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Abstract

The comprehension of the coupling between physical and biological dynamics is a piv-

otal step to assess the health of the oceans, in order to protect the ecosystems therein

from the e↵ects of global change, human exploitation and pollution as well as for un-

derstanding the role of the ocean in the climate system. Indeed, in the oceans, physical

phenomena and biological processes are intimately linked, since marine organisms live

in a fluid environment, continuously under the e↵ect of the currents. Thus, contrary

to what happens on land, where the landscape topography changes over evolutionary

timescales (periods in the order of hundreds to millions of year) in the ocean the land-

scape (“seascape”) evolves on the same timescales of ecological processes. In the present

thesis I analyse in particular the role of the fine scales, which present a peak in the ocean

energy spectrum, and whose time scales (of days to weeks) overlap important marine

ecological processes like the development of planktonic blooms and the duration of for-

aging trips for top predators. The fine scale features have been already shown to play

a central role into conditioning primary production, lower trophic levels abundance and

composition, and apex predators behaviors. However, less is known on their influence

on intermediate trophic levels, i.e. swimming organisms (such as fish), which however

constitute an essential part of the trophic chain, and which are under unprecedented

pressure by human activities. This is mainly due to the scarce availability of data on

them at large scales, and to problems of ship-based measurements. Two knowledge gaps

are addressed in this thesis. The first is the fact that intermediate trophic levels distribu-

tions cannot be detected by remote sensing, and thus require the development of novel,

ad hoc sampling strategies. The second open challenge addressed by this thesis is how

the swimming ability of the nekton can interact with the fine scale physical dynamics.

In order to address the aforementioned questions, in this work I adopt a Lagrangian

approach, therefore focusing on water parcel trajectories, and I integrate it with novel

methodologies applied to acoustic data, complex system analysis and network theory. I

focus on the Kerguelen region, because of its ecological importance and the large avail-

ability of informations, which permitted to characterize its relatively simple ecological

dynamics, mainly based on iron limitation which is furnished by the plateau. I consider

the myctophids as reference fish of the present study, for their worldwide abundance

and for their importance for the ecology of the area, and because they may constitute a

future target by commercial fishing.

In the first part of the work I analyze the relationship between satellite-derived fine scale

processes and acoustic data of fish concentration, finding that high biomass levels are

observed in correspondence of frontal systems identified through Lagrangian structures.
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I then propose a possible mathematical mechanism of fish aggregation on frontal fea-

tures based on gradient climbing strategy and reduction of fish hotspots by horizontal

currents, finding that frontal features can couple with swimming behavior and enhance

fish aggregation. I assess also that frontal system presence is a necessary but not suf-

ficient condition to assure large fish concentrations, a result which is confirmed also by

the analysis of the acoustic data.

In the second part of the thesis I analyze flow circulation properties through Lagrangian

Flow Network methods in order to develop an e�cient monitoring strategy of waters

coming from, or going to, a target region. This methodology could be used to design

an optimal sampling network to assess fish or larval abundance. I validate the method

proposed with 43 real drifters released in Kerguelen region, and I find that the monitoring

network built in this way has a performance two times greater than a regular grid,

assessing furthermore its robustness even when sampling high turbulent regions.

The results provided open interesting perspectives, concerning applications in marine

spatial planning, conservation issues and design and protection of marine protected

areas. In particular, the extension of the aggregating mechanism to two and three

dimensions is discussed and some preliminary results shown.
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Chapter 1

Introduction

1.1 The dynamical landscape of the open ocean

The understanding of the interactions between physical dynamics and biological pro-

cesses is a fundamental step toward the comprehension of ocean ecosystems. This issue

concerns a series of challenges, such as the protection of the oceans from human exploita-

tion [Viikmäe et al., 2011, Delpeche-Ellmann and Soomere, 2013a, Ehler, 2018], the e↵ect

of global change on marine systems [Orr et al., 2005, Halpern et al., 2008, Domingues

et al., 2008, Iudicone et al., 2016] and their reciprocal role on climate regulation [Ra-

manathan, 1981, Ducklow et al., 2001], the monitoring of ecosystems biodiversity and

abundance [Noss, 1990, Agnew, 1997, Boyd and Murray, 2001, Wells et al., 2004], and

several others questions (see for instance [Mann and Lazier, 2013]). Compared to the

terrestrial environment, in the oceans the coupling of physical and biological processes

is even more important, because of the dynamical nature of the landscape in which the

organisms live, with water masses continuously transported, rearranged and mixed by

the flux [Lévy et al., 2012, Woodson and Litvin, 2015, McGillicuddy Jr, 2016, Lehahn

et al., 2017]. Hence, during their lifetime, marine organisms typically experiment sev-

eral conditions which can be really di↵erent among them. This is why, among the wide

range of spatial and temporal scales which characterize the physical processes in the

ocean [Chelton et al., 2007], I am particularly interested to the submeso- and mesoscale

processes (few to hundreds of kilometers, few days to several weeks) [Capet et al., 2008a],

from now on (sub)mesoscale or fine scale processes, since their timescales overlap with

the ecological ones. Fine scale processes are ubiquitous in the ocean [Chelton et al.,

2007] and present highly energetic features [Ferrari and Wunsch, 2009]. The latter are

important for the redistribution of ocean properties, that would otherwise result much

more homogeneous. In term of heterogeneity, one of the main processes involving the

1
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fine scales is the horizontal stirring, which modulates water masses, stretching them and

creating long convoluted filaments. In this dynamic, the lack of fixed points of reference

(at least for human sight) makes the study of fine scale variability very complex. The

Lagrangian approach, consisting in the analysis of the trajectories of the water masses,

provides a natural framework for the comprehension of the history and the properties of

the water masses (see for instance [Abraham and Bowen, 2002, d’Ovidio et al., 2004, van

Sebille et al., 2018]). The Lagrangian approach has seen an increasing use since the be-

ginning of the 1990s, particularly because of the technological advancements in satellite

data acquisition. These have permitted to obtain observations of the velocity currents,

on the horizontal dimension, with the temporal continuity and the spatial resolutions

required for its application. This allowed to shed some light on the interactions between

physical mechanisms and biological activity [Lévy et al., 2012, McGillicuddy Jr, 2016].

In particular, it has been possible to show the structuring role of fine scale processes

on lower trophic levels, demonstrating how a physical front can be also an ecological

front (i.e., a transition between regions with contrasted ecological properties), showing

for instance how currents modulate phytoplanktonic blooms and community composi-

tion [Abraham, 1998, Mahadevan and Campbell, 2002, Martin, 2003, Lehahn et al.,

2007, d’Ovidio et al., 2010, d’Ovidio et al., 2015, Lehahn et al., 2017] or distribution

of crustaceans such as krill [Fach et al., 2002, Fach and Klinck, 2006]. On the other

hand of the trophic chain, it has been observed how fine scale structures are persis-

tently targeted by top predators, in particular during their foraging activities [Scales

et al., 2014b, Waluda et al., 2001, Polovina et al., 2006, Kai et al., 2009, Bailleul et al.,

2010, De Monte et al., 2012, Della Penna et al., 2015]. However, while several studies

shown the importance of these features for the “extreme” elements of the trophic chain,

less is know on intermediate levels of the food web. Nonetheless, these occupy a strate-

gical position in the trophic chain [Frederiksen et al., 2005, Smith et al., 2011], and their

importance, due also to their huge biomass [Irigoien et al., 2014], is acknowledged for

several reasons, such as their role in the biological pump [Parekh et al., 2006, St. John

et al., 2016], in climate regulation [Hidaka et al., 2001a, Hudson et al., 2014], in preserva-

tion of biodiversity [Tittensor et al., 2010, Webb et al., 2010], and in societal issues, from

an economic [St. John et al., 2016], dietary (FAO State of World Fisheries and Aquacul-

ture, 2014), cultural [Bell et al., 2018], and healthcare [Lea et al., 2002, Koizumi et al.,

2014] point of view. While global patterns of primary production can be assessed by

satellite observations [Antoine et al., 1996], and several tagging programs allow now to

target the behavior of apex predators in most of the oceanic regions [Boehlert et al.,

2001, Ropert-Coudert and Wilson, 2005], global patterns of micronekton by direct ob-

servations are very coarse [Tittensor et al., 2010] or are determined indirectly through

connectivity analysis of early stages of their development, such as larvae [Mariani et al.,

2010], or sources of possible nutrients, such as chlorophyl blooms, that however are
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transported by the currents and need a maturation time. In particular, direct informa-

tion on mid-trophic organisms can only be obtained by ship-based observations, with

the notorious di�culty of disentangling space from time variations, and with biases due

to several reasons [Pakhomov and Yamamura, 2010a, Brodeur and Yamamura, 2005].

E�cient monitoring strategies are therefore needed to provide more informations about

their ecology [Robison, 2009, Handegard et al., 2012, St. John et al., 2016].

Therefore, two main questions arise.

• How does the structuring role of Lagrangian structures, seen for the top and the

bottom of the trophic chain, extend to the distribution of mid-trophic organisms?

• How do sampling strategies can be optimized for observing mid-trophic organisms?

The answers to these questions are complex, often depending on several factors, such as

the region of study, for which it is thus important to choose a biogeographical partition of

the domain considered, the species examined, for which biological considerations must be

involved, the season, among other aspects. Furthermore, the integration of Lagrangian

tools to intermediate trophic levels is an uncharted territory. This requires to cross

multi satellite data with acoustic measurements, and to develop mathematical models

to combine the e↵ect of active swimming organisms and passive transport. Given these

considerations, in my thesis I try to address the aforementioned questions in this way:

• I analyse the relationship between satellite derived Lagrangian diagnostics, such as

Finite-Size Lyapunov Exponents, and acoustic measurements of fish concentration

along several boat transects in the Southern Ocean. I then investigate the structur-

ing role of fine scales on mid trophic webs by developing mathematical mechanisms

of fish aggregation based on horizontal currents in proximity of a frontal structure

and basic swimming behavior.

• I develop a new Lagrangian diagnostic which enables to build an optimal mon-

itoring network of fixed stations. This could potentially be used to sample mid

trophic levels in a more e�cient way, and to estimate their spatial provenance.

In this thesis I analyse the Kerguelen region in the Southern Ocean. The area presents

highly energetic fine scale processes, especially on its eastern part. In this region, the

e↵ects of the currents on primary production are well known, along with the interactions

of top predators with the fine scale structures. Furthermore, the region presents high
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concentrations of myctophids, a micronektonic organism fundamental for the ecology

of that area. One of the major challenge of this study is the parameterization of their

behavior: indeed, they present cruising swimming speeds comparable with those of the

currents. This pose them in an intermediate position between planktonic organisms,

passively advected by the currents, and apex predators, which can almost neglect the

e↵ect of the currents when swimming. Given therefore the order of magnitude of their

swimming speed, we define them as “semi-passive” in the sense that we suppose that

they can swim fast enough to locally follow some targets and eventually aggregate, but

that they are unable to contrast the currents at large scales.

