
Progress in Oceanography 218 (2023) 103120

A
0

Contents lists available at ScienceDirect

Progress in Oceanography

journal homepage: www.elsevier.com/locate/pocean

Swimming in an ocean of curves: A functional approach to understanding
elephant seal habitat use in the Argentine Basin
Nadège Fonvieille a,b,∗, Christophe Guinet b, Martin Saraceno c,d,e, Baptiste Picard b,
Martin Tournier b, Pauline Goulet b, Claudio Campagna f, Julieta Campagna g, David Nerini a

a Mediterranean Institute of Oceanography, Aix-Marseille Université, CNRS/INSU, Université de Toulon, IRD, 13288, Marseille cedex 09, France
b Centre d’Etudes Biologiques de Chizé, UMR 7372, CNRS-La Rochelle Université, 79360, Villiers-en-Bois, France
c Universidad de Buenos Aires, Facultad de Ciencias Exactas y Naturales, Departamento de Ciencias de la Atmósfera y los Océanos (DCAO), Buenos
Aires, Argentina
d CONICET – Universidad de Buenos Aires, Centro de Investigaciones del Mar y la Atmósfera (CIMA), Buenos Aires, Argentina
e Instituto Franco-Argentino de Estudios sobre el Clima y sus Impactos (IFAECI) – IRL 3351 – CNRS-CONICET-IRD-UBA, Buenos Aires, Argentina
f Wildlife Conservation Society, Marine and Argentina Programs, Buenos Aires, Argentina
g Centro para el Estudio de Sistemas Marinos (CESIMAR), CENPAT-CONICET, Puerto Madryn, Argentina

A R T I C L E I N F O

Keywords:
Southern elephant seals
Habitat use
Functional Data Analysis
Model-based clustering
Brazil-Malvinas confluence

A B S T R A C T

In recent decades, southern elephant seals (SES) have become a species of particular importance in ocean data
acquisition. The scientific community has taken advantage of technological advances coupled with suitable
SES biological traits to record numerous variables in challenging environments and to study interactions
between SES and oceanographic features. In the context of big dataset acquisition, there is a growing need
for methodological tools to analyze and extract key data features while integrating their complexity. Although
much attention has been paid to study elephant seal foraging strategies, the continuity of their surrounding
three-dimensional environments is seldom integrated. Knowledge gaps persist in understanding habitat use by
SES, while the representativeness of a predator-based approach to understanding ecosystem structuring is still
questioned. In this study, we explore SES habitat use by using a functional data analysis approach (FDA) to
describe the foraging environment of five female elephant seals feeding in the Southwestern Atlantic Ocean.
Functional principal component analysis followed by model-based clustering were applied to temperature
and salinity (TS) profiles from Mercator model outputs to discriminate waters sharing similar thermohaline
structures. Secondly, in situ TS profiles recorded by the SES were employed to determine the habitat visited
within the range of potential environments identified from the model data. Four Functional Oceanographic
Domains (FOD) were identified in the Brazil-Malvinas Confluence, all visited, in varying proportion, by four
of the five females studied. We found that the females favored areas where all the FODs converge and
mix, generating thermal fronts and eddies. Prey-capture attempts increased in such areas. Our results are
in accordance with previous findings, suggesting that (sub-)mesoscale features act as biological hotspots.
This study highlights the potential of coupling FDA with model-based clustering for describing complex
environments with minimal loss of information. As well as contributing to better understanding of elephant
seal habitat use and foraging strategies, this approach opens up a wide range of applications in oceanography
and ecology.
1. Introduction

Bio-logging is defined as the use of miniaturized animal-borne
devices that provide data on animal movement, behavior, physiology
or environment. Bio-loggers were first developed to investigate the at-
sea behavior and distribution of enigmatic marine megafauna (Boehme
et al., 2012; Block et al., 2011; Hays et al., 2016; Hussey et al.,
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2015; Jonsen et al., 2007; Payne et al., 2018). Nowadays, a wide
range of small-size instruments is available to sample, at high fre-
quency, fine-scale foraging behavior along encountered oceanographic
conditions (Block et al., 2016; Evans et al., 2013; Fedak et al., 2004;
Guinet et al., 2014; Harcourt et al., 2019). Large marine mammals,
especially pinnipeds, have become species of particular importance in
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marine-environment data acquisition through bio-logging approaches
(Bailleul et al., 2015; Fedak, 2013; Hindell et al., 2020; March et al.,
2020; Roquet et al., 2013). In this context, southern elephant seals
(Mirounga leonina, Linnaeus 1758, SES hereafter) may currently rep-
resent the most significant marine animal contribution toward the
collection of in situ oceanographic data. For instance, two-thirds of
the temperature and salinity profiles available for the Southern Ocean
are provided by SES equipped with Satellite Relay Data Loggers-CTD
(SRDL-CTD) as part of the AniBOS network within the Global Ocean
Observing System (McMahon et al., 2021; Roquet et al., 2014).

The most commonly-monitored environmental variables include
physical (temperature, salinity, light), bio-geochemical (chlorophyll-
a, oxygen) as well as biological variables such as bioluminescence
(Bailleul et al., 2015; Guinet et al., 2014; Jaud et al., 2012; Vacquie-
Garcia et al., 2012). More recently, the assessment of mid-trophic
level organisms including SES preys, ranging in size from a few mil-
limeters to a few centimeters, was made possible by implementing a
miniature echo-sounding device (Goulet et al., 2019; Tournier et al.,
2021). SES behavior information includes at-sea locations, fine-scale
three-dimensional (3D) diving behavior, swimming effort, as well as
prey-capture attempts (PCA, Le Bras et al., 2016, 2017). These tech-
nological advances have led to substantial multivariate environmental
and behavioral datasets used by physicists to investigate fine-scale
processes (Aubone et al., 2021; Carse et al., 2015; Roquet et al., 2013),
and biologists to study the at-sea ecology of these marine predators,
thus revealing critical foraging habitats (Labrousse et al., 2018) and
providing key information on the distribution and accessibility of food
resources (Goulet et al., 2019; Tournier et al., 2021). Finally, combin-
ing SES foraging behavior with oceanographic conditions encountered
along an animal’s trajectory is useful for understanding the trophic
web structure and for studying organisms in relation to key physical
processes (Bailleul et al., 2010; Cotté et al., 2015; Della Penna et al.,
2015; Dragon et al., 2010; Rivière et al., 2019).

However, such a predator-based approach also has its limitations.
The specific behavior of individual animals may induce selective bias
of the sampled in situ environmental conditions (Conn et al., 2017;
Dinsdale and Salibian-Barrera, 2019). Therefore, SES bio-sampling may
not be suited for monitoring the full range of oceanographic conditions
available to these animals. Consequently, it can be critical to consider
the visited habitats as only part of a realm of possibilities when assess-
ing the foraging habitat targeted by these predators. Although some
species can reasonably be assumed to be mainly constrained by surface
environmental conditions, like surface-feeding seabirds (Schreer and
Kovacs, 1997), diving species evolve in different layers of the water
column. SES are deep divers (Hindell et al., 2016), and as such, one
major difficulty when studying their foraging behavior is positioning
it within a broader 3D oceanographic context. Satellite oceanographic
data, while helpful for comparing marine predator tracks with sea
surface temperature, salinity, sea surface height and/or ocean colors,
cannot inform on the vertical variations of oceanographic conditions.
Yet, for an equal distance, vertical gradients of physicochemical vari-
ables are much more accentuated than oceanographic gradients at the
surface (Wunsch and Ferrari, 2004). Therefore, when investigating the
foraging behavior of (deep) diving predators, it is crucial to contextual-
ize this behavior in a 3D oceanographic environment. In this study, we
aim to understand the habitat used by elephant seals by analyzing the
3D habitat visited in relation to oceanographic conditions at a regional
scale.

