Gagliardini and Rivas, 2004; Palma et
al., 2008; Tonini et al., 2013).

The present paper aims (1) to compare sea surface temperature
records available from satellite remote-sensing with in situ data col-
lected by instrumented Magellanic penguins (Spheniscus magellani-
cus); (2) to describe the three-dimensional temperature fields around
the area of influence of two important frontal systems located in
Patagonia Argentina: the San Matías and Valdés fronts (Pisoni et al.,
2015); including highly energetic marine zones (Palma et al., 2004;
Tonini et al., 2013) where navigation is difficult due to the presence
of whitecaps, turbulence and strong tidal currents (Gagliardini et al.,
2005); (3) to study the inter-annual variation in the three-dimensional
temperature fields; and (4) to highlight the potential of using marine
top predators as biological platforms to collect oceanographic data,
which will enhance and accelerate studies on the large area of the Ar-
gentine Continental Shelf (see Lucas et al., 2005).

2. Materials and methods

2.1. Study site and period

The Magellanic Penguin breeds in colonies distributed along the
coast of Argentina from about 41° to almost 55° of south latitude (see
Sala et al., 2012a and references therein). We conducted fieldwork
during early chick rearing, between November and December 2008,
2011, 2012 and 2013 in Punta Norte/San Lorenzo colony (42° 04′ S,
63° 49′ W; Fig. 1).

The oceanography of the area where the penguins from these
colonies forage (see Sala et al., 2012a; Wilson et al., 2015) is marked
by the proximity with two regions of high marine productivity; the
Valdés Peninsula thermal front and the frontal system in the San
Matías Gulf (Williams et al., 2013; Tonini et al., 2013; Pisoni et
al., 2015). Both the Valdés Peninsula front and the North-South arm
of San Matías Gulf front are tidal (Pisoni et al., 2015), while the
East-West arm of the San Matías Gulf front is possibly due to hor-
izontal advection of colder waters into the southern sector, as sug-
gested by Tonini et al. (2013). The front of Valdés Peninsula and
North-South arm of San Matías Gulf frontal system have fortnightly
variation and are closely associated with bathymetry (Pisoni et al.,
2015). In addition, areas explored by the penguins are governed by
great turbulent vertical mixing caused by tidal current that triggers the
ascent of nutrients to the photic zone (Rivas and Pisoni, 2010). Fi-
nally, strong tidal currents are also present, making it difficult to nav-
igate (Gagliardini et al., 2005). In fact, there have been few oceano-
graphic stations for this region over the last 50 years (e.g. Rivas and
Beier, 1990; Lucas et al., 2005; Williams et al., 2013). Much of the
area exploited by penguins during their foraging trips is vertically ho-
mogeneous, due to the intense tidal mixing (Palma et al., 2004). These
physical characteristics provide a satisfactory habitat for juvenile fish

Fig. 1. Location of the study area at the North Patagonian Sea (red box) (left panel). MODIS Aqua sea surface temperature (SST) image of the North Patagonian Sea (right panel). The
image corresponds to a climatology converted to an overall mean for the monthly averages in the months of December 2003 to 2010. Heavy black dashed lines show the schematic
representation of the San Matías Front (SMF) and the Valdés Front (VF) based on the approximate location of the region where SST gradient is > 0.14 °C km−1 (see Pisoni et al.,
2015). Isotherm contours are shown. The black cross indicates the position of the penguin colony. VP: Valdeés Peninsula; SMG: San Matiías Gulf; SJG: San Joseé Gulf; NG: Nuevo
Gulf; EI: Escondida Island; and RNP: Río Negro Province. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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in the region (Sabatini and Martos, 2002). Additionally, high chloro-
phyll-a concentration is observed during late spring and summer near
the Valdés frontal region, although showing a large interannual vari-
ability (Romero et al., 2006).

2.2. Deployment of devices

A total of 34 Magellanic penguins brooding small chicks was
equipped with high definition electronic recording devices (10 in
2008, 8 in 2011, 7 in 2012 and 9 in 2013), that were able to collect the
position of the birds at-sea, time, temperature and dive depth. These
devices are commercially known as GPS-TDlogs (Earth and Ocean
Technologies, Kiel, Germany) and were designed to be attached to the
body of various marine predators (e.g. Daunt et al., 2003; Quintana
et al., 2011; Sala et al., 2012a; van Eeden et al., 2016). Loggers
had a hydrodynamic, waterproof housing measuring 96 × 39 × 27 mm
(L × W × H), comprising ∼ 6.5% of the cross-sectional area of the
bird, and a total mass of 75 g, which is 1.7% of the average body mass
of a Magellanic Penguin (see Williams, 1995). General procedures for
deployment and recovery of instruments for the study site have been
described in several previous works (see Sala et al., 2012a, b, 2014;
2015).