The thesis is organised in this way. Chapter 1 presents the background topics necessary

for the comprehension of the problems analysed in this thesis, from a physical description

of the oceanic dynamics, the illustration of the importance of mid trophic web elements,

the characterisation of the physiology of the organisms considered in this study, to the

description of the region analysed. In Chapter 2, I analyse acoustic data revealing fish

concentration and I correlate them with satellite derived diagnostic. Indeed, part of

my thesis work concerned the acquisition of acoustic data with the THEMISTO project

during my participation at the at-sea campaign MD206 in January and February 2017.

I then develop a simple model in order to analyse the aggregating role of fine scale

structures on fish, which may explain the results obtained in the first part of the Chapter.

In Chapter 3, I face the problem of the lack of informations on mid trophic levels, by

developing a diagnostic which estimates the surface flow coming from or going to a

target region. I show that this allows one to build an optimal network of fixed stations,

which could be used to monitor and provide informations on mid trophic levels at large

scales. In Chapter 4, I discuss the results obtained in Chapter 2 and 3 and I describe

a first attempt of building an explicit physical-nekton circulation model, in which the

interactions between fine scale dynamics and swimming are explicitly represented.

1.2 Fine scale processes

fine scale processes characterize the dynamics of all the oceans worldwide. They include

so-called mesoscale features, typically oceanic eddies of ⇠100 km representing the 50%

of the total variability of the kinetic energy [Chelton et al., 2007], as well as smaller fila-

mentary structures (1-10 km, [Capet et al., 2008b]). These features are highly energetic,

and present a peak in the energy spectrum of the ocean turbulence [Ferrari and Wunsch,

2009]. In the present thesis, I will focus mainly on fine scale processes along the horizon-

tal dimension. First, because at present, reliable estimation of oceanic currents over large

scales are available only along this dimension. Then, because on the ecologically-relevant
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temporal scales considered in the present study (from few days to 2⇠3 months) the con-

tribution of the vertical displacement is much smaller compared to the horizontal ones

[d’Ovidio et al., 2004, Rossi et al., 2014]. Furthermore, important vertical structures,

such as submesoscale upwellings in correspondence of fronts, are highly related to the

presence of horizontal features, and their pattern are often in phase with those that can

be obtained from horizontal information only [Holloway and Kristmannsson, 1984, Klein

et al., 1998, Young et al., 1982, Capet et al., 2008b, Lapeyre and Klein, 2006, Smith

and Ferrari, 2009]. One of the main dynamics responsible for the redistribution and

transport of the water parcels and their contents at the (sub)mesoscale is the so-called

“horizontal stirring”. According to [Ottino, 1989], the stirring is the process of advec-

tion without the e↵ect of di↵usion, therefore a reversible process which enhances the

formation of tracers gradients [Eckart, 1948, Okubo, 1978, Garrett, 1983, Sundermeyer

and Price, 1998] and vertical currents [Holloway and Kristmannsson, 1984, d’Ovidio

et al., 2004, Smith and Ferrari, 2009]. Alongside, the e↵ect of stirring and di↵usion

together, irreversible, is referred to as “mixing”, and reduces the gradients. Horizontal

stirring dynamic, from one side, is responsible for the stretching of water masses, which

are shaped in elongated and twisted filaments. On the other, it can provoke the reten-

tion of portions of the original water masses, close to their original position, by the so

called transport barriers. In presence of eddies, water masses can thus be trapped in

their cores for timescales comparable with their lifetime [Lehahn et al., 2011, d’Ovidio

et al., 2013], while at their periphery the process of filament formation can make them

intrude far away from their origin, making possible the contact of water masses with

di↵erent properties and enhancing mixing. Horizontal stirring can furthermore improve

submesoscale instabilities [Capet et al., 2008b], and is therefore a key process for merg-

ing together the e↵ect of velocity currents variability on tracer dispersion. Indeed, at

fine scales, distribution of water properties by horizontal stirring have important con-

sequences on the whole marine biota. It is possible to speculate that, without these

fine scale dynamics, resources would be pretty homogeneously allocated, with gradients

present only over large scales, mainly due to latitudinal variations. In this scenario,

favorable grounds for a determined species would be confined to regions with specific

environmental conditions, and thus to a reduced areas. The development of e�cient

foraging strategies would not be favoured by selection, because any searching system

would be equally profitable. The e↵ect of fine scale processes on resource partitioning

makes their patchiness increasing, helping the development of selection mechanisms and

biodiversity increments. However, due to the chaotic nature of these processes, their

study is complex and the development of appropriate tools of investigation, such as the

Lagrangian methods, has become necessary.
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1.3 The Lagrangian approach

In the investigation of fine scale structures, since their typical timescales overlap with

those of several ecological processes and organism behaviors, it is important to untangle

the biological from the physical dynamics. One example is given, for instance, by the

classic problem of the “spatial vs temporal variability”. Indeed, supposing of measuring

the primary production in a fixed station, in which for instance the chlorophyll concen-

tration arises during a period of some days to few weeks, it is di�cult to determine if the

e↵ect is due to a bloom occurring in proximity of the measuring station, or if the peak

occurs because some previously formed chlorophyll crosses the station, being transported

there by the currents. Indeed, fine scale processes which modulates the primary pro-

duction can travel distances comparable to their length (few tens of kilometers) in few

weeks, or, in some cases, few days. These are also the typical timescales of phytoplank-

tonic blooms. The problem is even exacerbated by the fact that fine scale processes can

modulate other processes (such as vertical fluxes) which in turn influence the primary

production. For the case of chlorophyll observation, satellite measurements could be a

solution to better comprehend these problems. However, even in that case other issues

arise, such as the unavailability of satellite measurements due to cloud coverage: this

forces to merge together observations on di↵erent days, and confuses again spatial and

temporal variability. In order to untangle these problems, a useful approach is focusing

on the water parcels trajectories: in a certain way, this is like converting the observation

to the case of a fixed observational point, like in a terrestrial reference system [Lehahn

et al., 2018]. This approach is developed naturally in the framework of the Lagrangian

methods. Even if plotting all together the trajectories originating from a certain domain

results in a composite of intricate and apparently senseless ensemble of curves —the so

called “spaghetti diagram” —Lagrangian methods allow to compute statistical proper-

ties over them capable of identifying some important properties of the flow. The use of

Lagrangian tools has seen a dramatic increase since the 1990s, when the availability of

currents data from satellite observations provided the temporal and spatial resolution

necessary for the computation of water parcels trajectories with the needed continu-

ity (see also Subsec. 1.3.1). Thanks to the application of Dynamical System Theory

[Ottino, 1989, Mancho et al., 2004, Shadden et al., 2005, Wiggins, 2005], Lagrangian

approach allowed the identification of several transport features. Among them, one of

the most important is the concept of Lagrangian Coherent Structures [Haller and Yuan,

2000, Beron-Vera et al., 2008, Haller, 2015], which help identifying barriers to trans-

port [Bo↵etta et al., 2001, Abraham and Bowen, 2002, d’Ovidio et al., 2004, Beron-Vera

et al., 2008, Prants et al., 2014a, Prants et al., 2014b] and retentive or coherent (i.e., long

lasting) regions [Lehahn et al., 2007, Froyland et al., 2007, d’Ovidio et al., 2013, Berline
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et al., 2014, Hadjighasem et al., 2016, Miron et al., 2017]. Other Lagrangian diag-

nostics provide informations on more dispersive structures [Carlson et al., 2010, Haza

et al., 2012, Poje et al., 2014] or transport pathways [Sandulescu et al., 2006, Rossi

et al., 2008, Gri↵a et al., 2013]. Recently, network theory, which in the framework of

fluid motion has been applied to geophysics [Phillips et al., 2015], flow transport [Ser-

Giacomi et al., 2015a, Lindner and Donner, 2017, Fujiwara et al., 2017, Molkenthin

et al., 2017, Padberg-Gehle and Schneide, 2017, Ser-Giacomi et al., 2017, McAdam and

van Sebille, 2018] and turbulence [Iacobello et al., 2018, Gopalakrishnan Meena et al.,

2018], have been extended also to Lagrangian trajectories with the so called Lagrangian

Flow Networks (LFNs, [Ser-Giacomi et al., 2015a]). The question addressed by LFN is

somehow opposite to the classical questions of Lagrangian tools, which are more focused

on the identification of frontal zones characterized by minimal exchanges toward the

neighborhoods. Indeed, the aim of LFNs is to identify which zones in a given domain

promote the exchange of water mass between the system. Properties borrowed from net-

work theory, applied to LFNs, help addressing this issue. In this context, in a work with

Enrico Ser-Giacomi et al., we demonstrated how it is possible to relate a classical net-

work theory property, the betweenness, to Finite-Time Lyapunov Exponents (FTLEs),

a classical Lagrangian diagnostic (Ser-Giacomi et al., in prep.). The betweenness allows

one to identify the bottlenecks of a flow system, therefore regions that convey water

from a large surface, and that spreads it over a vast area, which play therefore a key

role for the connection of a given domain (Fig. 1.1). Finally, Lagrangian properties can

be extracted also from drifters trajectories. These, compared to numerical trajectories,

have the advantage of being more reliable (“ground truth”), but are more sparse in space

and time, due to their cost and their logistic demands, as will be discussed in the next

Subsection.

1.3.1 In-situ and remote sensing data

Satellite data are the main source of synoptic information used in the present thesis,

and, as seen in the previous Section, are precious tools for the application of Lagrangian

methods. Indeed, they permit one to survey a region several orders of magnitude larger

than what is possible with in-situ samplings. Furthermore, the quality of their measure

is not a↵ected by the remoteness of the region, and can even improve in distant zones.

Their outputs are nearly homogenous at basin or global scales, and with long recording

series which can cover tens of year. Finally, their spatial and temporal resolutions are

often well suited to sample meso- or submeso- scale processes.

However, as seen in Sec. 1.3, Lagrangian information can be derived also from drifters

trajectories, which provide in-situ observations. These are e↵ectively the only possible
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Figure 1.1: In collaboration with E. Ser-Giacomi et al. (in prep.). Climatology of
Lagrangian betweenness, on the month of December, between 2002 and 2011. The
Lagrangian approach has proved to be an e�cient tool for the investigation of the com-
plex biophysical dynamics of the ocean. In this work, borrowing some concepts from
Lagrangian Flow Network theory, we applied the central betweenness property, a con-
cept developed in network theory and particularly used in Lagrangian Flow Networks
[Ser-Giacomi et al., 2015a], to the study of ocean transport, finding a correlation with
a Lagrangian diagnostic, the Finite Time Lyapunov Exponents. The betweenness ob-
tained in this way identifies“bottlenecks”, of the circulation, i.e. structures that convey
water from large regions and spread it over a vast surface, which thus play a major role

in the connectivity of the domain considered.

ground truth for the computation of Lagrangian trajectories of water parcels containing

biotic and abiotic parameters. Indeed, currents speed or other type of satellite mea-

sures are based on indirect measurements. For instance, satellite derived velocities are

computed from the sea surface height (SSH), through the geostrophic approximation.