Previous studies using classic oceanographic features tend to sum-
marize the structure of the whole water column by a single discrete
value like mean temperature or temperature at a given depth (Guinet
et al., 2014; Hindell et al., 2016). However, temperature and salinity
(hereafter TS) profiles are sampled by SES with SRDL-CTD (0.5 Hz
frequency) which provide a considerable dataset over an animal’s trip.
Reducing these high-resolution profiles to single discrete descriptors
2

leads to a substantial loss of information. Functional data analysis
(FDA), first introduced by Ramsay (1982), allows manipulating curves
or functions rather than scalars or vectors (discrete measures) used in
classic data-analysis techniques (Ramsay and Silverman, 2005). Func-
tional approaches encompass numerous methods and offer a wide
range of applications in various fields of sciences (Wang et al., 2016;
Ullah and Finch, 2013; Cuevas, 2014). This statistical framework has
recently been applied in marine science and showed strong potential for
describing vertical oceanographic features at a global scale (Pauthenet
et al., 2017, 2019). It is well suited to modeling TS profiles that are con-
tinuous variable functions of depth and can be applied to either in situ
or modeled data without being affected by the sampling grid. Alongside
FDA, various studies have proposed using profile classification models
(PCM, Maze et al., 2017a) to identify oceanographic regimes (Boehme
and Rosso, 2021; Jones et al., 2019; Maze et al., 2017b; Rosso et al.,
2020). PCMs take advantage of Gaussian mixture modeling (GMM) to
find meaningful objective groups in data (Bouveyron et al., 2019). Yet,
while these studies use temperature and/or salinity profiles, they do
not employ functional data methodology.

In this study, we propose to combine FDA with model-based clus-
tering within a collection of temperature and salinity profiles. The
proposed method shows promising results, allowing the identifica-
tion of spatio-temporal-coherent oceanographic regimes sharing similar
vertical thermohaline structures, named hereafter Functional Oceano-
graphic Domains (FOD). Another originality of this paper resides in
the coupling of TS profiles from Mercator model outputs and from
head-mounted SES loggers. Profiles from the model are used to de-
scribe the vertical thermohaline oceanographic environment at a re-
gional scale and identify FODs, while in situ profiles are used to
determine the actual conditions visited by the SES within the range
of possibilities provided by the model. This research offers new in-
sights into the bias induced by SES choices in the representativeness
of sampled environmental conditions. Moreover, prey-capture rates
are analyzed to understand the impacts of oceanographic conditions
on SES foraging strategies. This study is conducted on the Patago-
nian (Argentina) SES population known to forage within the Brazil-
Malvinas Confluence (BMC), a region of major importance for that SES
population (Campagna et al., 2021).

2. Method

2.1. Study area

The study is carried out on recently acquired data collected by SES
breeding in southern Argentina (Península Valdés, 42◦57′S, 63◦59′W)
and mainly feeding in the Southwestern Atlantic Ocean (Campagna
et al., 2006, 2021). This region includes the meeting zone between
the Brazilian Current (BC) and the Malvinas Current (MC). The MC
finds its origin in the Antarctic Circumpolar Current (ACC) that flows
eastward around Antarctica (Piola and Gordon, 1989). After passing the
Drake Passage, south of the Patagonian shelf, a portion of the northern
branch of the ACC is deflected northward, crossing the North Scotia
Ridge mainly through the eastern and western flanks of the Burdwood
Bank and the Shag Rocks Passage (Artana et al., 2016) and giving
origin to the MC. Rounding east of the Falklands (Malvinas) Islands,
the MC finds a way northward along the continental slope, following
isopotential vorticity contours (Saraceno et al., 2004) and carrying cold
and nutrient-rich subantarctic waters. Contoured by the Subantarctic
Front (SAF), the MC collides with the BC, flowing southward along
the Brazil coast at ∼38◦S (Gordon, 1981; Saraceno et al., 2004). The
collision generates a thermohaline front called the Brazil-Malvinas Con-
fluence zone (Deacon, 1937). The BMC creates instabilities generating
prominent (sub-)mesoscale structures, including eddies, making the
Southwestern Atlantic one of the most energetic regions of the world
ocean (Chelton et al., 1990).

The focus area is defined by the black rectangle displayed in Fig. 1.

This area covers the SES post-breeding trajectories in 2018 and 2019
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Fig. 1. Colored trajectories represent the five SES females equipped in October 2018
at Península Valdés and used for the analysis. The black rectangle defines the focus
area. Black lines delimit the Subtropical Front (STF), the Subantarctic Front (SAF) and
the Polar Front (PF) from Orsi et al. (1995). The blue color gradient indicates the
bathymetry, and the 200 m isobath (blue dashed line) defines the limit between the
continental shelf and the slope.

and includes the BMC region. Land covers 9% of the area. Within the
ocean zone, 30% is shallower than 200 meters and corresponds to the
Patagonian Continental Shelf (Piola and Falabella, 2009). The conti-
nental slope ends at 6000 meters depth, marking the beginning of the
Argentine Abyssal Plain also named the Argentine Basin. The GEBCO14
grid is used to define the bathymetry in the area (30 arc second resolu-
tion; distributed by the British Oceanographic Data Centre; Weatherall
et al., 2015).

2.2. Functional analysis

A bivariate principal component analysis for functional data (FPCA,
functional principal component analysis) is performed on temperature
and salinity (TS) profiles from Mercator model outputs to describe the
vertical structure of the BMC area and extract the principal modes of
variability at the regional scale. Model-based clustering is applied on
the first principal components (PC) of the FPCA to define regimes shar-
ing similar water properties, the Functional Oceanographic Domains
(FOD). In situ TS profiles recorded by five female southern elephant
seals (SES) are then projected onto the factorial map of the model-
derived FPCA in order to assign each SES dive to one FOD. This
step gained information on the oceanographic regimes visited by each
female along her trajectory. Fig. 2 summarizes the different steps of the
method. All analyses are conducted in R (Team, 2021) and with Matlab
R2021b.

2.2.1. Datasets

Profiles from elephant seal dives
Nine post-breeding female SES were tagged in October 2018 with

different bio-loggers at Península Valdés, following the procedure de-
scribed in McMahon et al. (2008). The females were captured and
anesthetized with an intravenous injection of Zoletil®100 (1:1 com-
bination of tiletamine and zolazepam) and tags were glued to the
pelage using Araldite adhesive. The animal manipulations were in
accordance with the ‘‘Use of Animals for Scientific Reasons (APAFIS)’’
ethics committee guidelines. Among phocids, the elephant seal is a
3

particularly well-suited species for monitoring the oceans. It forages
over extended distances (thousands of kilometers), diving continuously
(i.e. 60 times a day) at depths generally ranging between 400 and 1000
m, and exceptionally up to 2000 m (Hindell et al., 2016). SES return
to land to breed and molt at predictable cycles and places, facilitating
device recovery and high-frequency data acquisition. Their large size
allows scientists to equip them with several multi-sensor loggers with
minimal disturbance (McMahon et al., 2008).