The horizontal accuracy of the positional fixes (recorded at 1 Hz
when the penguins were not underwater) was ≤ 5 m for 90% of
records (GPS-TDlog Manual). For the temperature measurement, a
special Pulse Ranging Technology (PRT) sensor with short response
time was used. Temperature resolution was ca. 0.005 °C (measure-
ment uncertainty is 0.03 °C, range 0–20 °C; 12-bit resolution). Due
to the very short response time T0.9 (i.e. time to reach 90% ΔT; see
Daunt et al., 2003) of ca. 2 s, profiling measurements of the temper-
ature distribution in the water column by diving penguins was pos-
sible (GPS-TDlog Manual; see Daunt et al., 2003; van Eeden et al.,
2016). In particular, the sensor is stabilized to within 0.1 °C of any
new temperature within 3–5 s during field applications, where sud-
den temperature changes never exceed 20 °C (see Daunt et al., 2003).
For the registration of pressure in the diving activity, the tags had a
protected miniature sensor with low hysteresis. In this work, we used
the 0–20 bar sensor with a depth resolution of ca. 5 cm water column
(GPS-TDlog Manual). Data were stored in a 2-Mbyte flash memory.

2.3. Data analysis

Data returned from GPS-TDlogs were processed to assign a geo-
graphical position (latitude, longitude) to each dive (e.g. Koudil et al.,
2000; Charrassin et al., 2002). The first position after each dive was
considered the fix for the whole dive. Because rapid and linear com-
muting segments developed by penguins, both at departure and in the
return to the colony, and between foraging patches, lead to the loss of
the GPS position record due to the lack of signal from the satellites
(see Raya Rey et al., 2010), the positions of those blanks were gener-
ated based on a linear interpolation (Charrassin et al., 2002), a process
justified since the sinuosity of the displacement during these forag-
ing trip phases is minimal (see Sala et al., 2012a). We corrected, even
the minimal delay in temperature sensor response times (i.e. T0.9 < 2 s;
GPS-TDlogs Manual Information), the temperature associated with
depth following Daunt et al. (2003).

The in situ records of temperature were considered as “surface”
in a range of 2.5–5 m in depth, to avoid potentially spurious registers
at depth <2.5 m. For interpolation of temperature records through the
water column, information from each dive for both descent and as-
cent phases was used, after being averaged to obtain a single value

for each specific depth crossed by the penguins during every single
dive (see Charrassin et al., 2004).

Four sea surface temperature (SST) images from the Moderate
Resolution Imaging Spectroradiometer (MODIS) sensor on board the
Terra satellite were used in order to compare with the temperature
values recorded by the biological platforms. Level-2 images were ob-
tained from the Ocean Colour website (http://oceancolor.gsfc.nasa.
gov/) with spatial resolution of 1 km and re-projected using the
SeaDAS (v7.0) software (seadas.gsfc.nasa.gov). The images corre-
spond to 30 November 2008, 25 November 2011, 7 December 2012
and 29 November 2013, all days where the instrumented penguins
were foraging at sea. The criterion for selection of the images was to
prioritize the quality (i.e. absence of clouds) and in those years where
penguins spent several days at sea (see Table 1) the image that corre-
sponded to the nearest middle point of the temporary window. In the
few cases in which we had more than one image of the same time win-
dow, we checked to ascertain that there were no major differences, be-
yond the presence of blanks of information produced by the presence
of clouds. The times of the images were ca.14:00 h GTM, which was
near local midday. Daytime images were used as those of night-time
were almost invariably poor quality due to the presence of clouds.

In order to compare the in situ data collected by biological plat-
forms, a linear regression analyses with SST data obtained via remote
sensing was performed. For this, the average of in situ measured SST
values within each pixel of 1 km2 (i.e. that is the minimum spatial res-
olution of MODIS images) was used to compare with the pixel corre-
sponding to the same portion of the sea (i.e. lat., long.) but collected
by satellite. This later SST value was obtained from MODIS satellite
products, always selecting the image that was closest to the time when
each penguin was at sea. This procedure is known as a ‘much-up’
analysis, as it is the spatio-temporal alignment of in situ and satellite
records (see Williams et al., 2013). The main parameters of the linear
regressions (i.e. slope, intercept and r2) were obtained following a type
II model or Standard Major Axis (SMA) (see Williams et al., 2013).

With the aim of qualitatively compare the frontal regions explored
by penguins, the presence (or absence) of vertical stratification of
water bodies was evaluated, by selecting three stations of the CON-
ICET-CADIC-CENPAT (i.e. CONCACEN) campaign, conducted in
the Research Vessel ARA Puerto Deseado in November 2009, this
being the closest to the penguin routes and regarding the time of the
year (mid-November). There were no other oceanographic cruises for
the same region in this time window. Station 18 was held on Novem

Table 1
Number of dive-stations for each individual-platform (GPS-TDlogs) during the austral
late spring (Nov–Dec) of 2008, 2011, 2012 and 2013. Also, the maximum range of dates
at-sea per year was reported.