They are, nowadays, limited to scales of ⇠70-100 km (even if future missions such as

SWOT will reduce this measure to 10⇠20 km), and they neglect vertical processes like

mixed-layer instabilities [Capet et al., 2008a] and all the ageostrophic components. Al-

timetry is also unreliable close to the coasts. Also the measure of the Absolute Dynamic

Topography, necessary for the computation of the currents, depends on ancillary esti-

mations of the geoid. Numerical trajectories computed from satellite-derived currents

have been shown to be consistent with drifters trajectories (i.e., keeping distances in the

order of ⇠10 km on days to weeks, temporal horizons), only in proximity of attractive

Lagrangian Coherent Structures [Poje et al., 2002, Resplandy et al., 2009, Nencioli et al.,

2011, Schroeder et al., 2012, Olascoaga et al., 2013]. On the other hand, trajectories

of real drifters have seen in the last years a dramatic increase. Nonetheless, the spatial

and temporal resolutions needed in particular for the analysis of fine scale processes are

far from being covered by the in-situ measurements actually available, even if recently,

specific regional campaigns (such as the Grand Lagrangian Deployment, GLAD, or the

Consortium for Advanced Research on Transport of Hydrocarbon in the Environment,

CARTHE) provided interesting results [Olascoaga et al., 2013, Mariano et al., 2016].
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Considered the advantages and lacks of both methods, drifter and altimetry-derived tra-

jectories can be seen as complementary in Lagrangian studies, and it thus important to

develop strategies in order to integrate and cross-validate them.

1.4 The influence of fine scale processes on pelagic ecosys-

tems

The Lagrangian approach, illustrated in Sec. 1.3, has been used to shed some light on

the e↵ect of fine scale processes on biological processes, inferring how fine scale struc-

tures, even if constituting a relatively small portion of the total surface, play a huge

role in ecosystems regulation [Lévy et al., 2012, McGillicuddy Jr, 2016], from primary

production to top predators. Indeed, the structuring role of (sub)mesoscale currents on

chlorophyll bloom has been assessed since the 1980s, when the first high resolution im-

ages of chlorophyll blooms from satellite permitted to analyze their spatial heterogeneity

with di↵erent methods (spectral, semivariogram, autocorrelation and patchiness analysis

[Platt and Denman, 1975, Gower et al., 1980, Yoder et al., 1994, Denman and Abbott,

1988, Piontkovski et al., 1997, Washburn et al., 1998, Mahadevan and Campbell, 2002])

and to relate them to horizontal stirring and mixing e↵ect. Lagrangian methods, which

started to be applied consistently in the following decade, are based on the compari-

son between di↵erent temporal snapshots of chlorophyll blooms (or other passive-like

organisms, such as krill), characterized by patterns between ⇠ 100 and ⇠1000 km, and

the spatial distribution of the numerical advection of virtual parcels from target regions

advected by satellite or model derived velocity currents [Fach et al., 2002, Toner et al.,

2003, Fach and Klinck, 2006, Lehahn et al., 2007, Olascoaga et al., 2008, Calil and

Richards, 2010, Guidi et al., 2012, Huhn et al., 2012]. This is for instance the case re-

ported in Fig. 1.2 and 1.3: in the study of Ozier et al. (in preparation), we studied the

northward intrusion of an invasive phytoplankton, the coccolithophorids. These started

to appear in the August-September bloom characterising the Barents Sea. Anomalous

phytoplanktonic bloom are indeed more and more present in North Antlantic waters

(see for instance [Lacour et al., 2017]). Through a Lagrangian analysis, we identified

as co-causes of the coccolithophorids invasion the increased water temperature in the

Norway Sea, and the strengthening of the currents speed. Both the e↵ects are probably

due to climate change.

Sometimes, in regions where mesoscale components are dominant or entrain finer ones,

Lagrangian methods can predict phytoplanktonic patterns even on features at sizes of

the submesoscale. This is possible because of the temporal variability of the velocity
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Figure 1.2: Understanding the role of transport on phytoplankton is essential for many
aspects, and can help identifying the e↵ects of climate change on primary production.
In this collaboration with Ozier et al. (in prep,.), we analyse the northward intrusion of
an invasive species, the coccolithophorids, in the Barent Sea. We find that the increase of
temperature and currents may be responsible for this phenomenon. Left panel: average
SST field of March. Black dots identify the points with SST< 4�C. They are separated
by � = 0.1�. Right panel: final position of the black dots identified in the left panel,
which are advected between the 1st of March and the 1st of September 2004. The gray

line represent the contour of the PIC field of August 2004 at 3 mg/m3.

Figure 1.3: In collaboration with L. Ozier et al., (in prep.) Mean distance travelled by
a reference patch along the year, with error bars representing the standard deviation.
The reference patch was built selecting the points with SST< 4�C and longitude> 7�W.
The SST field considered is the climatology of March between 1998-2016. For each year
then, we considered only the particles whose final position has longitude > 32�E. The
mean distances were fitted taking into account their standard deviation. The equation

of the fit is reported in the plot.

fields used for the computation of the trajectories [Iudicone et al., 2002]. Indeed, without

temporal variability, parcels advected follow current streamlines, and are thus trapped

forever if these are closed. If the velocity field changes at each time step instead, once

the parcel has completed its loop it will projected in a slightly di↵erent streamline, even-

tually forming a spiraling pattern. This mechanism gives raise to complex patterns of

circulation at finer scales, described by dynamical system and chaos theory [Wiggins,

2005, Prants et al., 2017]. fine scale processes play also a fundamental role in the struc-

turing of the microbial community. Indeed, thanks to the several new methods that
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allowed to identify the main composition of the phytoplanktonic community from satel-

lite, in the study of [d’Ovidio et al., 2010] it has been possible to show how ecological

fronts, which separate communities dominated by di↵erent species, are well predicted by

Lagrangian fronts identified by Finite Size Lyapunov Exponents. Indeed, waters dom-

inated by di↵erent phytoplanktonic species, are advected and elongated by horizontal

stirring, creating complex patterns. This can in turn favors also the intrusion of some

species far from their origin, enhancing contact and mixing of di↵erent communities, and

improving and regulating the biodiversity of the primary production [De Monte et al.,

2013].

The Lagrangian approach has been applied successfully also to higher elements of the

trophic chain, in particular to top predators which have strong swimming capabilities.

The reason of this positive correlation originates by the fact that a time gap between

the primary production and the appearance of favorable conditions for top predators

is necessary for the maturation of the ecosystem: during this time gap, the waters are

advected by the circulation features. This issue has been clearly shown in the study of

[Cotté et al., 2015] concerning some individuals of elephant seals (mirounga leonina) of

the Kerguelen basin, which, during their foraging behavior, were targeting waters with no

presence of chlorophyll. However, advecting them backward, it has been possible to infer

how those were the waters which were supporting the phytoplanktonic bloom at spring,

and that in the meanwhile had been transported more than 1000 km away from the

bloom zone. The relationship between top predators behavior and Lagrangian Coherent

Structures has been shown also at finer scales by several studies which focused on sea

turtles ([Eckert et al., 2006, Fossette et al., 2008, Polovina et al., 2006] and [Chambault

et al., 2017], Fig. 1.4 and Appendix A), Mediterranean whales, fur and elephant seals

[Della Penna et al., 2015, Dragon et al., 2010, Cotté et al., 2011b, Nordstrom et al.,

2013, Cotté et al., 2015], penguins [Bon et al., 2015, Penna et al., 2017] and seabirds

[Kai et al., 2009, De Monte et al., 2012, Scales et al., 2014a].

While “extremes” of the trophic chain are well studied and relationship with fine scale

structures is well documented, less is known about intermediate trophic levels. These

can not be easily instrumented as some of top predator species, neither observed directly

via satellite as the chlorophyll, and present several sampling di�culties (see also Section

1.5). The study of [Sabarros et al., 2009] showed the importance of mesoscale eddies

into influencing mid trophic levels distribution, focusing however on Eulerian quantities

such as sea level anomalies and not on Lagrangian analysis, and only on broad scales.

The works of [Prants, 2013, Prants et al., 2014a, Prants et al., 2014b] provide instead,

to my knowledge, the first application of Lagrangian methodologies to the study of fish,

notably the Pacific saury. These studies identified increased catches of this species by

commercial fisheries in correspondence of Lagrangian structures. It is however di�cult
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Figure 1.4: In collaboration with P. Chambault ([Chambault et al., 2017] , Appendix
A). Study of the role of fine scale structures on leatherback turtles behavior. We
computed Lyapunov exponents in the Northern Atlantic Ocean, in order to highlight
the fine structures at the (sub-)mesoscale of the region. Lyapunov exponents were
computed for three di↵erent weeks (three upper panels). This diagnostic was then
compared to the trajectories of 11 adult females of leatherback turtles. For each upper
panel, the black dots correspond to the trajectories of the turtles during that week. In
particular, high residence times (HRT) were computed along each trajectory. These
values account for the time spent in the neighborhood of a point: high values allow
thus to estimate intensive foraging behaviors of the predator. It was found that the
distance from the closest front of FSLE drops significantly during HRT periods, i.e.
during putative foraging activities. This can be seen in the two panels below (box plot
on the left, and distance from the closest front along the turtle at-sea time on the right).

to assess how this relationship could be simply due to the fact that the fishery grounds

were chosen by the vessels looking directly at satellite data, as recently shown by [Scales

et al., 2018, Watson et al., 2018]. Industry dependent data then present other biases

which are di�cult to quantify, such as di↵erences due to trawls and other factors as ex-

plained in Section 1.5.1. Furthermore, actual works on mid trophic levels do not provide

any mechanistic explanation capable of identifying the direct role of fronts as aggregating

hotspots for fish, and not from a quantitative point of view. Indeed, actual explications

are based on bottom-up e↵ect, associating for instance submesoscale features to vertical

movements [Capet et al., 2008a, Klein et al., 2005], and thus to nutrient pulses capable of

enriching the trophic chain [Lévy et al., 2012, Mahadevan et al., 2012, McGillicuddy Jr

et al., 1998, Bakun, 2006]. The role of the horizontal transport is therefore actually

not taken into account, neither its direct e↵ect on fish movement. The latter has been

studied only from a mechanistic [Bainbridge, 1958, Sfakiotakis et al., 1999, Gui et al.,

2014] or schooling [Radakov, 1973, Parrish and Hamner, 1997, Grünbaum, 1998, Pavlov

and Kasumyan, 2000] point of view, i.e. on distances ranging from few tens to hundreds
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of meters, but not at larger scales like the ones that characterize the (sub)mesoscale dy-

namics (i.e. few to tens of kilometers). Therefore, as assessed by [St. John et al., 2016],

it is important to describe “the links between oceanographic regimes and mesopelagic

biomass and biodiversity (species, traits, population genetics and habitats) thus en-

abling the prediction of species dynamics relative to oceanographic regimes which will

be impacted as their environment alters under climate change” .