All individuals were equipped with a SRDL-CTD tag (Sea Mammal
Research Unit, St Andrews, UK). The depth was logged with a 0.5 Hz
frequency and 0.5 m resolution. A dive corresponds to a period during
which the animal is deeper than 15 m continuously for at least 300
s (Le Bras et al., 2016). Each dive is associated with one temperature
and one salinity profile, sampled and corrected from the ascending
phase of the dive (Roquet et al., 2011; Siegelman et al., 2019). The
CTD tag provides discrete TS measurements with a 0.5 Hz frequency
and a 0.01 ◦C and 0.03 psu accuracy. Locations of the dives were
recorded using a Global Positioning System (GPS) for four individuals
equipped with a micro-sonar or a DTAG (Goulet et al., 2019, 2020). The
(approximately) 20 m resolution provided by the GPS offers accurate
coordinates but its short battery lifetime led to non-localized TS profiles
as the CTD continued to record data after the GPS stopped. Argos
locations (2–10 km resolution; Lopez et al., 2015) provided by head-
mounted SRDL-CTD or SPOT tags (Wildlife Computers, USA) were
used to obtain dive coordinates for the other five SES. Head-mounted
accelerometer sensors included in the SRDL-CTD, sonar and DTAGs are
used to assess prey-capture attempts (PCA, Gallon et al., 2013; Viviant
et al., 2010). The prey-capture rate (i.e. PCAs per unit time, referred
to as PCR) is calculated from the dive duration (Guinet et al., 2014;
Jouma’a et al., 2016) and used as a proxy of foraging performances.
A day-night period is assigned to all localized dives based on the sun
angle (Guinet et al., 2014). Day periods are defined when the sun angle
is > 12◦ above the horizon, while night periods are determined as <
−12◦ below the horizon. The threshold of 12◦ is selected to ensure a
clear distinction from dives occurring during the twilight period.

Out of the nine SES equipped, only five foraging within the BMC are
kept for the present study (Fig. 1). Among the discarded individuals,
one of the nine females traveled southward, following the coast of
Argentina to Chile, and two others spent the whole trip foraging over
the Patagonian slope. A fourth female presenting out-of-range salinity
data was also excluded. Those incorrect data were detected as outliers
via the FCPA described in Section 2.2.3. To determine oceanographic
conditions visited by the five selected SES, all localized and non-
localized TS profiles deeper than 450 m are considered, accounting for
a total of 9 537 dives. These recorded profiles constitute the in situ
dataset used in this work (step 1 Fig. 2).

Profiles from Mercator model outputs
The general three-dimensional oceanographic temperature and salin-

ity context of the study area is obtained by the GLORYS12V1 product
provided by the Copernicus Marine Environment Monitoring Service
(CMEMS, https://doi.org/10.48670/moi-00021). The dataset used to
define the environmental conditions, referred to as model-derived
profiles, corresponds to daily averaged TS profiles covering the defined
area (Fig. 1) from October 21, 2018, to January 23, 2019, spanning
a total of 95 days. The horizontal resolution of the dataset is 1/12◦,
which corresponds to approximately 8 km. The output products are
displayed on a 193 × 133 horizontal grid (longitude × latitude) and
50 vertical irregular depth levels extended from 0.5 m (surface) to
5728 m (bottom). Considering that the depth reached by the in situ
profiles depends on the SES behavior, it was decided that statistical
analysis would be applied on profiles (model and in situ) between 20 m
and 450 m. This choice excludes profiles sampled on the Patagonian
continental shelf (< 200 m) while capturing most of the vertical
variability in the open ocean and retaining a large proportion of in situ
profiles. The discrete model-derived profiles are linearly interpolated

https://doi.org/10.48670/moi-00021
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Fig. 2. Workflow of the functional analysis. (1) Model-derived and in situ TS profiles are stored in different data frames. (2). TS profiles are approximated with continuous
curves described by the coefficients of the B-spline decomposition. The coefficients are stored in new matrices. Each row corresponds to one observation. (3) The model-derived
observations are decomposed into modes of variability with the FPCA and projected onto a space of reduce dimension. Model-based clustering is performed in the space of the
first principal components to identify FODs (i.e. regimes sharing similar oceanographic structure). Steps (2) and (3) reduce the dimensionality of the initial data. (4) Finally, in
situ observations from elephant seals are projected onto the factorial map as new statistical observations to associate each dive with one FOD and determine the habitat visited
by the SES.
e

in order to obtain a uniform vertical grid with 44 × 10 m levels from
20 to 450 m. This step allows avoidance of spurious bumpiness in
curve fitting (Pauthenet et al., 2019). Those profiles constitute the
model-derived dataset used in this work (step 1 Fig. 2).

2.2.2. TS profiles as continuous curves
Temperature and salinity profiles are continuous functions along

depth. These data are always available as discrete values, induced by
the sampling method. Yet, values within a profile 𝑥(𝑡) are ordered based
on the parameter 𝑡. This link between two consecutive values implies
particular considerations. First developed by Ramsay and Silverman
(2005), statistical functional methods are explicitly designed to process
and study data that are functions, considering one curve as a single en-
tity. Each SES dive or each pixel (i.e. model-derived data) is described
by two profiles (temperature and salinity), making the data bivariate
functions. Those two profiles are intrinsically linked and regarded as a
unique observation.

The first stage of the functional data analysis (step 1 to 2 Fig. 2)
is to transform the discrete TS profiles into functions 𝑥(𝑧), with 𝑧 ∈
[20; 450] being the depth in meters (library fda, Ramsay et al., 2009).
This step is achieved by decomposing the profiles on a cubic B-spline
basis (Wahba, 1990). Each profile 𝑛 is expressed as a linear combination
of basis functions 𝜙𝑘(𝑧):

𝑥𝑖𝑛(𝑧) =
𝐾
∑

𝑘=1
𝛼𝑖𝑛,𝑘𝜙𝑘(𝑧), 𝑖 ∈ {𝑇 , 𝑆}, 𝑛 = 1,… , 𝑁, (1)

where the 𝛼𝑖𝑛,𝑘 coefficients are estimated by penalized least squares re-
gression (see Supplementary Material) and 𝑁 is the number of profiles.
The number 𝐾 of basis functions controls the vertical smoothness. Both
model-derived and in situ profiles are expressed according to the same
basis to facilitate their comparison. As the model-derived dataset used
in this study is composed of more than 2 × 1.5 million profiles (T and
S profiles) with 44 values per profile, one goal of the decomposition
procedure is to reduce the dimension of the data. A basis of 𝐾 = 15
functions is chosen, allowing sufficient vertical complexity to be kept
for both kinds of profiles while summarizing the data with a small
number of coefficients (see Supplementary Material). Henceforth, each

𝑇 𝑆
4

observation 𝑛, consisting of two profiles (𝑥𝑛 (𝑧), 𝑥𝑛 (𝑧)), can be expressed
as a vector 𝜶𝑛 of dimension 2 × 𝐾, merging temperature and salinity
coefficients:

𝜶𝑛 = (𝛼𝑇𝑛,1,… , 𝛼𝑇𝑛,𝐾 ; 𝛼𝑆𝑛,1,… , 𝛼𝑆𝑛,𝐾 )
′. (2)

Model-derived coefficients are stored in a matrix 𝗫𝑁 of size 𝑁 × 2𝐾,
with 𝑁 the number of model-derived observations (step 2 Fig. 2).
The mean model-derived observation 𝜶 = (𝛼𝑇1 ,… , 𝛼𝑇𝐾 ; 𝛼

𝑆
1 ,… , 𝛼𝑆𝐾 )

′ is
valuated with 𝛼𝑖𝑘, 𝑖 ∈ {𝑇 , 𝑆}, 𝑘 = 1,… , 𝐾, the empirical mean of the 𝑁

coefficients 𝑘.