IDs Number of dives

2008 2011 2012 2013

#1 501 1214 383 539
#2 468 676 566 456
#3 440 273 982 385
#4 658 799 393 860
#5 454 786 946 753
#6 404 458 1561 1094
#7 912 778 601 174
#8 360 – – 535
#9 730 – – 210
#10 721 – – –
Total 5648 4984 5432 5006
Mean 565 712 776 556
Range of dates at-sea 28/11–30/11 23/11–25/11 03/12–08/12 26/11–02/12
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ber 18, and 22 and 23 on November 20, both in 2009. The instrument
used was a CTD SeaBird-19.

Finally, to compare statistically and simultaneously the relation-
ship between satellite-derived SST and in situ SST (i.e. the character-
istics of the linear regressions; slopes and intercepts) and the temper-
ature ranges between years, an ANCOVA was performed (Zar, 1999).
All statistical analyses were achieved using the open source statisti-
cal package R version 3.0.1 (R Development Core Team, 2013) with
a level of significance of P < 0.05.

3. Results

3.1. Database, at-sea distribution, and penguin transects

The diving records provided by the instrumented penguins
matched the temperature sampling stations of classic oceanographic
ship-based surveys. The total number of “stations” (i.e. temperature
profiles) was 21,070 (5648, 4984, 5432, 5006 for years 2008, 2011,
2012, and 2013, respectively; Table 1). During the 2011, one of the
electronic devices did not record properly, so we finally obtained in-
formation from 7 individuals for that year (see Table 1).

During the four studied years, the foraging penguins preferentially
used a marine area located ca. 25–65 km off the coast of Valdés
Peninsula, to the east, southeast, northeast, northwest and north of the
colony, and between 41°35′ and 42°35′ south; and 64°45′ and 62°40′
west, approximately (Fig. 2; see Sala et al., 2012a).

3.2. Data comparison: in situ vs. satellite-derived sea surface
temperature

There was a strong positive relationship between satellite-derived
and in situ data of SST, with linear coefficients of determination (r2)
varying between 0.65 and 0.82 (Fig. 3). Scatter plots suggested that
SST obtained by satellite are generally higher than those values taken
in situ by animal-borne sensors (Fig. 3). Despite this, it is important
to note that the maximum difference between the two data sources
was nearly 2 °C. The most extreme differences occurred in 2008,
showing a substantial bias of satellite data at higher temperatures

(Fig. 3), with average values of 14.14 ± 0.52 °C (range:
13.14–15.56 °C) and 13.17 ± 0.57 °C (range: 12.23–14.80 °C) for
satellite-derived and in situ, respectively.

We also found a high degree of correspondence between SST
maps derived from the interpolations made using the in situ data and
those obtained through remote sensors (Fig. 4). In general terms, the
tongue of cold water (12–13.5 °C) is notable that follows the contour
of the Valdés Peninsula (Fig. 4), and a smooth thermal gradient to-
ward higher temperatures (13.5–15 °C) as penguins headed far from
the coast, to the east and northeast (Fig. 4). During 2012, 2013, for-
aging birds clearly sampled the thermal frontal system of San Matías
Gulf and the shift of this oceanographic feature toward the south (Fig.
4), whose southern edge is usually located from west to east near to
the parallel 41.5° S (Piola and Scasso, 1988; Williams et al., 2013;
Tonini et al., 2013). This shift was manifested in an overall increase in
the SST in the study area, mainly during 2012 (Fig. 4; Temperatures
(in situ) (mean ± SD [range]): 2008: 13.17 ± 0.57 °C [12.23–14.80 °C];
2011: 13.16 ± 0.54 °C [12.32–14.43 °C]; 2012: 14.02 ± 0.93 °C
[12.68–16.71 °C]; and 2013: 13.40 ± 0.80 °C [12.25–15.34 °C]). The
average values of SST differed significantly between data sources and
years (ANCOVA: Multiple-r2 = 0.79, F3, 2121 = 2687, P < 0.0001), be-
ing the records obtained by satellite greater in all cases and partic-
ularly higher in 2012 (Fig. 5). Beyond that, 2012 was the year that
showed higher SST values, and it is important to highlight the con-
sistency between the in situ records for the other three years (Fig.
5a), with median values ca. 13 °C, in comparison to greater variability
recorded through remote sensing (Fig. 5b).

3.3. Three-dimensional characterization of the water column

We characterized two types of water columns explored by pen-
guins: homogeneous (Fig. 6a) and stratified (Fig. 6a and b). In general
terms, those birds that moved to the northeast, east and southeast (Fig.
2), recorded temperature values from mixed water masses (Fig. 6a[i]).
However, those penguins foraging into the mouth of the San Matías
Gulf (i.e. heading to north or northwest directions) (Fig. 2), recorded
temperature values from stratified water columns (Fig. 6a[ii], b).