1.5 The importance of intermediate trophic levels in the

marine ecosystem and for societal issues

Although in my work I focused only on two specific aspects of micronekton dynamics

(aggregation and sampling) it is instructive to briefly review they general importance.

Intermediate trophic levels (or equivalently “mid trophic organisms”) constitute a central

element in the marine environment, for a large number of reasons. From an ecological

point of view, micronekton connects plankton to the top predators, transferring thus

production from lowest to apex levels of the trophic chain [Cury et al., 2000, Shannon

et al., 2000, Jahncke et al., 2004, Frederiksen et al., 2005, Crawford et al., 2007, Smith

et al., 2011]. For instance, myctophids, one of the most abundant fish worldwide, and

reference fish of the present thesis (Section 1.6), are main prey of many apex predators

[Sabourenkov, 1991, Kozlov, 1995, Hopkins et al., 1996, Beamish et al., 1999]. They feed

mainly on crustacean and gelatinous zooplankton [Gordon et al., 1985, Kinzer et al.,

1993]. With their nycthemeral cycle, defined as “the largest daily migration of animal

on earth” [Hays, 2003, van Haren and Compton, 2013], and their huge biomass [Irigoien

et al., 2014], micronektonic organisms play a central role in the carbon export to the

depths, participating to the so called “biological pump”. During this process the carbon,

captured by the phytoplanktonic photosynthesis close to the surface, “falls” toward the

seabed where it is trapped for geological-long times. The biological pump is responsible

for the ⇠50% of the carbon export in the depths of the ocean [Parekh et al., 2006],

influencing in turn the atmospheric CO2 concentrations. Indeed, just changing some

parameters describing the biological pump process in the mesopelagic zone, studies such

as the one of [Kwon et al., 2009] shown that CO2 concentrations can vary of ⇠100ppm.

It is thus fundamental to take into account for the role of the vertical migration of

micronekton, that instead only recently has been included in model simulations [Benway

et al., 2014]. Thus, a↵ecting the carbon sequestration into the depths, micronekton in

turn plays also an unsuspected role in climate regulation [Hidaka et al., 2001a, Hudson

et al., 2014].
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In spite of the general lack of information on these organisms [Robison, 2009], micronek-

ton potentially plays a key role in the mesopelagic biodiversity and interactions within

the ecosystem [Tittensor et al., 2010, Webb et al., 2010].

Micronekton is one of the less exploited resources by fishery industries, but is threat-

ened to be in the near future [St. John et al., 2016]. Indeed, fish are among the world’s

most traded food resources, with a business of around $ 130 billions per year (FAO

State of World Fisheries and Aquaculture, 2014). Three billion people rely on fish as

their primary source of protein, and, in some cases, fishing activity is essential to the

survival of communities, not only for its importance in the daily diet, but also as main

source of income and as integrating part of cultural identity [Ansell et al., 1996, Bell

et al., 2018, Dunstan et al., 2018]. Actually, according to FAO estimates, 29% of the

commercially important marine fish stocks are fished over biologically sustainable lev-

els, with 61% of stocks fished at their maximum capacity. The quantity of fish eaten

by people keeps raising and has doubled between 1960 and 2012. Even recreational

fishing brings a source of fishing pressure and mortality for many fish stocks [Coleman

et al., 2004, Tracey et al., 2016]. It is not surprising that therefore mesopelagic fish,

and in particular myctophids, has started to receive attention as potentially harvestable

resource ([Gjøsaeter and Kawaguchi, 1980], FAO 1997, 1998, 2001). In a recent work,

[St. John et al., 2016] indicate as 2.7 the percentage of estimates of mesopelagic fish

necessary for maintaining the whole global aquaculture production. They furthermore

state that, fishing around the 50% of the actual mesopelagic biomass, would correspond

to ⇠ 4.6kg of fish biomass per person per day. Micronekton has started to receive lot of

attention also for its high concentration in fatty acids [Lea et al., 2002, Koizumi et al.,

2014], important for the demand of “Omega-3” useful for human health [Kris-Etherton

et al., 2002].

In this scenario, it is thus important to move toward a more sustainable management of

fisheries. This could lead to many advantages, as stated by FAO report of 2014 (State of

World Fisheries and Aquaculture). Global fish harvest could be 40% higher if managed

in a sustainable way, leading to an extra $ 50 billions of income. However, the infor-

mation on ecological dynamics, interactions, biomass and so on, necessary to a healthy

management, is di�cult to obtain, especially at large scales [Handegard et al., 2012].

Satellite products are not useful for direct measurements of fish stocks and can only be

used for chlorophyll observations. The time gap necessary for the development of the

trophic chain between primary production and micronektonic organisms [Cotté et al.,

2015] makes them di�cult to interpret in this way. Also top predators are better stud-

ied than smaller size organisms. Occupying by definition the end of the trophic chain,

any perturbation on the ecosystem is expected to a↵ect them, and they are thus often

defined as integrators of the trophic chain [Cury et al., 2003, Camphuysen, 2006, Sala,

2006, Heithaus et al., 2008, Estes et al., 2011]. Therefore, generally strong economic
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[Pauly et al., 1998, Christensen et al., 2003, Reynolds et al., 2005, Shephard et al., 2012]

or patrimonial [Tyler et al., 2011] interests are directed toward them. Therefore, less

informations are available on micronekton, and often sampling measurements present

di↵erent types of bias [Pakhomov and Yamamura, 2010a]. In the next Subsection we

review some of the methods actually used for sampling fish.

1.5.1 Sampling techniques of intermediate trophic levels

1.5.1.1 Fishery data

One of the most important source of information about intermediate trophic levels are

the data coming from fishery measurements. In this framework, it is possible to distin-

guish two di↵erent types of data: the industry dependent, and the industry independent

data. The first type usually consists in a logbook, containing informations about the

quantity, the type of fish, the location and the catch time. The main advantage of this

type of data is that it usually has broad coverage, with relative low costs. However, in-

dustrial dependent data presents many potential problems [Faunce et al., 2015]. First of

all, the fishery methods are not standardized between di↵erent industries, and therefore

di↵erent catches do not necessarily correspond to di↵erences in the ecosystem. It is then

di�cult to obtain information about the type of trawls used, and to estimate the dif-

ferences in catches due to that [Zeller and Pauly, 2018]. Industries interest is addressed

toward marketable fishes, and this implies a neglecting of other species that could be

very important for the ecosystem. The presence on board of an independent observer

makes instead this data industry independent. The risk is in fact that the compilation

of the logbook stays uncompiled, or with wrong informations. These can be due to the

fact that catches are declared in di↵erent areas, or at di↵erent times (fishing blocks), to

respect locations and periods of fishing. The industry independent data presents there-

fore usually a smaller covering and a stronger dependence from availability of resources,

but allow to obtain more informations (length, age and other biological parameters),

with reduced risks for bias.

One of the first parameters used to assess the health of a stock is the “catch per unit

of e↵ort”. This parameters estimates the cost of energy necessary to capture a certain

quantity of fish. Assuming that the catch of fish is proportional to this e↵ort E and to

the size of the stock N (catch= q E N , q costant of proportionality), a proper estimate

of the level of e↵ort (e.g., number of days employed) can allow to obtain N . However,

fishing seasonality, location and e�ciency must be carefully taken into account to avoid

strong biases.
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1.5.1.2 Nets

Nets are traditional sampling tools, which allow to capture and bring to the surface fish

samplings. Nets make possible to measure biological parameters such as size, weight,

sex and so on, and taxonomic characterizations, all essential informations for the under-

standing of their ecology. Nets provide punctual measurements, i.e. reveal informations

on a certain position and at a certain depth. One of the main problem of this method

is related to the high costs necessary [Ariza et al., 2015]. Indeed many micronektonic

organisms are too small to be captured by traditional trawls, and too fast to be cap-

tured by planktonic nets [Brodeur and Yamamura, 2005], and therefore specific tools are

necessary for their sampling. Even with specific instrumentations, many problems occur

[Pakhomov and Yamamura, 2010a]. One of the main issues is the bias due to di↵erent

types of gears, which can lead to order-of-magnitude of di↵erences between di↵erent

samplings [Pakhomov and Yamamura, 2010b]. Secondly, the escaping rate of micronek-

ton to nets is di�cult to estimate [Pearcy, 1983], and make the measurements of their

abundance probably underestimated with this method [Kaartvedt et al., 2012]. Another

issue is due to the fact that during the recovery of the net other captures contaminates

the sampling, making di�cult to establish the vertical distribution of the organisms,

even if some types of nets allow to avoid this [Pearcy, 1983]. The precision which can

be obtained via nets depends also on the “patchiness” of the distribution [Wiebe, 1971].

This in turn depends on the time of the day, the season or the life stage of the individual

[Pearcy, 1983]. Finally, nets measurements require a certain time, due to the handling

di�culties and to the necessity to acquire a consistent biomass into the depth monitored.

This limits the spatio-temporal scales detectable with this method to the medium-large

ones.