2.2.3. Functional oceanographic domains (FOD)

Functional Principal Component Analysis
Functional principal component analysis (FPCA) is a powerful

method to reduce the dimension of the data (Wang et al., 2016).
It decomposes the thermohaline structure into modes of variability,
allowing simultaneous analysis of the shape variation of temperature
and salinity profiles. The search for the main modes of variability is
achieved by solving the following eigenvalue problem:

𝗩𝗪𝗠𝑏𝑙 = 𝜆𝑙𝒃𝑙 , (3)

associating 𝒃𝑙, the 𝑙th eigenvector with the 𝜆𝑙 eigenvalue. This step
allows us to find the unique decomposition of the matrix 𝗩𝗪𝗠. The
block-structured covariance matrix 𝗩 is computed from the matrix
𝗖 of centered coefficients such as 𝗩 = 1∕𝑁 × 𝘾 ′𝘾 . The centered
matrix 𝗖 is obtained by subtracting the coefficients of the average
profile 𝜶 from each row of 𝗫𝑁 . Matrix 𝗪, of size 2𝐾 × 2𝐾, guarantees
the metric equivalence between the functional problem (working on
functions) and its discrete version (working on coefficients). 𝗠 is the
weighting matrix used to normalize the coefficients of temperature and
salinity (see Supplementary Material). Each eigenvector generates two
eigenfunctions (𝜉𝑇𝑙 , 𝜉

𝑆
𝑙 ), also called vertical modes (see more details

in Supplementary Material and Pauthenet et al., 2017). A total of
2𝐾 eigenvectors are obtained, that can be sorted in ascending order
according to their associated eigenvalues. The eigenvector associated
with the largest eigenvalue corresponds to the first vertical mode. The
main factors of variability can be seen as a perturbation of the mean
function (𝑥𝑇 , 𝑥𝑆 ) by adding or subtracting the eigenfunctions (𝜉𝑇𝑙 , 𝜉

𝑆
𝑙 ):

𝑥𝑖 ±
√

𝜆 𝜉𝑖, 𝑖 ∈ {𝑇 , 𝑆}. (4)
𝑙 𝑙
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The FPCA is realized with the model-derived TS profiles (step 3 Fig. 2).
The observations can be projected into a 2D map using the first two
principal components (PC) computed as: 𝒄𝑙 = 𝗖𝗠−1∕2𝗪−1∕2𝒃𝑙 , 𝑙 = 1, 2.
Cs are the uncorrelated linear combinations of the original variables.
hey capture the variance of the system. For more details on the
ivariate FPCA procedure, the reader is referred to Nerini et al. (2022)
nd Pauthenet et al. (2017).

odel-based clustering
Oceanographic regimes are identified using model-based clustering

library mclust, Scrucca et al., 2016). First introduced by Wolfe
n 1963, model-based clustering is a clustering method based on a
robability model defined by a finite mixture of multivariate Gaussian
istributions, called components. The probability distribution of the
-variate observation 𝒚𝑛 = (𝑐𝑛,1,… , 𝑐𝑛,𝑃 )′, can be seen as a weighted
verage of 𝐺 conditional probability functions 𝑓𝑔 , 𝐺 being the number
f components:

(𝒚𝑛) =
𝐺
∑

𝑔=1
𝜏𝑔𝑓𝑔(𝒚𝑛|𝝁𝑔 ,𝜮𝑔). (5)

The parameter 𝜏𝑔 is the probability that an observation was generated
by the 𝑔th component while 𝝁𝑔 and 𝜮𝑔 are parameters that control
the shape of 𝑓𝑔 . The method allows us to assess uncertainty about the
clustering. Each cluster found is modeled by its own probability distri-
bution. As commonly used, the function 𝑓𝑔 is chosen as a multivariate
ormal density 𝜙𝑔 :

𝑔(𝒚𝑛|𝝁𝑔 ,𝜮𝑔) =
exp(− 1

2 (𝒚𝑛 − 𝝁𝑔)′𝜮−1
𝑔 (𝒚𝑛 − 𝝁𝑔))

(2𝜋)𝑃∕2|𝜮𝑔|
1∕2

, (6)

where 𝑃 is the size of the vector 𝒚𝑛, and the parameters 𝝁𝑔 and
𝑔 correspond respectively to the mean vector and the covariance
atrix of the Gaussian density 𝜙𝑔 . The model potentially owns a large
umber of parameters, depending on the dimension and the number
f groups, which may lead to computational issues in the estimation
rocess. A common way use to address this problem is to control the
eometric properties of the mixture components, known as Volume–
hape–Orientation decomposition. Details on the principle are found
n Bouveyron et al. (2019). In order to give as much freedom as possible
o the model computation, neither volume, shape nor orientation were
onstrained to be equal across the clusters. The choice of this model,
dentified by the letters VVV (for varying geometry), is in agreement
ith the Bayesian Information Criterion (BIC, Schwarz, 1978) and the

ntegrated Completed Likelihood (ICL, Biernacki et al., 2000), showing
he VVV model as the best combination.

The model-based clustering is applied in the space of the principal
omponents obtained from the model-derived FPCA developed above
step 3 Fig. 2). The expectation maximization algorithm (Fraley and
aftery, 2002) estimates the parameters of the model (Eq. (6)). The
ost appropriate number of group 𝐺 is found using the ICL criterion
hich is recommended when the focus of the mixture analysis is

lustering instead of density estimation (Biernacki et al., 2000). Initial
alues of the algorithm are selected by running the hierarchical model-
ased clustering with the VVV model (mclust package, Bouveyron
t al., 2019). However, since model-based clustering can be sensitive
o the initialization, we executed the model 100 times to choose the
ptimal pattern and assess the clustering variability.

.2.4. FODs visited by the elephant seals
In order to study FODs visited by the SES, in situ TS profiles are

rojected as new observations onto the factorial plan of the FPCA
ealized with model-derived data (step 4 Fig. 2). In situ TS profiles are
irst decomposed into T and S coefficients according to the procedure
xplained in Section 2.2.2. The 𝛥 matrix, of size 𝑀 × 2𝐾 stores the
ew coefficients centered with the vector 𝜶 computed from the model-

derived coefficients (see Section 2.2.2). Estimated scores �̂� of the 𝑙th
5

𝑙

Table 1
Variance (%) explained by the first principal components obtained from the functional
PCA performed on model-derived and in situ profiles.

Principal components

PC1 PC2 PC2

ACPF with model-derived TS profiles 94.50% 3.55% 0.72%
ACPF with in situ TS profiles 88.14% 5.93% 1.98%

principal component for the 𝑀 new observations are computed as
follows:

𝒄𝑙 = 𝛥𝗠−1∕2𝗪−1∕2𝒃𝑙 , (7)

with 𝒃𝑙 as the 𝑙th eigenvector. The pair (𝑐𝑚,1, 𝑐𝑚,2) gives the coordinates
of the 𝑚th in situ TS profile on the 2D map obtained from the model-
derived FPCA. This step relates the environmental conditions visited by
the seals to the actual range of possibilities given by the model-derived
analysis.

3. Results

3.1. Vertical modes in the Brazil-Malvinas confluence

The functional PCA is performed on 1 524 750 model-derived TS
profiles covering the defined area (Fig. 1) over 95 days (21 October
2018 to 23 January 2019 inclusive). The time period corresponds to the
foraging trips of the studied SES. Only pixels where the bathymetry is
deeper than 450 m are kept for the analysis, excluding the continental
shelf area.

The first three vertical modes of variability resulting from the FPCA
represent 98.77% of the variance (Table 1). This value is of the same
order as those obtained on the Kerguelen Plateau (Pauthenet et al.,
2018) and in the Southern Ocean (Pauthenet et al., 2017). The higher
modes capture less than 0.5% of the variability and are not considered
in the following analysis. Spatial distributions of the first and second
principal components are displayed in Fig. 3a and 3b for 21 October
2018. The maps show that while the FPCA is performed independently
of location and day information, spatial patterns arise, accounting for
temperature and salinity joint features. Ninety-five maps corresponding
to each day of the study can be constructed similarly. Fig. 3c and 3d
represent the deformation of the mean profile associated with the two
first modes.