Fig. 2. Oceanographic sampling routes performed by Magellanic penguins during the late-spring (Nov–Dec) years of 2008 (black), 2011 (green), 2012 (red) and 2013 (blue). The
tracks represent those fixes where penguins dived to depths greater than 2.5 m (see “Methods”), and recorded values of in situ seawater temperature. The yellow cross shows the
position of the colony. Bathymetry is shown in blue scale. VP, SMG and SJG refer to Valdés Peninsula, San Matías and San Jose Gulfs, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Satellite-derived estimates versus in situ sea surface temperature (SST) data collected by biological platforms (i.e. penguins) during four austral late-spring seasons. The red
lines represent the SMA linear regression. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

To study the inter-annual variability of the water column tempera-
ture, and/or to analyse the presence, structure, position and character-
istics of the thermocline associated with the frontal system, we investi-
gated vertical sections from animals exploring areas of different types
of water stratification: (1) a region with high tidal mixing where the
water column remains homogeneous (Fig. 7; e.g. Pisoni et al., 2015);
and (2) a region where a system of thermal fronts is present (i.e. San
Matías Gulf) (Fig. 8). In the first case, we selected four tracks based
on their spatial coherence (i.e. one per year) in order to compare pat-
terns and values of temperature at different depths (Fig. 7a). In the sec-
ond case, we were only able to choose two trip sections from different
years (Fig. 8b).

In the region with high tidal mixing, the temperature range along
the section was ca. 1 °C in 2008 and 2012 and lower (0.5 °C) in
2011. In 2013, the selected section began further from the coast, pre-
venting proper comparisons (see Fig. 7b). The warmer temperatures
were found near the colony in 2008 and 2012 (Fig. 7b). As expected,
the sections were vertically homogeneous but, interestingly, a tran-
sect performed by the penguin in 2013 showed a weak stratification
(∼0.3 °C at 50 m depth; Fig. 7b), this being somewhat unexpected
for the area according to the estimations of Simpson-Hunter (Simpson
and Hunter, 1974; Palma et al., 2004) and Simpson (Simpson, 1981;
Sabatini and Martos, 2002; Bianchi et al., 2005) parameters, both used
to. estimate the degree of vertical stratification. Austral late-spring
seasons of 2008 and 2012 showed 3D-temperature profiles

with an extensive (∼10 km) cold water column located ca. 30 km from
the colony (Fig. 7b). This tongue seems to be the water flowing to the
north from Valdés front (see Fig. 4) as described by Gagliardini and
Rivas (2004) and Tonini et al. (2013).

3.4. Detection of small-scale process?

Analysing in detail the profile plotted in Fig. 8b, ca. the 15 km
mark of the transect done by this penguin, relatively warmer sea sur-
face temperature values (∼0.5 °C) were registered, (see Fig. 8a and b).
This pattern could be linked to the passage of penguin near a warm
core vortex in a stratified water column. The vortex may have been
generated by friction when leaving a jet of marine water from the
San José Gulf, due to the tidal currents (Amoroso and Gagliardini,
2010). These eddies can be observed with high resolution images
as LANDSAT (Amoroso and Gagliardini, 2010) but are difficult to
detect using thermal imaging of 1 km spatial resolution, such as is
used in this work. Curiously, the profile plotted in black in Fig. 8a
shown a temperature inversion (<0.2 °C) just below 30 m depth. This
minimum could generate vertical instability if not offset by a mini-
mum in salinity; since a colder water mass can only remain above
a mass of warm water (in relative terms) if its density is compen-
sated through salinity. As we do not have records of salinity, it is
not possible to verify this. However, observations made in the same
region in December 1987 show a minimum of salinity in the San
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Fig. 4. Maps of SST (°C) deduced from in situ penguin-collected data (left) and from satellite-derived data (right; i.e. MODIS Terra) during of 2008, 2011, 2012 and 2013 austral
late-spring seasons. The tracks made by penguins are shown in black.

Matías Gulf about 40 m deep that can exceed 0.1 ups (Framiñán et al.,
1991; Pisoni, 2012), enough to compensate for this difference in tem-
perature and allowing for the profile to be stable. In turn, it shows that
the thermocline depth is lesser with higher sea surface temperature,
suggesting a greater vertical stability (Fig. 8b).

4. Discussion

4.1. The importance of penguins as biological platforms

A typical oceanographic campaign in the Patagonian region aboard
a research vessel has about 30 stations (see Rivas and Beier,
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Fig. 5. SST records collected (a) in situ by animal platforms and (b) through remote sensing during late spring of 2008, 2011, 2012, and 2013. The black line of each box represents
the median. Ends of every box represent the upper and lower quartiles, and the whiskers represent the minimum and maximum values.

Fig. 6. (a) Three-dimensional temperature records of the water column taken by two biological platforms in 2012, showing the two main structuring types of water bodies in the
study region. (b) Details of the three-dimensional temperature records for the penguin travelling north over the mouth of San Matías Gulf track ii in (a). Note the high level of spatial
resolution to detect both the thermal front and the formation of the thermocline. VP, SJG, SMG and RNP refer to Valdés Peninsula, San José Gulf, San Matías Gulf, and Río Negro
Province, respectively.