1.5.1.3 Aerial surveys and logging programs

Other sampling methods consist in aerial surveys and logging programs. Aerial surveys

are used for large size fish, such as tuna [Fromentin et al., 2003, Bauer et al., 2015],

and therefore are not useful for small size organisms such as micronekton. Tagging

programs can be addressed directly to fish, or to their predators. In the first case,

populations are sampled at specific times along the year, and individuals characteristics

are analysed. With this method it is possible to measure biological factors such as growth

and mortality rates, movement, or population size [Neuheimer et al., 2011], and build

e↵ective monitoring regimes [Ewing et al., 2014]. These, however, are mainly devoted to

coastal areas. Satellite tagging programs are instead used on largest and valuable species,

to collect informations about abiotic factors characterising their environment such as

temperature or salinity, or to measure vertical depth distributions, since they permit to
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Figure 1.5: In collaboration with M. O’Toole et al. (submitted to PNAS, Appendix
B). Biologging programs have allowed to target a large number of top predators. Here,
we combine a large number of species of predator trajectories and 2� C isotherm map in
order to define which predators target the isotherm and which do not. The map repre-
sents the probability of encountering the 2� C isotherm in the first 500m, while the dif-
ferent colors of the trajectories characterise a di↵erent species: king penguins (salmon),
macaroni penguin (orange), Antarctic fur seal (blue), southern elephant seal (dark blue),
dark-mantled albatross (light green), wandering albatross (green) and black-browed al-

batross (dark green). Red dots locate the top predators colonies here considered.

follow the fish position for relatively long time periods [Tracey et al., 2016]. Biologgers

have been applied also to top predators such as fur seals [Lea et al., 2006, Nordstrom

et al., 2013], elephant seals [Cherel et al., 2008], sea turtles ([Chambault et al., 2017],

see Fig. 1.4, or [Polovina et al., 2006]), whales [Cotté et al., 2011a], or penguins [Cotté

et al., 2007, Deagle et al., 2007, Bon et al., 2015], allowing to measure many di↵erent

quantities (fluorescence, oxygen, swimming speed etc.). This has allowed, for instance,

to combine these “in-situ” measurement with environmental data measured via satellite,

and to characterize the foraging habitats of these predators ([Bost et al., 2009, Dragon

et al., 2010, Hindell et al., 2011, Bailleul et al., 2007, Boehme et al., 2008], see also my

contribution to the work in Fig. 1.5). From the micronekton sampling point of view, the

introduction of accelerometers, capable of measuring the number of capture attempts,

has been an important novelty. In [Della Penna et al., 2015], the relationship between

the number of capture attempts and oceanographic features was analysed. This helped

to shed some light on the characteristics of the favorable hotspots, rich of micronektonic

organisms prey of these predators. However, one of the main limits of the biologging

data is the limitation to the point of view of the predator (for instance, physiological

constrains), that, even if it can help to study its ecology and those of its preys, is

however restrictive for the analysis and with potential biases. For instance, one of the

main limitations of accelerometers is that they risk to overestimate the number of preys

present, since they can detect only the attempts of capture. Furthermore, this tool does

not provide yet any indications about the size or the taxonomy of the preys.
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Figure 1.6: Illustrative scheme of the functioning of an acoustic sonar. Acoustic waves
are emitted by an echosounder fixed on the boat. The wave propagates into depth
and, when encountering particle matters or organisms, is backscattered. By measuring
the intensity of the backscattered signal and the amount of time after which it has
come back, the echosounder is able to identify the abundance and depth of ecological

organisms (image from C. Cotté)

1.5.1.4 Acoustic data

So called “active acoustic” is a sampling method that has started to be largely used in

ecology studies in the last two decades, thanks to the development of new sonar models.

The basic principle of acoustic is the deployment of an acoustic wave which is sent from

the sonar placed on the boat toward the bottom of the sea floor. Objects or organisms

eventually present along the trajectory of the acoustic wave will absorb but also reflect

the wave, according to their size and physical properties. The sonar, analysing therefore

the signal rebounded and the amount of time after which it has come back, will be able

to trace a profile of the objects present in correspondence of the sonar, indicating their

size and depth (Fig. 1.6). Repeating this procedure, it is possible to obtain a profile or

“transect”, as shown in Fig. 1.9. Acoustic thus provide a time continuous information
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Figure 1.7: Repeating in time the procedure explained in the caption of Fig. 1.6, it
is possible to trace a continuous profile or “transect”. The picture shows two transects
measured in about half an hour. The left screen shows the measure obtained employ-
ing an acoustic wave of 18kHz frequency, while the right screen the 38kHz frequency.
Indeed, by changing the wavelength, it is possible to detect organisms of di↵erent sizes.
In the upper right part of both screens, it is possible to see a strong backscattering
signal, identified by a red patch, revealing the presence of a dense fish school at about
100m of depth. Photography by A. Baudena taken during the THEMISTO cruise in

January-February 2017.

on the whole water column until a certain depth. This depth is inversely proportional

to the frequency of the acoustic wave employed. Di↵erent frequencies can be used and

combined together [Logerwell and Wilson, 2004], providing further informations on size,

presence of swimbladder (Subsec. 1.6), and sometimes on general taxonomic parameters

[Benoit Bird, 2006]. Acoustic measurements provide data which are generally more

precise than those obtained with traditional nets [Catul et al., 2011]. Indeed the latter

technique measures systematically lower levels of biomass [Kloser et al., 2009, Pakhomov

and Yamamura, 2010b, Lara-Lopez et al., 2012], probably because of the high escape

rates, leading to an underestimation of the total biomass [Kaartvedt et al., 2012].

1.6 Physiology of myctophids

In my thesis work I focus on a specific taxon: the myctophids. Myctophids are mesopelagic

fish that belong to the family ofMyctophidae, and are constituted by ⇠250 species and 33

genera. They are considered as an important resource at planetary level [Gjøsaeter and

Kawaguchi, 1980]. Possessing high energetic values [Benoit-Bird, 2004], they have been

identified as a potential unexploited stock which could contribute to the Blue Growth

strategy set by the European Union (e.g. [Gjøsaeter and Kawaguchi, 1980, Valinassab

et al., 2007]). Their abundance in the Southern Ocean is estimated to about 70⇠200

million tonnes [Catul et al., 2011]. A recent study of [Irigoien et al., 2014], performed

with acoustic measurements, underlined how this assessment and previous ones can un-

derestimate of at least one order-of-magnitude the mesopelagic fish biomass, highlighting
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Figure 1.8: Few individuals of Electrona Antarctica, a species belonging to the family
of Myctophidae, and one of the most di↵used in the Southern Ocean [Greely et al.,

1999]. Photograph by A. Baudena.

even more their importance. Among the most di↵used species in the Southern Ocean, we

find the Electrona Antarctica (Fig. 1.8), the Gymnoscopelus nicholsi and the Electrona

calsbergi [Pakhomov et al., 1994, Pusch et al., 2004, Loots et al., 2007, Collins et al.,

2008, Flores et al., 2008, De Broyer et al., 2014, Gauthier et al., 2014]

One of the prominent characteristic of myctophids is the presence of photophores, small

luminescent glandular organs, on their ventral and lateral part of their body [Tsuji

and Haneda, 1971, Haddock et al., 2010], which makes them called also “lanternfishes”.

Leaving in the depths, between ⇠150 and 1000m, they present a strong adaptation to

low oxygen environments [Catul et al., 2011] and are nycthemeral fish. They spend the

day at depth, between 500 and 1000m, and migrate vertically in the upper 200m at

night, where they feed [De Broyer et al., 2014]. To perform this vertical translation,

they are helped by the swimbladder, a gas-filled structure by which they are able to

alter the amount of contained air and consequently their own specific gravity. They can

thus move vertically relatively faster than horizontally [Hall, 1924, Kuhn et al., 1963].

The swimbladder makes myctophids more easily detectable with acoustic instruments.

It is however important to note that this structure is not present on all myctophids

species, and that furthermore its presence depends on the growth stage of the individual

[Neighbors and Nafpaktitis, 1982].

Myctophids represent an intermediate level of the food web, with a trophic level between

3 and 4.6 [Irigoien et al., 2014]. Their main preys are zooplankton organisms such as

euphasiids, ostacods and amphipods [Pakhomov et al., 1996, Gordon et al., 1985, Kinzer

et al., 1993]. They are in turn main prey of many apex predators [Cherel et al., 2010,

Sabourenkov, 1991, Kozlov, 1995, Hopkins et al., 1996, Beamish et al., 1999], from

piscivorous fishes [Polovina, 1996, Potier et al., 2007, Pusineri et al., 2008, Flynn and

Paxton, 2013], to marine mammals [Casaux et al., 1998, Brophy et al., 2009, Pereira
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et al., 2011] and sea birds [Kooyman et al., 1992, Jansen et al., 1998, Deagle et al., 2007].

1.6.1 Orientating capacity of fish

In the present Subsection, I aim at showing the capacity of myctophids to identify,

orientate, and follow a tracer cue in an aquatic environment, a central hypothesis in

the present thesis. To do so, I first illustrate the state of art on the knowledge about

fish perceiving capacities of the environment in which they live, in particular on their

olfactive and visual sensibilities. I then expose some advantages of living in schools in

comparison to solitary individuals. Even if there are no many direct experimental data

on myctophids, it is reasonable to conclude that, thanks to the bibliography on many

other species, this family of fish is capable of identifying sources of food and to follow

them even for several kilometers.

1.6.1.1 Actual knowledge on fish orientating and feeding behavior.

One of the biggest problem encountered by aquatic animals during foraging and mi-

gratory activities is the fact that the resources they need varies on large spatial scales

(tens of kilometers), while their sensitive capabilities allow them to achieve information

only on a small volume of water around them [Atema, 1988, Royce, 2013]. This is valid

in particular in presence of noisy fluctuations overlying the gradient. However, even in

apparently disadvantageous conditions, fish have developed fine-tuned sense capacities

and social interactions that help them to face these di�culties.

In fact, when looking at fish behavior during the research for feeding spots, two main

factors must be kept into account. The first one is the olfactory reception [Kasumyan,

2004, Grimm, 1960, Hara, 1975, Kasumyan and Döving, 2003], that, in fish, is involved

in almost all behavioral forms, from spawning, to locating food, to homing, to migrat-

ing, to defending, etc. [Kleerekoper, 1969, Malyukina et al., 1969, Malyukina et al.,

1980, Døving, 1986, Hamdani et al., 2001, Kasumyan and Marusov, 2003]. It is rec-

ognized that this system is even more central for those species that base their feeding

activities at night, thus in a dim environment, both for close and remote food searching

activity [Kasumyan, 2004].

The olfactory organ in fish is a paired structure located in most species on the dorsal

surface of the head. It is constituted by a chemosensory epithelium inside an olfactory

bulb. Its surface consists in folds, lamellae or rosettes, that host the receptor cells. The

water that enters the olfactory bulb comes in contact with this rugose surface, and brings

thus in contact the substances dissolved in it with the receptor cells [Hara, 1975, Ka-

sumyan, 2004].
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Fish possess an extremely high sensitivity to scents. The concentration threshold for

perception, i.e. provoking significant electrophysiological responses, can have extremely

low values (10�9–10�13 M, where M is the molar concentration, mol/l). [Døving, 1989]

demonstrated that a sensitivity of 10�11M means that a salmonid fish is able to react

to a single drop poured in a 25 ⇥ 10 ⇥ 2m basin (500 000 liters). In some cases, even

few molecules can induce an electric response in the eel Anguilla anguilla [Teichmann,

1959]).

These extremely high sensibilities allowed the fish to develop di↵erent mechanisms of

orientation. The most important widely accepted is the klinotaxis, by which a fish moves

to the source of interest by swimming against the currents. It consists in a series of lat-

eral movements, with the comparison of intensities of scent at di↵erent places, that allow

the fish to proceed along a gradient, from low concentrations to higher ones [Kasumyan,

2004]. Among the other mechanisms of orientation, we cite the tropotaxis, that is the

comparison of scents perceived by the paired olfactory organs. However, for an e�cient

research with this method, the two organs need them to be properly separated, or a

strong gradient must be present. Another mechanism is the rheotaxis, by which the fish

turns to face to a oncoming current and keeps its position rather that being advected

by the current [Hara, 1975].