The first mode, associated with the highest eigenvalue, alone sum-
marizes as much as 94.5% of the variance with an equivalent contribu-
tion of temperature and salinity variability. It involves a modification of
the whole water column, going from cold and fresh waters unstratified
under 100 m with a noticeable thermocline in the subsurface (positive
PC1 in pink, Fig. 3), to hot and salty waters (negative PC1 in orange,
Fig. 3). This mode marks a contrast between Subtropical waters trans-
ported by the Brazil Current and Subantarctic waters advected by the
Malvinas Current, highlighting sharp thermohaline vertical gradients
at the confluence (Fig. 3a). The second mode (PC2) describes 3.55%
of the variance. High positive PC2 values (blue, Fig. 3) present colder
and fresher waters between 20 m and 200 m than high negative values
(green, Fig. 3). The trend reverses under 200 m. The spatial distribution
of PC2 reveals mesoscale structures and a high dynamism produced
by the meeting of the two currents (Fig. 3b). This mode also opposes
waters in the heart and at the edges of the BC (dark blue vs green,
Fig. 3b). From 20 m to 200 m, temperature and salinity are greater at
the edges than in the center part of the current. The third mode (see
Supplementary Material) captures the global seasonal thermocline de-
velopment in response to surface heating and highlights sub-mesoscale
filaments in the region. Fig. 4 depicts the daily mean (continuous lines)
and associated standard deviation (dashed lines) trends of the three first
modes. A high daily standard deviation time series distinguishes the
first mode (see y-axis) marked by a decrease between December and
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Fig. 3. (a,b) Spatial distribution of the first and second PCs for 21 October 2018. Colors indicate the magnitude of the scores and match with color gradients in (c) and (d).
The pink, orange, blue and green areas correspond with temperature and salinity profiles in pink, orange, blue and green (respectively) seen in (c). PC1 highlights the contrast
between the BC (hot and salty) and the MC (cold and fresh), while PC2 reveals coherent mesoscale patterns. Bathymetry lines at 200, 500, 700, 1000, 2000 and 5000 m define
the Patagonian slope. (c,d) Vertical shapes induced by the first two eigenfunctions (respectively). The color gradients represent the effect of adding or subtracting (respectively
pink or orange in (c), blue or green in (d)) each mode with a magnitude of two (see Pauthenet et al., 2017, for more details). The black line indicates the mean profile, and
represents the center of gravity of the factorial map seen in Fig. 7.
January. This decline can be related to the increase of the daily mean
of the first component (pink line, Fig. 4), indicating an average drop in
temperature and salinity (effect of the first eigenfunction on the mean
profiles). The daily mean of the second mode shows a decrease in stages
over time, with a small daily standard deviation sharing a similar trend
with the daily standard deviation of PC1. Even though the third mode
represents less than 1% of the variance (Table 1) its temporal evolution
clearly shows a seasonal (spring to summer) increase of the subsurface
temperature in the whole area.

In addition, a functional PCA is applied to the in situ TS profiles
exclusively. The resulting shape decomposition is similar to the modes
obtained with profiles from the model (see Supplementary Material)
with comparable variance associated to the first modes (Table 1). This
in situ FPCA was conducted independently of the model-derived FPCA
and serves solely to compare the obtained modes of variability.

3.2. Functional Oceanographic Domains (FOD)

In order to cluster profiles sharing similar vertical structures in
FODs, a model-based clustering is performed using PC1 and PC2 as
input variables, outcome of the FPCA conducted on the model-derived
profiles. PC3 is not included to avoid implying a seasonal water warm-
ing in the regime discrimination. An optimal number of four clusters
is given by the ICL criterion. After running the model-based clustering
6

100 times, two distinct patterns emerged. We selected the main pattern,
occurring in 68% of cases and presenting low variability in the cluster
composition. The FODs are then defined as groups containing profiles
with a high probability of belonging to a given cluster. The threshold
is arbitrarily fixed at 0.75. This step leads to the distinction of a fifth
group composed of profiles with a probability lower than 0.75 and
referred to as indeterminate profiles. Regimes 1 (purple), 2 (blue), 3
(green), 4 (yellow) and 5 (indeterminate) contain respectively 5.7%,
18.4%, 40.1%, 24.2% and 11.6% of the profiles considered over the 95
days. The proportions of the five regimes vary over time as shown in
Fig. 5, with a notable gradual disappearance of the first FOD (purple).
The first FOD corresponds to cold and fresh waters with little vertical
variability between profiles as seen by the shade around the mean
profile (purple profiles, Fig. 6a). The second FOD shows similar features
to the first group, with waters warmer above 80 m, slightly colder
deeper, and saltier above 100 m (blue profiles). The FOD numbered
4 corresponds to hot and salty waters with a high variability (yellow
profiles), matching features of the BC. Finally, the third FOD corre-
sponds to intermediate features with high variability decreasing with
depth (green profiles, Fig. 6a). This regime corresponds to waters that
are formed by the mixture of Subantarctic and Subtropical waters. The
spatial distribution of the clustering for the first day of the considered
period is displayed in Fig. 6b. Regimes obtained show very consistent
spatial and temporal patterns. Hot and salty waters (yellow) form a
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Fig. 4. Trends of the daily mean (continuous lines) and associated daily standard
deviation (dashed lines) for PC1 (pink), PC2 (blue) and PC3 (gray).

Fig. 5. Proportion (%) occupied by the FODs in the considered area over the 95 days
(21 October 2018 to 23 January 2019). The colors refer to the 4 FODs with the gray
part corresponding to indeterminate profiles (Int.).

coherent mass in the north part of the map, while the blue and purple
FODs follow the Patagonian slope. The green regime occupies a vast
area in the southeast part but with an indefinite shape. For both the
yellow and green FODs, the daily probability density function of PC1
shifts toward positive values (see Supplementary Material), meaning
that inside those regimes, the whole water column cools down and gets
fresher over time (corroborating the observed drop in the daily trends,
Fig. 4). Gray filaments appear in Fig. 6b and contain indeterminate
profiles. They mainly correspond to spatial transitions between the
different regimes and are considered as frontal zones.

3.3. Habitats used and foraging strategies

In situ profiles reaching 450 m depth account for 45.07% of the
total SES dives. Out of this dataset, 4463 are attributed to the day-
time period, while 767 are attributed to the night-time period. The
remaining profiles occur either during the twilight period or are not
geolocalized.

Fig. 7 shows the projection of the in situ profiles superimposed onto
the 2D mapping of the FPCA obtained from model-derived profiles.
The marginal distributions reveal high-density modes and the high
concentration of model-derived observations in the top right corner.
The distribution of in situ TS profiles is pointed out by the 2D density
estimation (red to yellow lines). Each in situ profile is assigned to one
of the five regimes (considering indeterminate profiles) based on their
coordinates on the first factorial map (Fig. 7). Fig. 8 shows the five SES
trajectories colored according to the FOD and the proportion of regimes
visited by the five females. The spatial overlap of dives belonging to
7

different FODs is explained by the displacement of regimes in space
over time. Indeterminate profiles occupy a notable part of the trajec-
tories (between 14% and 25%). All females except one visited the five
regimes but at different percentages. The yellow FOD is not always seen
on the trajectories meaning that this regime was visited by the females
after the GPS stopped (i.e. the dives are not geolocalized). Since the
analyses do not rely on the location and time of the profiles, it is indeed
possible to assign a oceanographic regime to a non-localized SES dive.
The female named 2018-46 quickly crosses the purple and blue FODs
and spends a large part of her journey in the third regime identified
(green). The other females linger more in the cold waters associated
with regimes one and two (purple and blue), but are also found in
the yellow regime, crossing highly contrasting waters along their trips
(Fig. 6a). The passage between two FODs with opposite features is
sometimes performed in less than 24 h (personal observations).