1990; Williams et al., 2013) which is up to 60 times less than a pen-
guin can collect acting as biological platform (i.e. up to 1561 ″sta-
tions” in a single year; Table 1), although probably less accurate and,
so far, limited to a single variable, in this work (but see Block et al.,
2016).

Unlike traditional methodologies used to gather in situ oceano-
graphic data (e.g. ships, buoys, ROVs, gliders, etc.), transects made
by biological platforms cannot be previously programmed (see Fedak,
2004, 2013). Nonetheless, in the case of penguins and other seabirds
such as cormorants, these can be partially predicted according to the
tracks performed by birds of a same colony during previous years (see
Harris et al., 2014). The regular use by foraging penguins of similar
marine areas among years seems to indicate some degree of stability
in food availability and environmental characteristics which has been
reported in other studies (Hansen et al., 2001; Acha et al., 2004; Pisoni
et al., 2015).

Nevertheless, during 2012 Magellanic penguins displayed very dif-
ferent foraging parameters (see Wilson et al., 2015), exploiting re-
gions farther from the colony (see Figs. 2 and 4) and spending more
time at sea and more time consecrated to both travelling and foraging
(Wilson et al., 2015). In addition, penguins in 2012 had significantly
lower rates of undulations in their dive profiles (i.e. specific move-
ments associated with the pursuit and capture of prey), being approxi

mately half that of the “normal” years (Wilson et al., 2015), indicat-
ing that prey capture rates were similarly reduced (Sala et al., 2012b;
Wilson et al., 2015). Even more, figures of fishing fleet captures of
anchovy (i.e. the main Magellanic penguin prey at Punta Norte/San
Lorenzo; see Scolaro et al., 1999), released by the Ministerio de Agri-
cultura, Ganadería y Pesca de la República Argentina, for the region
during 2012 showed a decrease of 50% compared to “normal” years
(see Wilson et al., 2015). Although we do not know the reasons that
may have caused this, the fact is that these types of anomalous years
complicate the long-term surveys, since the routes and portions of sea
that are sampled by biological platforms are affected.

4.2. Are satellites overestimating SST?

We found a high degree of correspondence between SST records
derived from the biological platforms and those obtained through re-
mote sensors (Figs. 3–5). Following the same approach, Weimerskirch
et al. (1995) presented a strong correspondence between SST data col-
lected by wandering albatrosses (Diomedea exulans) and those from
satellite imagery.

Beyond this, we have registered a certain degree of overestimation
in the sea surface temperature records obtained by satellite, compared
to those collected in situ by the penguins (see Figs. 3–5). This already
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Fig. 7. Water column prospected by penguins fitted with GPS-TDlogs (see “Methods”). (a) Spatial location of sections selected from four foraging trips of different years. Ba-
thymetry is shown in grey scale. (b) Temperature profiles, i.e. vertical sections (m) of temperature (°C) against distance from the westernmost position (km). The grey shaded area
corresponds to the bottom topography of the area. Small black dots distributed within the water column represent the position of the records collected by GPS-TDlogs, and are aligned
because all records for each independent dive are assigned to a unique position (lat., long.; see “Methods”).

have been previously reported at the same area from SST data gath-
ered by conventional methods (Williams et al., 2010, 2013). A par-
ticular bias occurred in 2008, also during November of this year,
Williams et al. (2013) found a large disposition toward positive values
derived from satellite SST respect of those taken during an oceano-
graphic campaign. This type of excessive bias (i.e. up to +6 °C) was
also recently reported in coastal marine waters of South Africa (Smit
et al., 2013). These findings, away to provoke concern, should alert
us about the care we must take when using satellite-derived SST
data near coastal regions unless we have a correct validation from in
situ data for the same region and time of year. However, it should
be stated that the image data correspond to a given day and time
while the penguins can travel on average between 100 and 130 km
in 24 h (see Wilson et al., 2015). Thus, while the satellite informa-
tion is static, those data obtained in situ by biological platforms are
dynamic (i.e. since there are many records for the same pixel of

1 km2 (which are then averaged) and, moreover, do not necessarily ex-
actly match the date and time of the satellite record for that pixel) and
this could explain much of the difference between the primary sources
of data, for example, by diurnal variations observed in the SST (Pisoni
JP, Rivas A, Sala JE and Quintana F, unpublished data).