A second element to consider when analyzing the food seeking strategies of fish is the

fact that they typically live in schools. Schools are groups of aquatic animals of the

same species that move together displaying strong synchronicity in behavior and a large

range of adaptive functions [Radakov, 1973, Pitcher, 1986, Grünbaum, 1998, Pavlov and

Kasumyan, 2000]). Di↵erent dynamics can lead a fish school to climb gradients more

e�ciently than individuals. One of them is the so called “imitation behavior”, a key

ability for fish school formation, by which a fish tends to copy the behavior of a neighbor.

This can lead a school of fish to reach a feeding spot that they would have not been

capable of reaching alone [Radakov, 1972]. Another interesting dynamic takes place

during exploratory behavior, when some fish leave the school, and rapidly come back,

several times. When a source of food is identified, this movements repeats with more

fishes and for larger distances. This leads to the formation of “tentacles” structures, that

can disappear or improve in size. In fact, in favourable conditions, the fish can eventu-

ally convey in this tentacles, that will thus inflate and form the new school [Pavlov and

Kasumyan, 2000]. This mechanism shows how collective research can help averaging the

environmental noise and improve the gradient climbing capacity of schools compared

to isolated individuals. Other mechanisms leading in this direction have been identi-

fied, theoretically or experimentally [Shaw and Sachs, 1967, Okubo, 1986, Grünbaum,

1998, Ogren et al., 2004, Vicsek and Zafeiris, 2012].

Finally, there have been some studies highlighting the hydrodynamical advantages of
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swimming in schools. Even if the mechanisms of the hydrodynamic interrelationship

between the fish are poorly understood, some indirect proofs pointed out that there

is an energy saving when displacing inside a school rather than outside. Experiments

reported that some schools in facts are capable of maintaining cruising speeds 3-5 times

higher than individuals, with higher endurance [Breder, 1967]. It has been shown fur-

thermore that the heading fish of a school consume more energy than the others, with

higher caudal movements [Herskin and Ste↵ensen, 1998].

1.6.1.2 Focus on myctophids

The studies shown in the previous Subsubsection illustrate the strong capacities of fish

in orientating and climbing gradients even at large scales. Even if there are not many

studies on myctophids concerning these issues (see for instance [Saunders et al., 2013]

about school behavior in lanternfishes), however, [Lawry, 1973], describes the olfaction

organ in Tarletonbeania crenularis, a lanternfish. The description of the organ and its

epithelium does not di↵er substantially from the classical one given in the previous sec-

tion. Myctophids are furthermore a worldwide di↵used fish and their biomass is one of

the greatest in the Southern Ocean, constituting the dominant bulk [Pakhomov et al.,

1996, Cherel et al., 2010]. They are constituted by more than 250 species in 33 genera

and two subfamilies [Catul et al., 2011], and they have diversified at higher rates than

other families [Davis et al., 2014]. Some authors supposed that this diversification has

been possible thanks to great adaptive capacities. In particular, [de Busserolles and

Marshall, 2017] shown the great visual capacity of lanternfishes, in particular measuring

their optical sensitivity with the Land formule for monochromatic light [Cronin et al.,

2014, De Busserolles et al., 2014]. The authors obtained that myctophids possess a 10-

100 times higher sensitivity than human eyes.

It is thus presumably to conclude that myctophids capacities do not di↵er significantly

from the ones of other fish exposed in Subsubsec. 1.6.1.2. On the contrary, the dim-light

environment in which they live and forage, along with their success in spreading world-

wide and diversificate, suggest that they may possess significant capacities to adapt to

di↵erent and hostile environments, both physiologically, both through social interac-

tions.

This is why, in the following, I will assume that the myctophids simulated in the present

thesis are capable of detecting a tracer and trying to follow it, in respect of their swim-

ming capacities (cruising speed: 1 body length per second).
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Figure 1.9: Schematic illustration of the circulation in the Kerguelen region, from
[d’Ovidio et al., 2015], adapted from [Park et al., 2014]. The black thick lines, at 500
and 750, identifies the Kerguelen and Heard plateaux and the shelf break respectively.

1.7 The Kerguelen region

The Kerguelen basin is the region surrounding the Kerguelen archipelago, constituted

by more than ⇠300 small islands, and situated in the Indian sector of the Southern

Ocean. The Northwest-Southeast shallow Kerguelen plateau (⇠500 m) forms a major

barrier for the westerly coming Antarctic Circumpolar Current, which it separates in 3

major branches (see for instance [Park et al., 2014] for further details): the Kerguelen-

Amsterdam passage, north of Kerguelen, which carries the majority of the transport

(⇠150Sv, ⇠60% of total transport) and which often overlaps with the Subantarctic

front, the Fawn Trough and the Princess Elizabeth Trough. The Kerguelen plateau is

instead characterised by weak currents, with a pretty stagnant situation. The Kergue-

len region presents a strong annual phytoplanktonic bloom which, with an extension

of about 1000 km, is one of the vastest of the Southern Ocean [Mongin et al., 2008].

The Southern Ocean is known to be a “high-nutrient low-chlorophyll” region, in which

therefore the primary production is constrained by the presence of key limiting factors,

in particular iron [Blain et al., 2001, Martin, 1990, De Baar et al., 1995, de Baar et al.,

2005, Blain et al., 2007, Boyd et al., 2007, Blain et al., 2008a, Boyd et al., 2012]. Several

works have recently suggested the importance of the currents into the modulation of

this bloom. Indeed, the Antarctic Circumpolar Current, coming from the west meets

the barrier constituted by the plateau and erodes it, becoming enriched in iron. The

study of [d’Ovidio et al., 2015] shown how the patterns of chlorophyll detected by satel-

lite can be qualitatively reconstructed simply advecting the water parcels that touched

the plateau, and looking at their age. This diagnostic, called “age of waters”, constitutes
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thus an e�cient proxy for describing the spatial organisation of the primary production

of the region. It is however important to note that other mechanisms are responsible

for the modulation and structure of the phytoplanktonic bloom, such as vertical in-

tense upwellings associated to high (sub)mesoscale features [Rosso et al., 2014], grazing

[Smetacek et al., 2004], and silicate limitation [Sullivan et al., 1993].

Primary production in Kerguelen region is mainly driven by large diatoms [Armand

et al., 2008, Blain et al., 2008a]. These in turn sustain a relatively simple food web,

which starts from a vast range of zooplankton, such as copepods, euphausiids, salps

and amphipods [Carlotti et al., 2015, Bocher et al., 2001], to a large community of

mesopelagic fish. In particular, myctophids constitutes a large part of this community

[Pakhomov et al., 1996, Duhamel et al., 2005, Hulley et al., 2011], organised by the po-

sition of the major frontal structures of the region [De Broyer et al., 2014]. In this sense,

the position of Kerguelen in respect to these fronts is responsible for a strong latitudi-

nal variation of the pelagic communities [Koubbi et al., 1991, Koubbi, 1993, Duhamel,

1998], and in general of the whole trophic chain [Koubbi et al., 2016b, De Broyer et al.,

2014, Koubbi et al., 2011a], from Subtropical to Antarctic ones. Myctophids play a key

role in the trophic chain, being consumed and therefore sustaining many top predators

based on the archipelago of Kerguelen and Heard Islands [Hindell et al., 2011, Koz,

1995, Lea et al., 2006, Lea et al., 2008, Deagle et al., 2007, Cherel et al., 2008]. Some

species of these apex predators are endemic of the island, and several of them have been

declared as vulnerable or near threatened by IUCN [Koubbi et al., 2016a].

Despite its remoteness, the Kerguelen region has been object of many research studies,

from oceanographic campaigns, regional products for satellite (CLS, Collective Locali-

sation Satellite, http://www.cls.fr/en/), a yearly monitored station, KERFIX [Jeandel

et al., 1998], and several works concerning animal tracking [Bailleul et al., 2007, Dragon

et al., 2010, d’Ovidio et al., 2013, Guinet et al., 2014]. In 2006 the Kerguelen archipelago

was declared as marine protected area. In 2016, following the indication of a scientific

commission [Koubbi et al., 2016a] (Appendix C) and [Koubbi et al., 2016b], the pro-

tected area was extended also to the Economic Exclusive Zone, covering thus 672 000km2,

and making it among the 10 largest marine protected area in the world. Further-

more, with 120 km2 of no fishing zone, it is the second halieutic reserve in the world

(http://www.taaf.fr). Indeed, Kerguelen region constitutes an important resource for

fisheries industries. In the last ten year, about 10 000 metric tonnes of fish were captured

each year in Kerguelen Islands [Palomares and Pauly, 2011].
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1.8 Ecoregionalisation

As explained in the previous Section, in my thesis I focus on a vast region. When

studying such a large domain from an ecological point of view, it is useful to split it

according to its biogeographical characteristics, in order to study the di↵erent ecological

systems separately. This is necessary particularly when working with acoustic datasets

as in the present work. Indeed, a di↵erence in the backscattering signal measured in

two di↵erent sites could be due simply to the di↵erent backscattering capacity of the

organisms present there, and not to a larger biomass. The branch of science which

deals with the partition of a certain area in so called “ecoregions” is referred to as

ecoregionalisation. It can be applied to global or regional scales [Bryce et al., 1999]. An

ecoregion can be defined as a zone with a“relative homogeneity in ecosystems” [Omernik

and Bailey, 1997], or also areas of the ocean which host di↵erent species assemblages or

communities [Spalding et al., 2007] which “are presumed to share a common history of

co-evolution” [Sutton et al., 2017].

The importance of ecoregionalisation is widely recognized, for several reason. One of

the most important is the contribution it gives to marine conservation planning [Lourie

and Vincent, 2004], helping identifying priority areas to protect, allowing to detect

distinct contributions each area gives for a specific target, providing informations where

not available through model analysis. The latter point can be a crucial insight when

studying marine food web, and in particular pelagic ecosystems, for which only 1% of the

habitat has been sampled [Webb et al., 2010, Mora et al., 2011, Appeltans et al., 2012,

Costello et al., 2012, Higgs and Attrill, 2015, St. John et al., 2016]. Their importance

to societal issues, such as their role in the carbon cycle or other major contributions, or

their vulnerability to global change, commercial fishing, deoxygenation [Sarmiento et al.,

2004, Koslow et al., 2011, Ramirez-Llodra et al., 2011, Mengerink et al., 2014] etc., is

acknowledged even if poorly understood, as explained in Sec. 1.5. This is why the work

of [Sutton et al., 2017] is important for my study. In the paper, the authors provide a

partition of the global ocean in 33 ecoregions, according to the mesopelagic ecosystems.