With the aim of understanding the SES habitat-visited proportions
observed in Fig. 8, the foraging strategy is studied within the scope
of the FODs. The female identified as 2018-47 could not be included
in the foraging analysis as data from the accelerometer is unavailable.
Surprisingly, the foraging performances assessed by the prey-capture
rate (PCR) of the seals do not show much variation according to the
oceanographic regime (see Supplementary Material). At night, only the
yellow regime shows a slight decrease in PCR. During the day, the
PCR is lower in the green regime and slightly higher in the blue. The
indeterminate group, corresponding to fronts between FODs, do not
imply significant changes in the PCR in comparison with the other
regimes. While the SES feed continuously along their pathways, the
females studied seem to favor the area where the different FODs meet
and mix, at around 41◦S 56◦W (Fig. 8). Dives are gathered in this
zone in particular as the speed decreases and the curvature increases
(personal observations). To validate this assumption, a criterion is
created to reveal areas of high spatial and temporal oceanographic
variability (Fig. 9). This criterion is determined by calculating, for a
given pixel, the proportion of days (over the considered time-period)
where the oceanographic domain changes from a given day to the
previous one. The spatial distribution of this criterion is presented in
Fig. 9. The map highlights one particular area with high probabilities
of having oceanographic conditions changing at day+1. This area cor-
responds to the meeting of the FODs. Yellow filaments are seen along
the Patagonian slope and correspond to the displacement of the blue
FOD over time, gradually substituting the purple regime. Other areas
of large probabilities are also observed in the northeastern and southern
parts of the map, and can be associated with frontal regions induced by
mesoscale features like the displacement of eddies carrying Subtropical
waters in the area. The probability value is extracted for each SES
dive location and related to the associated PCR. Fig. 10 depicts the
relationship between the PCR and the probability of changing regimes.
The non-parametric regressions on the quantiles (Oh et al., 2011;
Simonoff, 2012) reveal a positive relation between the two variables
even if the data variability is high. The capture rate increases sharply to
0.15 with a slight acceleration for the high percentiles. A small decrease
arises around 0.2, then the PCR gently increases with high probabilities.
The median capture rate (red line) is multiplied by 3.78, going from 3.5
capture per hour to 13.24. This result supports the assumption that SES
favor areas at the interface between water masses, where they increase
their foraging success.

4. Discussion

In this study, we aim to understand the habitat use of five elephant
seals equipped in 2018 in Argentina, and the influence of oceano-
graphic conditions on their foraging strategies using descriptive statis-
tics.

A functional principal component analysis followed by model-based
clustering is used to describe the Malvinas-Brazil Confluence at a
regional scale. The multivariate FPCA is an objective method developed
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Fig. 6. (a) Mean temperature and salinity profiles (solid lines) associated with the FODs obtained from the clustering (after removing profiles with a probability < 0.75). Regimes
are colored in purple (cluster 1), blue (cluster 2), green (cluster 3) and yellow (cluster 4). The envelopes contain 50% of the profiles, delimiting the first and third quartiles
calculated for each cluster. (b) Spatial distribution of the five regimes on 21 October 2018. The colors match with the profiles in (a). Profiles with a probability < 0.75 of belonging
to a group are colored in gray and form filaments between the regimes. Bathymetry lines at 200 and 2000 m are drawn.
Fig. 7. First factorial map of the functional PCA performed on model-derived data (colored dots) and clustering results. Gray dots correspond to observations with a probability
of belonging to a cluster under 0.75. Marginal density probability of the first and second principal components are drawn (gray densities on the upper and right sides). They show
modes of high density indicating areas of high concentrated model-derived observations. The 2D kernel density estimation (red to yellow lines) displays the projection of SES in
situ TS profiles. The increasingly lighter successive lines contain respectively 2.5, 25, 50, 75 and 97.5% of the dives centered around local density maximums. Each SES dive is
associated to a FOD or to the indeterminate profiles group (gray).
in the oceanographic domain by Pauthenet et al. (2017) to identify
the thermohaline modes of the Southern Ocean. This approach presents
strong potential as it not only allows the description of oceanographic
patterns at a global scale (Pauthenet et al., 2019) but also the definition
of water-mass boundaries and variability (Pauthenet et al., 2018). The
analysis extracts the principal modes of variability that describe and
summarize the 3D thermohaline environment through joint variations
in temperature and salinity. Modes of variability are orthogonal, con-
sidered as independent from each other. This multivariate technique is
extremely efficient in data reduction. The dataset used in this study is
composed of more than 1.5 million combinations of temperature and
salinity profiles with each profile decomposed into 44 discrete values
from 20 m to 450 m. We first projected the model-derived profiles
onto a B-spline basis with a small number 𝐾 of functions. Then, we
worked on the two first principal components of the FPCA, which
summarize 98% of the curve’s shape variability. The B-spline basis used
cannot capture the fine-scale variations of in situ profiles. Yet, since
8

these profiles are projected into the first factorial map of the clean and
smooth model-derived profiles (Section 2.2.4), the variations missed by
the curve reconstruction do not impact the results in the oceanographic
regime attribution. Furthermore, smoothing the profiles with a small
number of basis functions is useful when data is potentially corrupted
by noise, such as in the case of in situ profiles (Nerini et al., 2010).
The functional approach is interesting because it integrates the vertical
continuity of the data (considering the inherent link between two
consecutive values), working on curve shape decomposition. Moreover,
curve reconstruction allows reducing the dimension of the data while
preserving the complexity of the curve shape. However, one constraint
of the analysis is the requirement of equal depth range for each profile.
Choice of the 450 m threshold was motivated by the desire to take into
account a large part of the water column used by the SES. This limi-
tation implies the removal of all profiles that do not reach that depth,
resulting in the elimination of the continental shelf area. As females
preferentially use the deep ocean basin (Campagna et al., 2021), this
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Fig. 8. Trajectories of the five females colored according to the FODs identified and proportion of dives belonging to each regime including indeterminate profiles (gray group).
Numbers 2018-43 to 50 correspond to SES identification. Refer to Fig. 6 for FOD features and names. Bathymetry lines at 200 and 2000 m are drawn.
Fig. 9. Probability of changing regimes at day+1. For a given pixel (red square), the proportion of days where the oceanographic regime change from a day to the next one is
calculated (see the schematic view on the left). High probability values are colored in red and highlight a high variability area in the center of the map (right panel).
loss of area has limited consequences. The 450 m threshold also implies
the loss of many night dives as these mostly do not reach that depth.
Results on the foraging behavior observed in this study are thus mainly
driven by daylight dives and deep night dives, necessitating cautious
interpretation. One way to resolve this issue could be to reconstruct the
missing part of shallow profiles by functional methods. This solution
would allow consideration of a larger portion of night dives and could
highlight potential nighttime foraging variabilities between FODs that
were missed out in this study.

Results of the FPCA applied to model-derived TS profiles demon-
strate the method’s high capacity to decompose the BMC’s main modes
of variability. The three principal modes of vertical variability express
the three main drivers of the oceanographic conditions in this area
at that period, namely: (1) a positional mode (PC1) depicting the
main vertical variability driven by the opposite features of the Brazil
(north) and Malvinas (south) Currents; (2) a dynamical mode (PC2)
highlighting mesoscale structures inherent to the confluence of the two
currents; and (3) a seasonal mode (PC3) revealing the spring to summer
surface heating independent of the water’s origin. Moreover, as the
method is applied over 95 days, it allows us to follow each mode of
vertical variability in space and time, giving key information about
physical processes occurring in the area (Fig. 4). The trends of the
daily mean and associated standard deviation of PC1 and PC2 can be
9

associated with seasonal oscillations and variability in Subantarctic and
Subtropical influxes in the region but may also indicate sporadic events
that change the average thermohaline features in the region.