Our results exhibited a strong consistency with those reported by
Williams et al. (2010, 2013), where authors compare the values ob-
tained from the satellite-derived SST data with in situ ship-based mea-
surements in San Matías Gulf. Both showed high correlation between
data sources and an overestimation of the satellite-derived values, as
it reported in our work. Satellite-derived marine meteorological data
typically allows the SST spatial reconstruction with an accuracy of
between ±0.5 and ±2 °C depending on several factors such as: the
type of sensor, the numerical model used, solar heating (diurnal warm-
ing), cloud cover, proximity to the coastline and/or wind speed (e.g.
Gentemann et al., 2003; Smit et al., 2013; Baldock et al., 2014).
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Fig. 8. Water columns prospected by penguins fitted with GPS-TDlogs. The panel (c) shown the two sections selected from foraging trips from different years (i.e. (b): 2013 and
(d): 2012), and the three selected stations of CONCACEN campaign from 2009 undertaken by the RV ARA Puerto Deseado (i.e. yellow dots; see “Methods”). The panels (b) and (d)
illustrate the temperature profiles; i.e. vertical sections (m) of temperature (°C) against distance from the southernmost position (km). The grey shaded area corresponds to the bottom
topography of the area. Small black dots distributed within the water column represent the position of the records collected by GPS-TDlogs, and are aligned because all records for
each independent dive are assigned to a unique position (i.e. lat., long.; see “Methods”). Bathymetry is shown in grey scale in (c). Detailed analysis of the water column prospected by
the penguin section of 2013 and the data from the stations 18, 22, and 23 (grey dashed lines), collected by the CTD (2009), are plotted in (a). The three boxes labelled “blue”, “red”
and “black” correspond to three dives selected to analyse the temperature vs. depth profiles, which are reported in (b). Note that the profiles informed in (b) have records both during
the descent and the ascent phases of the dives, showing a high congruence between them. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

The present study showed a very good fit of the SST obtained by
two different information sources, and the greatest difference between
them was +2 °C. This bias between the two measurements (i.e. SST
overestimation by satellite, in this case) could also be related to the
fact that we considered SST to those temperature records collected
by penguins at depths between 2.5 and 5 m, while the satellite sensor
measurements are restricted up to 1 mm (see Donlon et al., 2002). But
also our satellite records of SST are diurnal, which are usually higher
than night-collected data (Gentemann et al., 2003).

4.3. Biological platforms for mapping 3-D marine temperature fields

Foraging penguins equipped with GPS-TDlogs allowed us to ex-
plore the thermal structure of water bodies in the study region. The
sections selected to illustrate the temperature of the water column
within the thermal fronts (Fig. 8c), showed the clear presence of the
front at the surface and the conformation of thermoclines (Fig. 8a,b
and d). During the austral late-spring, the frontal system starts through
the mouth of the San Matías Gulf (N-S axis) and continues going
typically near 41.5° S (W-E axis), acting as a barrier that splits the
Gulf into saltier and warmer waters towards the north and fresher and
less salty waters to the south (Piola and Scasso, 1988). The estab-
lishment of this mesoscale oceanographic feature is associated with
dense shoals of fish, providing attractive regions to be exploited by
penguins and other top predators (Koen-Alonso and Yodzis, 2005;
Ocampo-Reinaldo et al., 2013).

In general terms, the temperatures in the CONCACEN campaign
of 2009 were lower than those collected by penguins, and this can be
due mainly to the fact that data were recorded in mid-November, while
the animals were sampled by the end of this month and/or early-De-
cember, although inter-annual variability might also be relevant here.
Importantly, stations 18 and 23 were vertically homogeneous by being
near the mouth of the San Matías Gulf although station 18 was cooler
than 23 (Fig. 8a and c). Furthermore, station 22 had stratification (Fig.
8a) as vertical mixing probably fails to homogenize the entire water
column because the depth is greater than at station 23 (see bathyme-
try in Fig. 8c). This alternation between vertically homogeneous and
stratified water is also detected by the penguins, although neither the
positions or the dates were exactly the same (Fig. 8).

The southern region of San Matías Gulf shows a complex dy-
namism, which is partly governed by sub-mesoscale eddies generated
by the exchange of water with the San José Gulf (see Amoroso and
Gagliardini, 2010). Due to the dynamic (i.e. ephemeral and highly mo-
bile) of these processes, their detection by conventional in situ oceano-
graphic studies is almost impossible. This points to the importance
of biological platforms, since such processes have so far only been
described via remote sensing (Amoroso and Gagliardini, 2010). This
would reinforce the idea of interdisciplinary interaction as proposed
here and shown, unfailingly, by studies using biological platforms for
studying marine dynamics with great detail (e.g. Fedak, 2004, 2013;
Block et al., 2011, 2016).

4.4. Ecological implications

At the northern end of its breeding distribution range, the Magel-
lanic Penguin is a main consumer of anchovy (Engraulis anchoita)
(Frere et al., 1996; Scolaro et al., 1999; Wilson et al., 2005), which
is one of the best-studied fish species in their relation to the oceano-
graphic characteristics of the Argentine Sea (Hansen et al., 2001;
Madureira et al., 2009). This school fish represents a crucial inter-
mediate step in the energy flow through the food web, dominat-
ing the middle level between plankton and marine top predators
(Koen-Alonso and Yodzis, 2005; Bakun, 2006). In addition, it is the
most abundant and ecologically important of the pelagic fish resources
of Argentina (Hansen et al., 2001; Skewgar et al., 2007). Accord-
ing to Hansen et al. (2001), the annual distribution of the Patagonian
stock of Argentine anchovy is related to three frontal areas that occur
in the northern region of the Argentine Continental Shelf, during the
late-spring and early-summer: (i) at the mouth of San Matías Gulf; (ii)
in front of Valdés Peninsula; and (iii) along the Patagonian coast, ad-
jacent to Escondida Island (Fig. 1). In fact, areas with strong influence
of thermal fronts are those with the greatest anchovy density and abun-
dance (Hansen et al., 2001). In the vertical dimension, the anchovy is
distributed within the range of temperatures between 8.5 and 16.5 °C,
with an apparent preferential range between 10.5 and 13.5 °C during
the daytime (Hansen et al., 2001).