In order to do it, water masses, identified with fields of temperature, salinity and oxygen

are taken in consideration. Indeed, water masses and circulation patterns influence

faunal distributions and structure their regional limits [McGowan, 1974, Backus, 1986,

Goetze and Ohman, 2010, Olivar et al., 2017]. Other parameters were taken into account,

such as oxygen minimum zone, temperature extremes, or biotic factors such as primary

production or local informations available on faunal composition. The result is shown

in Fig. 1.10. In my study I will focus on 5 zones: the Mid Indian Ocean (18), the

Southern Indian Ocean (19), the Circumglobal Subtropical Front (31), the Subantarctic

Waters (32) and in particular on the Antarctic Southern Ocean (33) region. A detailed

description of the region, in particular in the neighborhood of Kerguelen archipelago,



Introduction 27

Figure 1.10: Mesopelagic ecoregionalisation of the global ocean, from [Sutton et al.,
2017].

Figure 1.11: Lagrangian diagnostic can help identifying barrier to transport and
highlight regions that, besides being important for their physical charactersitics, are
pivotal also for ecobiological purposes. This is why, with a collaboration with O. da
Silva, we computed di↵erent climatologies of Lagrangian quantities in the area of Crozet
and Kerguelen. These helped in the eco-regionalization of the area of Crozet and
Kerguelen, that was used to determine priority areas that should be protected with the
incoming of a new Marine Protected Area (MPA). Here it is possible to see a climatology
of FSLE (left panel), retention time (central panel) and water age (right panel) over
the years 2010-2014. Images from [Koubbi et al., 2016b], see also [Koubbi et al., 2016a]

(Appendix C).

and of the dynamics characterising it, can be found in Sec. 1.7.

A similar method to the one of [Sutton et al., 2017] was applied for the partition of

the economic exclusive zone of Kerguelen, and Crozet, for the extension of the marine

protected area of the islands (Fig. 1.11 and [Koubbi et al., 2016a, Koubbi et al., 2016b]

for more details).



Chapter 2

Mesoscale fronts as hotspots of

fish aggregation.

This Chapter will be submitted as Mesoscale fronts as hotspots of fish aggregation. by

A. Baudena et al. at Journal of the Royal Society Interface, 2018.

Marine organisms are not distributed homogeneously across the ocean. One of the main

reasons for this heterogeneity is due to the turbulent nature of the ocean, which in-

fluences deeply marine life abundance, distribution and diversity. Physical features at

the (sub)mesoscale (few to hundreds of kilometers, days to several weeks) have indeed

proved to play a central role into regulating lower trophic levels and top predators be-

havior, ecology and distribution. However, less is known on the relationship between

fine scale structures and intermediate trophic levels, and how they regulate fish distri-

bution and aggregation. In this Chapter I analyze acoustic transects acquired in the

Southern Ocean, and co-localize them to satellite-derived fine scale features, finding

high fish concentrations in correspondence of Lagrangian fronts. I then develop a simple

fish aggregating mechanisms, over a frontal feature, capable of explaining the increased

concentrations observed. The main finding is that fronts represent necessary but not

su�cient conditions for high fish concentrations, and we confirm this with the acoustic

measurements. Applications and limits of the present study are discussed.

2.1 Introduction

Marine biomass distribution is highly patchy and displays lot of variability, both from a

spatial and temporal point of view, and far from being homogeneously distributed across

all the trophic web [Gasol et al., 2003, Sakshaug et al., 1994, Simard and Lavoie, 1999,

28
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Lavoie et al., 2000, McManus and Woodson, 2012, Lee et al., 2012]. This aspect presents

a first evident consequence on the foraging strategies of marine predators. Indeed, in a

hypothetical homogeneous ocean, a fast swimming organisms would probably not survive

because the resources would be too sparse, and the energy budget necessary to move and

forage too high compared to the energetic gain [MacArthur and Pianka, 1966, Schoener,

1971, Pyke, 1984, Abrahms et al., 2018].

Arguably, the patchy distribution of the marine biomass and the dynamical character of

the ocean processes thus favored the emergence of competitive strategies for the survival.

These see their peak with the complex foraging strategies of marine top predators, whose

main preys are composed by nektonic (i.e. actively swimming) organisms such as fish.

Apex predators have been indeed observed concentrating their foraging e↵ort on specific

regions [Scales et al., 2014b, Worm et al., 2003, Block et al., 2011, Davoren, 2013, Ceriani

et al., 2017], (O’Toole et al. submitted, see also Appendix B) often targeting specific

circulation features [Della Penna et al., 2015, Cotté et al., 2015, Chambault et al., 2017].

For instance, King penguins (Aptenodytes patagonicus) of Crozet Island colony forage in

an area approximatively 400 km south of the Island, following each year the displacement

of the Polar front [Bost et al., 2015]. Elephant seals (Mirounga Leonina) have been

observed in intense foraging activities along some fine scale structures of the circulation,

such as eddy peripheries and filaments [Della Penna et al., 2015]. The previous studies

gave some indications on the spatial distribution of the nektonic organisms targeted by

the predators, suggesting the existence of possible spots of increased fish concentration

in specific sites. This is one of the reason why, along with animals, fishery industries

have developed several methods and technologies to identify fishery grounds, from aerial

surveys [Fromentin et al., 2003, Bauer et al., 2015], to use of Fish Aggregating Devices

(FAD, [Capello et al., 2016, Moreno et al., 2016]), and satellite products [Scales et al.,

2018, Watson et al., 2018].

The heterogeneous distribution of marine organisms across the oceanic landscape is in

part due to biological reasons, such as growth and mortality processes, reciprocal inter-

actions between the di↵erent elements of the trophic chain, etc. (see for instance [Abra-

ham, 1998]), and partly due to physical factors. On the seafloor, physical factors such

as sand particle size or material can condition the ecology [McLachlan, 1996, Harriague

and Albertelli, 2007, Barboza et al., 2017], while close to the coast the conformation

of the bathymetry can induce local upwellings [Fiúza, 1983, Huyer, 1983, Figueroa and

Mo↵at, 2000, Su and Pohlmann, 2009], in a dynamic similar to the action played by

topography on the terrestrial ecosystems [Turner, 1989]. In the open ocean, instead, far

from the shore and from the bottom, a peculiar characteristic of the oceanic environ-

ment emerges: its dynamical nature. Further details can be found in Chapter 1 (Subsec
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1.2), where I provided also information on the Lagrangian approach (Subsec 1.3). La-

grangian tools have been applied successfully to study the lower and higher elements of

the trophic web. For more information, please refer to Subsec 1.4.

Compared to plankton and top predators, information on intermediate trophic levels

is poor, in particular in the open ocean. One of the main reasons is due to the ac-

cessibility of pelagic organisms. These can not be tagged as large predators, neither

observed directly via satellite as chlorophyll. Their measurement therefore presents sev-

eral di�culties, as exposed in Subsec. 1.5.1. The studies of [Prants, 2013, Prants et al.,

2014a, Prants et al., 2014b] have been the first attempt to relate fish measurements and

Lagrangian diagnostics, showing a good correlation between the Pacific saury catches

and Lyapunov exponents. The results, performed with the use of declared fish catches by

commercial fishing vessels, leave however some concerns about the possible bias due to

the use, by the fishing industry, of satellite data to select the foraging grounds [Watson

et al., 2018]. The development of new technologies, and in particular of acoustic sonar

measurements and data processing algorithms [Béhagle et al., 2017] provided however

new interesting possibilities to fill the knowledge gap toward intermediate trophic levels.

Here, in my knowledge for the first time, we attempt to relate on-ship acoustic measure-

ments and satellite derived diagnostics, in order to highlight the organization of spatial

patterns of fish concentration according to fine scale structures of the circulation. The

statistical analysis provided suggest that Lagrangian fronts can play an important role in

the organization of nektonic resources. We suggest that Lagrangian fronts are fine scale

structures necessary but not su�cient for the presence of high nektonic aggregations.

We then develop a simple one dimensional mathematical mechanism for the coupling

between fish behavior and Lagrangian transport. This model is based on a cue pursuing

dynamic, and explains the observed enhanced concentrations of nekton biomass across

frontal systems. We split the mechanism in two parts: the first is linked to the orientat-

ing capacities of the fish, which must identify the noisy cue properly. The second takes

into account the fact that the cue is advected and smoothed by the current over the

same timescales over which the research takes place.

This Chapter is organized in this way. Sec. 2.2 contains informations on data acquisi-

tion and analysis, the methodologies and techniques applied in the present paper, and

biological knowledges on the reference fish studied. Sec. 2.3 illustrates the results ob-

tained. The first part is dedicated to the analysis of the correlation between the acoustic

data and satellite derived diagnostics. The second part illustrates a simple mechanisms

of fish aggregation, which could explain the results observed in the first part of Sec.

2.3. Discussions about the results obtained, limits of the present study and possible

implementations and perspectives are presented in Sec. 2.4.
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2.2 Data and Methods

2.2.1 Acoustic measurements

Acoustic data were collected within the Mycto-3D-MAP program during 6 campaigns

in 2013 and 2014, both in summer and in winter (see Tab. 1 for more details), using

split-beam echo sounders at 38 and 120kHz. Details of data collection and processing

are provided in [Béhagle et al., 2016]. The data were then treated with a bi-frequency

algorithm, applied to the 38 and 120kHz frequencies, as described in [Béhagle et al.,

2017]. This allows us to obtain a quantitative estimation of the fish concentration in the

water column. The depth range goes from 10 to 300 meters (30 layers in total), with a

vertical transect every 1,1 km on average. A second slice of higher resolution data (a

vertical transect every 206 m), collected between the 22nd of January and the 5th of

February 2014, and processed as the other dataset, is used for the computation of the

zooplankton gradient, since it is all collected in in the Kerguelen region. The gradient

of a point i of the boat transect is computed as:

@Z

@x
(i) =

1

2

✓
Zi � Zi�1

di�1
+

Zi+1 � Zi

di

◆

where Zi is the cubic spline interpolation in an around of 2 km of the zooplankton

concentrations (to smooth the noise e↵ects and preserve the fronts), and di the kilometric

distance between the point i+ 1 and i.

Acoustic campaigns details

Cruise Season St. Date End Date Distance (km)

LOGIPEV193 RUNKER Summer 09/02/2013 17/02/2013 2752
LOGIPEV193 KERMAU Summer 04/03/2013 10/03/2013 3781
OP2013-2 RUNKER Winter 30/08/2013 10/09/2013 3310
LOGIPEV197 RUNKER Summer 06/01/2014 13/01/2014 2800
LOGIPEV197 KERMAU Summer 06/02/2014 18/02/2014 2045
OP2014-2 RUNKER Winter 24/08/2014 04/09/2014 3677

Table 2.1: Details of the acoustic transects analysed.