The model-based clustering applied on the first two principal com-
ponents of the FPCA led to the distinction of four FODs, whose ther-
mohaline features share a common vertical structure. A FOD can be
considered as an assemblage of water masses, integrating the vertical
structure of the water column. The T-S diagram (see Supplementary
Material) indicates the water-mass composition of each FOD, following
definitions given by Gordon (1981), Maamaatuaiahutapu et al. (1994)
and Piola and Gordon (1989). The spatial coherence of the FODs
obtained and their consistency over time confirm the robustness of the
analysis. The vertical features of the fourth group (yellow) correspond
to Subtropical waters transported by the BC (Piola et al., 2001; Valla
et al., 2018). In the upper layer of the yellow FOD, we find the warmest
and saltiest Tropical Waters (TW) above the South Atlantic Central
Waters (SACW, 𝜎𝜃 < 27 kg m−3) corresponding with the nearly straight
line in the diagram. The BC has been described as a high variability
current (Valla et al., 2018), corroborated in this study by a large
interquartile vertical domain (Fig. 6a). This regime varies over time.
The entire water column gets colder and fresher during the considered
period, suggesting a greater influx of Subantarctic waters within the
study area, while surface heating occurs (shown by the PC3). The third
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FOD (green) corresponds to mixed waters resulting from the confluence
of the BC and the MC, as seen by the vertical features on the T-S dia-
gram (see Supplementary Material). These mixed waters occupy almost
half of the considered area. The first and second regimes (purple and
blue) correspond to the Malvinas Current signatures (Piola et al., 2001).
The two groups have very similar vertical characteristics. They gather
cold and fresh profiles with low intra-cluster variability. The upper
100 m are composed of Subantarctic Surface Waters (temperature >
5 ◦C, salinity ∼34 psu) while two water masses are found deeper: the
Subantarctic Mode Waters (temperature ∼5 ◦C, salinity ∼34.2 psu) and
Antarctic Intermediate Waters (temperature < 4 ◦C, salinity < 34.2
psu) (see Supplementary Material). The MC is the only current to carry
Subantarctic waters to Subtropical latitudes (Paniagua et al., 2021). It is
generally accepted that the MC starts at 55◦S, follows the Subantarctic
Front (SAF) and meets with the BC at approximately 38◦S (Artana
et al., 2016), which corresponds to our observations (Fig. 6b). The first
FOD (purple) corresponds to pure Subantarctic waters transported by
the MC while the second FOD (blue) may correspond to Subantarctic
waters that have undergone some mixing with Subtropical waters and
are carried southward, up to 49◦S, by the Malvinas Return Current
(MRC) (Saraceno et al., 2004). As the second regime substitutes the first
FOD over time (Fig. 5), it indicates that the waters along the Patag-
onian slope become colder under 100 meters depth, warmer above
that threshold and saltier above 150 meters depth. This observation
is consistent with the findings of Aubone et al. (2021) who studied the
behavioral response of an elephant seal staying over a small portion of
the Patagonian slope to vertical thermohaline variability of the MC.
While the MC and the MRC are not distinguishable by an analysis
performed on TS surface data (not shown), the functional analysis
applied in this study succeeded in differentiating subtle patterns. In
this way, the FODs obtained in this study are slightly different from
those obtained by Tournier et al. (2021) who also performed a FDA
to study the influence of oceanographic features on mid-trophic levels
through active acoustics, and found three oceanographic regimes using
SES in situ data. Features of those regimes are similar to the ones
found in the present study but they did not differentiate the MRC
and the MC, probably due to the clustering method and the use of
selected in situ data to describe the thermohaline environment instead
of model-derived data as in our case.

Different approaches have been explored to determine biogeograph-
ical regions in the BMC area but mostly using ocean surface variables
from satellites (Gonzalez-Silvera et al., 2004; Saraceno et al., 2005,
2006). An extension of our work could comprise in integrating bio-
geochemical data like chlorophyll-a surface concentration with TS
functional data in clustering, and comparing the results with previous
findings. In other areas, different studies have also experimented with
applying the model-based clustering framework to temperature and/or
salinity profiles to identify spatial oceanographic patterns (Maze et al.,
2017a). However, most of these studies did not combine a functional
approach with a Gaussian mixture model (GMM), although this ap-
proach was suggested by Jones et al. (2019). The GMM was applied
in the North Atlantic and the SO using temperature profiles from Argo
floats (Jones et al., 2019; Maze et al., 2017b). More recently, other
studies have used profile classification model (PCM) in the multivariate
case to define regimes by their thermohaline structure (Boehme and
Rosso, 2021; Rosso et al., 2020). Although they all reduce the dimen-
sionality of the data using a classical principal component analysis,
they do not preserve the original nature of the data (i.e. the functional
properties). The eigenvalue decomposition of a matrix 𝗧 in a classical
PCA remains invariant under the permutation of columns or rows.
However, a permutation of the values in a profile (i.e. the columns of
matrix 𝗧) changes the shape of the profile. Only a few papers leverage
the functional properties of TS profiles to define oceanographic regions.
For instance, Assunção et al. (2020) applied two distinct FPCAs to
temperature and salinity profiles and used a functional hierarchical
10
Fig. 10. Scatter plot of prey-capture rate (captures per hour) against probability of
changing regimes extracted for each SES dive. The lines indicate the non-parametric
quantile regression at the quantiles of order 0.05, 0.25, 0.5, 0.75 and 0.95 respectively.
For example, the red line corresponds to the median prey-capture rate and shows an
increase from 3.5 to 13.24 captures per hour, which corresponds to a multiplication
factor of 3.78, as the probability increases from 0 to 0.5.

clustering to characterize the thermohaline structure of the South-
western tropical Atlantic. Here, our results demonstrate the potential
and effectiveness of combining multivariate FPCA and model-based
clustering to extract key vertical thermohaline features and identify
oceanographic domains. This functional data clustering approach falls
under the category of filtering methods described in Jacques and Preda
(2014a). This category encompasses clustering on either basis coef-
ficients (James and Sugar, 2003) or on FPCA scores (Jacques and
Preda, 2013, 2014b). Over the last decades, a vast amount of literature
has been produced on methodological aspects and applications of the
combination of FDA and clustering (Jacques and Preda, 2014a; Zhang
and Parnell, 2023; Wang et al., 2016; Chamroukhi and Nguyen, 2019).
Some studies have expanded hierarchical clustering and k-means par-
titioning methods to functional data (Tokushige et al., 2007; Abraham
et al., 2003), while others have focused on functional clustering using
mixture models (Li et al., 2016; Schmutz et al., 2020; Korte-Stapff
et al., 2022). In the field of oceanography and limnology, while the
application of functional data clustering may appear limited in the
literature, functional data analysis has received more attention. Various
studies are moving toward functional models (FM) to explain or predict
biological variables with hydrological parameters (Boudreault et al.,
2021; Ainsworth et al., 2011; Yen et al., 2015). It is possible within the
frame of FDA to use functions as responses and/or predictor variables in
regression models (Ramsay and Silverman, 2005). Considering data as
curves prevents information loss, improving models (Boudreault et al.,
2021). Bayle et al. (2015) demonstrated the ability of FM to predict
vertical chlorophyll-a from light profiles in the Antarctic region. Go-
dard et al. (2020) have also shown that functional analysis helps to
deepen the understanding of animal behavior as their study of SES
dive shape allowed them to determine different dive patterns associated
with foraging success. The FDA framework was recently extended to
the acoustic domain (Ariza et al., 2022), showing promising results
for improving our understanding of the links between oceanographic
conditions and the structuring of sound-scattering layers.