It has been shown that an increase in SST can cause a distribu-
tion in the shift of schools of fishes (e.g. Perry et al., 2005; Blanchard
et al., 2012). During 2012, the SST range registered by the penguins
was 12.7–16.7 °C (see Figs. 4 and 5), moving toward the warmer val
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ues of the preferred range of anchovies. Therefore, this may be the
main reason for the exaggerated increase in foraging effort recorded
by birds instrumented during that year (see Wilson et al., 2015). In
short, thermal fronts represent the main cues to the distribution of
schools of anchovy, and annual fluctuations in the positions of these
fronts seem to be followed by changes in at-sea distribution and forag-
ing behaviour of anchovy predators such as the Magellanic Penguin.

Bakun and Parrish (1991), have described the possible mechanisms
underlying Patagonian marine fronts resulting in excellent conditions
for the reproduction of the anchovy in the late spring. The authors sug-
gest that the strong tidal mixing in the shallower waters, upwells nu-
trients and this would provide the necessary support for the photosyn-
thetic activity (i.e. maximum at this time of year); triggering the pro-
duction of small particles of food which then descends to more stable
zones, such as the thermocline (Bakun and Parrish, 1991). Hansen et
al. (2001) have reported that in the Argentine Sea the anchovies seem
to prefer surface water layers above the thermocline typically located
ca. 20–40 m deep. The 3D-temperature profiles gathered by our for-
aging penguins clearly showed that the position of the thermocline,
once established, is ca. 20–40 m deep (Fig. 8a,b and d), where active
foraging is expected (see Hansen et al., 2001). According with this,
our data show a high intensity use of thermocline by penguins in this
area. This behaviour has already been recorded for other species of
piscivorous penguins such as the King Penguin (Aptenodytes patag-
onicus; Charrassin and Bost, 2001; Bost et al., 2015), the Little Pen-
guin (Eudyptula minor; Pelletier et al., 2012) and the African Pen-
guin (Spheniscus demersus; van Eeden et al., 2016), where the ther-
mocline would be acting as a cue to prey distribution for these marine
top predators. Consistently, earlier works on the foraging behaviour of
Magellanic penguins from the same colony have shown how animals
concentrate their foraging activities in the first 40 m of the water col-
umn, devoting an exaggerated time and energy between 20 and 40 m
(Sala et al., 2012b, 2014, 2015).

Oceanographic features unquestionably modulate the distribution,
behaviour, foraging effort and the survival of many marine top preda-
tors (see Bost et al., 2009; Block et al., 2011). In the particular case
of penguins, it has been demonstrated that oceanographic shifts of
the feeding “hot spots” impact on their reproductive success (e.g.
Boersma and Rebstock, 2009; Bost et al., 2015; Kowalczyk et al.,
2015). It is thus very important to monitor over time any environ-
mental forcing (e.g. location of the thermal fronts; sea temperature
ranges; presence, magnitude and depth of the thermocline; etc.) so as
to ensure the conservation of these animals (Sala et al., 2012a, 2015;
Pelletier et al., 2012; Bost et al., 2015; van Eeden et al., 2016). Con-
versely, Argentina is a pioneer in the Southwest Atlantic region in the
exploitation of the anchovy and the manufacture of products derived
from it, as various types of food for human consumption, targeting
both domestic markets and for export (e.g. > 80% of this is salted fish;
Madureira et al., 2009).

5. Conclusions

This work shows the potential of biological platform as oceano-
graphic data samplers in one of the most complex regions for naviga-
tion of the Argentine Continental Shelf, where rough seabed forms are
present in the topography (Gagliardini et al., 2005). Although slightly
less accurate than ship-based surveys, the information collected by
animals has the advantage of an increased spatial density at compar-
atively much lower costs (Weimerskirch et al., 1995; Fedak, 2013;
Block et al., 2016). Even though the area to be sampled by biolog-
ical platforms cannot be pre-determined (Boehme et al., 2010), an

imals have the ability to explore areas of difficult access for oceano-
graphic ships, and with greater frequency, sampling intensity and
lower cost (Fedak, 2004, 2013; Roquet et al., 2014; Block et al., 2016).