Model-based clustering also offers the advantage of allowing for un-
certainty regarding clustering (Bouveyron et al., 2019). In this present
study, profiles with a probability of belonging to a cluster under 0.75
form frontal filaments (gray color, Fig. 6b), which are in good agree-
ment with intense fronts obtained with other criteria like thermal gra-
dients or with the Finite Size Lyapunov Exponents criterion (d’Ovidio
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et al., 2010). The convergence of the MC and the BC with very dif-
ferent thermohaline characteristics leads to energetic mixing processes
and intrusions of Subantarctic and Subtropical waters (Piola et al.,
2001). These (sub-)mesoscale structures are seen with the second and
third modes of variability obtained by the FPCA (Fig. 3b and Sup-
plementary Material). Red filaments observed with PC3 also delimit
the Brazil-Malvinas Front where warmed Subantarctic Shelf Water is
exported offshore (Franco et al., 2018). The Atlantic portion of the
Patagonian Shelf is marked by a large continental shelf extending
from 34◦S to 55◦S and between the coastline and the 200 m isobath,
followed by a slope plunging to 6000 m depth (Weatherall et al.,
2015). Several studies suggest that the interaction of the complex ocean
topography with the MC flow generates upwellings along the shelf-
break (Matano and Palma, 2008; Miller et al., 2011) and is also a
source of mesoscale processes (Fu, 2006; Mason et al., 2017; Saraceno
and Provost, 2012). The interaction of the shelfbreak, the nutrient-rich
Subantarctic waters transported by the MC, and the complex physical
processes induced by the BMC, contribute to the high phytoplankton
biomass observed (Acha et al., 2004; Garcia et al., 2008). Indeed, this
region is known for its high chlorophyll-a concentration during the
austral spring and summer (Lutz et al., 2010; Romero et al., 2006;
Saraceno et al., 2005). These conditions support the marine ecosystems
in the region and sustain one of the most important fisheries in the
southern hemisphere (Bogazzi et al., 2005; Martinetto et al., 2020; Rey
and Huettmann, 2020). The confluence associated with shelf blooms
makes the Argentine Basin a particularly interesting area for large
pinnipeds like the SES, whose females mainly feed there (Campagna
et al., 2021).

The combination of FPCA with model-based clustering allows us
to contextualize the environment in the foraging area of the elephant
seals at the regional scale. The oceanographic domains identified are
considered as distinct physical habitats and used to study conditions
visited by the SES and their foraging strategies. By projecting in situ
profiles on the factorial plan obtained from the FPCA performed with
model-derived data, we are able to match the conditions visited by
the females with the range of possibilities revealed by the analysis.
We consider this approach to be more robust than directly performing
clustering on in situ data. In fact, since model-based clustering can be
sensitive to initialization, clustering the TS profiles from SES without
taking precautions could result in highly variable groupings. Our re-
sults demonstrate that clustering over a large dataset (> 1.5 million
observations) yields to a stable model and provides more objective
interpretations of the oceanographic regimes visited by the seals. The
results show that SES foraging within the BMC tend to visit all FODs
present in the study area but in unequal proportions (Fig. 8). The
results also show intervariability between the seals, which may indicate
individual preferences. The percentages of the visited habitats observed
(Fig. 8) do not correspond to the spatial space occupied by the regimes
(Fig. 5). For example, the third group (green), which represents more
than 40% of the area, is proportionally less visited by the elephant seals.
One major advantage of studying TS profiles through FDA is that it
gives information about oceanographic conditions encountered with no
need for spatial coordinates. The consideration of non-localized dives is
necessary, first of all, to obtain an objective overview of habitat use, but
is also useful for accessing information that could otherwise be missed.
The results of the case presented here indicate that study of SES data
allows us to find the four FODs observed at the regional scale. In this
way, although our vision depends on their trajectory choice, the five
seals offer a representative picture of the area. The decomposition of
TS profiles through FPCA was also performed independently on in situ
profiles from the SES. The results were similar whether using in situ or
Mercator profiles (Table 1), confirming the representativeness of SES
data. Furthermore, the similarity of results indicates that while modeled
profiles did not capture the thermohaline complexity of the water
column (e.g. the profiles are relatively smooth), they were efficient
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in finding the main oceanographic patterns in the region. The chosen
CMEMS product is a model derived from the Nucleus for European
Modelling of the Ocean (NEMO), which assimilates in situ temperature
and salinity profiles. Therefore, it is expected to be consistent with the
recorded SES data. However, on any given day, the TS model-derived
profiles can be very different from those recorded by the animal-borne
device at the same geolocation. This phenomenon is particularly no-
ticeable in the area where all the regimes meet and mix. This comes as
no surprise as the model is not a perfect representation of reality and is
likely to be less efficient for locating water-mass boundaries precisely—
information more accurately extracted from the geolocalized in situ SES
TS profiles.

The capture rate is used as a proxy of foraging success to investigate
if the identified FODs have an influence on SES habitat choices. We find
that foraging performances of the five SES studied are mostly unrelated
to the visited regimes. The oligotrophic waters advected by the BC leads
to a slight decrease in PCR during the night but not during the day. This
can be explained by prey availability being affected by the warm waters
of the epipelagic layer. The daily PCR is slightly higher in the blue
FOD, which may indicate a nutrient input associated with the Malvinas
Return Current and impacting higher trophic levels (Aubone et al.,
2021). To better understand SES foraging strategies, we took advantage
of the model-based clustering analysis to create a criterion of physical-
condition variability by computing the probability of changing regimes.
Interestingly, we found that foraging performance is associated with
the probability of changing FODs (Fig. 10), regardless of the specific
FOD. The median prey-catch rate (PCR) is nearly quadrupled when
there is a 50 % probability of changing FOD the following day. The
background gray dots in Fig. 10 illustrate a high variability in PCR,
but all quantile regressions exhibit the same increasing trend. Our study
suggests that instead of selecting a particular regime, SES may look for
areas of high oceanographic variability found at the interface between
FODs. This result is consistent with previous findings highlighting the
importance of oceanographic fronts and eddies on movement behavior
and foraging performances of SES (Bailleul et al., 2010; Cotté et al.,
2015; Dragon et al., 2010; Della Penna et al., 2015; Rivière et al.,
2019). However, the indeterminate group resulting from the model-
based clustering and corresponding to frontal areas between FODs, do
not imply a PCR increase although it represents a large part of the group
proportion (Fig. 8 and Supplementary Material). This may indicate that
only some particular frontal areas attract and are favored by SES. For
more extensive studies, Lagrangian approaches may be complementary
to comprehensively understand frontal-system impacts (Baudena et al.,
2021; Bon et al., 2015). Finally, drawing general assumptions about
the habitat use and foraging strategies of elephant seals based on only
five individuals requires caution. To validate our findings regarding
elephant seals’ behavior in the Argentine Basin, it would be beneficial
to incorporate a larger number of individuals in future studies.

5. Conclusion

Technological advances of the last decades have led to massive
deployments of ocean-observing systems recording environmental vari-
ables at a very high frequency and accuracy. The huge datasets that
result from such sensors need statistical tools to extract the main
information and analyze the data integrating their complexity. In this
paper, we explored functional data analysis combining model-derived
data and in situ data collected from southern elephant seals (SES).
Our results confirm the adequacy of using functional approaches for
computing large and complex datasets. This framework followed by
model-based clustering was appropriate for describing the foraging
environment of five SES in 2018 and helping to understand their habitat
use. New loggers, such as a head-mounted microsonar, should provide
fine-scale insight into variations in the density of midtrophic level
(MTL) organisms (i.e. macro-zooplankton and micronekton) that could
explain variability in elephant seal foraging behavior. On the basis of

our current findings, we hypothesize that the greatest densities of MTL
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organisms are likely to be found at the interface between Functional
Oceanographic Domains (FOD) rather than within specific FODs. Func-
tional data analyses are promising methods for advancing study of the
interaction between SES behavior, MTL organisms (including preys of
SES) and environmental conditions.
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