Massive and coordinated large-scale deployments of devices ca-
pable of collecting high-quality oceanographic data are contributing
significantly to the global ocean data sets (Fedak, 2013; Block et al.,
2011, 2016). So much so, in some regions of the world they repre-
sent approximately 70% of all available oceanic profiles (Fedak, 2013;
Roquet et al., 2014). The technology is constantly evolving and there
are now miniaturized instruments available on the market that also
record a large set of biophysical and chemical parameters such e.g.
chlorophyll concentration, dissolved oxygen, dissolved organic mat-
ter, the transmission of light underwater, among others (see Boehme
et al., 2010). If technological developments continue to advance in the
field of miniaturization, and by improving energy consumption (and
thereby increasing autonomy; see Broadbent et al., 2013), there will be
a greater number of parameters available that can be collected by these
electronic devices (e.g. pollutants; Boehme et al., 2010; Broadbent et
al., 2013).

Although we recognize that ocean-temperature data recorded by
animals are unlikely to replace oceanographic data collected via ship-
board surveys, gliders or ocean buoys, the acquired data via biolog-
ical platforms are important to know the habitat preferences of the
species, and to complement typical oceanographic studies (e.g. Roquet
et al., 2014). Biological platforms like penguins are able to reach ar-
eas where oceanographic ships-surveys are rare due, for example, to
the presence of high-risk navigation areas with big sand waves (see
Gagliardini et al., 2005, and references therein) and large tidal energy
(Palma et al., 2004; Tonini et al., 2013). In addition, some authors (e.g.
Brown and Minnett, 1999) have emphasized the need to increase in
situ measurements for the austral latitudes for subsequent parameteri-
zation of theoretical modelling (cf. Fedak, 2013; Roquet et al., 2014).

There is a growing number of papers that seeks to use the satel-
lite-derived products for proper development, implementation and/
or monitoring of Marine Protected Areas (e.g. Baldock et al., 2014;
Scales et al., 2014; Miller et al., 2015). However, validation and mon-
itoring of this kind of data with in situ records is essential. In a context
where climate change and other human pressures on the ocean are in-
creasing globally (Halpern et al., 2015, and references therein), instru-
mented marine top predators may therefore usefully and cheaply com-
plement the databases provided by conventional hydrographic surveys
and remote sensing (see Block et al., 2016), especially in distant, ex-
tensive and rough areas such as the Southwest Atlantic Ocean.

The approach of using biological platforms for the study of envi-
ronmental variables has allowed records collected by different species
to be analysed. This capability to improve our understanding of the
coupled ocean-atmosphere system, and physical environment through
which the marine animals are moving, by filling oceanographic ob-
serving and knowledge gaps, has catalysed the emergence of initia-
tives such as U.S. Animal Telemetry Network (ATN), as part of U.S.
Integrated Ocean Observing System (IOOS) (see Block et al., 2016;
http://www.ioos.noaa.gov/observing/animal_telemetry/welcome.
html). This network of biological platforms (i.e. ATN) has the poten-
tial to become a flagship for establishing additional national-level
telemetry networks worldwide (Block et al., 2016).

In this paper, we have shown how animal-born platform can very
usefully complement of conventional surveys, especially in low-in-
come countries such as Argentina. But, to be successful over time,
this however require overcome several restrictions: (i) a long-term
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deployment of recorders on instrumented animals which need a strong
logistic and financial support from the governmental agencies; and
(ii) the development of interactive data bases, allowing a straightfor-
ward use of animals' temperature data for oceanographers and biolo-
gist, prepared and calibrated for the analysis.

In this sense, in recent years Argentina has launched two initiatives
that allow us to think about the possibility of sustaining long-term ma-
rine research and monitoring as presented in this paper. First, “Pampa
Azul” (www.pampazul.gob.ar) is a strategic scientific research initia-
tive focused on the Argentine Sea that includes exploration and con-
servation activities; technological innovation for productive sectors
linked to the sea; and of scientific dissemination addressed to the gen-
eral public. It is a 10-year State policy, and was launched on April
2014. It is the first national action developed at the interministerial
level (i.e. involves the Ministries of: Science, Technology and Pro-
ductive Innovation; Foreign Affairs and Worship; Agriculture, Live-
stock and Fisheries; Tourism; Defence; Security; and Environment
and Sustainable Development) that aims to deepen scientific knowl-
edge on the basis of the conservation and management of the nat-
ural resources of the Argentine Sea. Second, the National Marine
Data System (SNDM, for its acronym in Spanish; www.datosdelmar.
mincyt.gob.ar) is an initiative of the Ministry of Science, Technology
and Productive Innovation, released in October 2013, whose mission
is to ensure accessibility to the data and marine information of the
South Atlantic Ocean and the Antarctic. The main objectives are to fa-
cilitate the exchange of data and marine information for the improve-
ment of scientific knowledge and decision-making; analyse and agree
policies on access, quality and transfer of marine data and informa-
tion; and promote international cooperation; among others.

Thus, through this work, we urge researchers involved in the con-
servation and management of global oceans to contribute to the devel-
opment of initiatives such as those presented here, in their respective
countries.
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