2.2.2 Biogeographical partition

The dataset employed presents a large latitudinal and longitudinal range, going from 16

to 50 �S and 43 to 83 �E. The transects analysed cross regions with di↵erent dynamics

and characteristics, both from a physical and an ecobiological point of view (see Fig. 1.10

in the Introduction Chapter). Data are thus divided in di↵erent subsets, according to the



Chapter 2. Mesoscale fronts as hotspots of fish aggregation. 32

ecopartition of [Sutton et al., 2017]. Data fall in 5 di↵erent ecoregions; the Mid Indian

Ocean, the Southern Indian Ocean, the Circumglobal Subtropical Front, the Subantarctic

Waters and the Antarctic Southern Ocean region (Fig. 2.1). We will however take in

consideration only the points belonging to the Antarctic Southern Ocean region, because

of its ecological importance (Subsec. 1.7). We note that the ecoregionalisation of [Sutton

et al., 2017] is also consistent with the ecopartition of [Koubbi et al., 2011b], since all

the transects considered as being part of the Antarctic Southern Ocean ecoregion are in

the same ecological group (group 5) identified in the work of [Koubbi et al., 2011b]. This

is particularly important for our case study because the ecoregionalisation by Koubbi et

al. is obtained through model species assemblages based on myctophids measurements,

which are the family of fish considered in the present study. I described some of the

general characteristics of myctophids in the Introduction. In the following Subsection I

recall the features that are of specific interest for the analysis described in this Chapter.

2.2.3 Myctophids

Myctophids are small mesopelagic fish di↵used worldwide and particularly in the Antarc-

tic Southern Ocean region considered in this study. They present a diel vertical migra-

tion, living, during the day, in the twilight zone (⇠200 to 1000m), and ascending at

dawn in the upper euphotic layer where they spend the night [Duhamel, 1998, Catul

et al., 2011]. They feed mainly on copepods, euphasiids, ostacods and amphipods [Gor-

don et al., 1985, Kinzer et al., 1993, Hopkins et al., 1993, Koz, 1995, Pakhomov et al.,

1996, Shreeve et al., 2009] and their vertical migration plays a major role in the carbon

export into the depths [Hidaka et al., 2001b, Hudson et al., 2014]. Myctophids dominate

the mesopelagic community and likely constitute one of the largest biomass of fishes in

the world [Irigoien et al., 2014]. Their great importance is also due to the consumption by

top predators such as piscivour fishes [Polovina, 1996, Potier et al., 2007, Pusineri et al.,

2008, Flynn and Paxton, 2013], marine mammals [Casaux et al., 1998, Brophy et al.,

2009, Pereira et al., 2011] and sea birds [Kooyman et al., 1992, Jansen et al., 1998, Deagle

et al., 2007], for which they constitute a key resource [Cherel et al., 2010, Sabourenkov,

1991, Kozlov, 1995, Hopkins et al., 1996, Beamish et al., 1999]. They thus constitute a

crucial element in the marine trophic chain, playing an intermediate role of connection

and energy transfer between primary and secondary production, and apex predators.

Recently, the study of [St. John et al., 2016] has underlined the gaps of knowledge ac-

tually present on the mesopelagic community, which could be soon being exploited for

commercial use. The authors stress, amongst others issues, the necessity of a better

understanding of “the links between oceanographic regimes and mesopelagic biomass”.
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Figure 2.1: Bioogeographic partition (from [Sutton et al., 2017]), with, superposed
in black, the acoustic transects analysed. Each region is identified by a number. 1:
Mid Indian Ocean. 2: Southern Indian Ocean. 3: Circumglobal Subtropical Front. 4:

Subantarctic Waters. 5: Antarctic Southern Ocean

2.2.4 Satellite data.

Velocity current data and processing

Velocity currents are obtained from the Sea Surface Height (SSH), which is measured

by satellite, through the geostrophic approximation. Data, which were downloaded from

E.U. Copernicus Marine Environment Monitoring Service (CMEMS, http://marine.copernicus.eu/),

are obtained from DUACS (Data Unification and Altimeter Combination System) delayed-

time multi-mission altimeter, and displaced over a regular grid with spatial resolution

of 1
4 ⇥ 1

4
�
and a temporal resolution of 1 day [Pujol et al., 2016].

Trajectories were computed with a Runge-Kutta scheme of the 4th order, with an in-

tegration time of 3 hours. Lyapunov Exponents (finite size) were computed following

the methods in [d’Ovidio et al., 2004], with initial and final separation of 0.04� and 0.4�

respectively. Betweenness, computed following the methods in Ser-Giacomi et al. (in

preparation), was obtained from a regular grid with spatial separation of 0.025� and

integration time of 30 days.

Temperature field

The temperature field was downloaded from the OSTIA global foundation Sea Surface

Temperature product (SST GLO SST L4 NRT OBSERVATIONS 010 001). The data
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are provided over a regular grid with spatial resolution of 0.05 ⇥ 0.05� and daily-mean

maps.

2.3 Results

2.3.1 Acoustic fish concentration and satellite-derived diagnostics

In this subsection, we look at the correlation between satellite derived diagnostics and

the acoustic backscattering obtained through the bifrequency algorithm (Subsec. 2.2.1)

representative of the fish mass in the water column. We will refer to the latter as

Acoustic Fish Concentration (AFC). We will consider also the Acoustic Zooplankton

Concentration (AZC). We consider as AFC (or AZC) of the point (xi, yi) the average of

the bifrequency acoustic backscattering on the whole column on the point (xi, yi), with

the exclusion of the first layer which is not considered due to surface noise.

Concerning the satellite derived oceanographic features, in order to reduce the error

due to the resolution of the satellite measurement, we consider as value of the diagnos-

tic (Lyapunov exponent, temperature gradient,..) the average value over a disc of 0.2�

around the point (xi, yi). Due to the diel vertical migration of the myctophids, we split

the values, according to the twilight index, in day and night. Finally, we separate the

data according to the biogeographical partition of [Sutton et al., 2017], as explained in

Subsec. 2.2.2.

The explanatory variables are 2 Lagrangian and 2 Eulerian diagnostics: the finite-size

Lyapunov exponent, the betweenness, the SST gradient and the Kinetic Energy. For

the quantile regression, the AZC was considered also as explanatory variable.

Fig. 2.2 shows two illustrative examples of the boat trajectory, on the 29th of August

2014 and 31st of August 2013 respectively. They are superposed to a field of Finite-size

Lyapunov exponents computed as explained in Subsec. 2.2.4. Each dot of the boat

trajectory is colored proportionally to the AFC in that point. On both the panels, AFC

values show a qualitative agreement with the FSLE, increasing in correspondence of the

frontal features identified by high values of the Lyapunov exponents. According to the

biogeographical partition, we focus only on the Antarctic Southern Ocean region, which

is of main interest because it includes the Kerguelen region (see also Subsec. 1.7 in

the Introduction Chapter). Fig. 2.3 shows the scatter plots of the AFC against three

di↵erent diagnostics, with both the axis in logarithmic scale. In the first row of Fig. 2.3,

the scatter plot with the FSLE is reported, with, respectively, AFC values during day

(left) and night (right). From now on, if not specifically declared, we will report only

the values measured during the night. Indeed, the AFC values measured go from the

surface to 300m. However, the nektonic organisms of the region, such as the myctophids,
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Figure 2.2: Illustrative examples of two transects of the boat trajectory. The color
of each dot is proportional to the Acoustic Fish Concentration (in decibel: please refer
to the right part of the colorbar ticks for the scale). The transects are superposed to
a field of Finite-Size Lyapunov Exponents (FSLE) computed with altimetry derived
velocities (days�1, refer to the left part of the colorbar ticks for the scale). Left panel:
August, 29th, 2014, biogeographic region: Circumglobal Subtropical Front. Right panel:

August, 31st, 2013, biogeographic region: Southern Indian Ocean.

presents a nycthemeral cycle, and, living in the depth during the day, are not observed

by the acoustic equipment. It is not surprising therefore that the data measured at

night present a better spatial organization compared to the ones measured during the

day, which is confirmed looking at the respective correlation coe�cients. Finally, in

the second row of Fig. 2.3, the diagnostics reported are the betweenness and the SST

Figure 2.3: Scatterplots of AFC (sa) against some diagnostic. Upper panels: FSLE
(days�1) during day (left panel) and night (right panel). Lower left panel: betweenness.
Lower right panel: SST gradient (�/km). Each panel reports the correlation coe�cient.
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gradient. Kinetic Energy (not shown) presents a correlation coe�cient of -0.15.

Bootstrap method

In order to see if the AFC values present significant di↵erences in proximity of fine scale

features, bootstrap analysis is applied, following the methodologies in [De Monte et al.,

2012]. In order to identify the frontal features, the following diagnostic values are chosen

as thresholds for representing the front: for the FSLEs, we use 0.08 days�1, threshold

value consistent with those chosen in [De Monte et al., 2012] and obtained from [Lehahn

et al., 2007, Kai et al., 2009]. For the SST gradient, we consider as representative of a

thermal front values greater than 0.9�C/100 km, which is about the half of the value

chosen in [De Monte et al., 2012]. In that work however, the SST gradient was obtained

from the advection of the SST field with satellite derived currents for the previous 3

days, which structures it in high resolution features that therefore present higher gra-

dient values. For the betweenness, the threshold value is set to 30 and for the Kinetic

Energy to 0.02m
2

s2
.

The threshold value splits the AFC in two groups, over and under the threshold, whose

independency is tested using a Mann-Whitney or U test. The results are reported in

Figure 2.4: Bootstrap method results. Upper row: FSLE and Betweenness. Row
below: SST gradient and Kinetic Energy averaged over 60 days. For each plot, the
light gray columns represent the mean AFC under the threshold, and the dark gray
columns the mean AFC over the threshold. On the left the bootstrap test is computed
for the AFC values during the day, while on the right for the AFC values taken during

the night.
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Fig. 2.5. As expected, during the day no significant di↵erences are recorded over or un-

der the fixed threshold, due to the impossibility to measure the AFC deeper than 300m

where instead the fish spend their daytime. Concerning the FSLE, the betweenness and

the SST gradient during the night, highly significant di↵erences (p-value < 0.001), with

higher AFC value over the thresholds, are obtained. Interestingly, the Kinetic Energy

presents an opposite trend, with significant higher AFC values present in regions of

smaller EK.

Quantile regression

Quantile regression method, as applied for instance in [Sankaran et al., 2005], is employed

with the 4 explanatory variables and the AZC. The quantile regression is applied, for

each case, to the 50, 90 and 99 percentiles. The results are shown in Fig. 2.5. The

best values of pseudo R2, visible in the scatter plots, are all the over the 99 percentile,

with the betweenness having R2 = 0.26, the FSLE 0.20, the SST gradient 0.11 and the

AZC 0.04. Kinetic Energy (not reported) presents instead a pseudo R2 of 0.06 at the 99

percentile.

2.3.2 Frontal mechanisms of fish aggregation

Why fish aggregate along frontal features? I address this question by proposing a math-

ematical model based on a searching behavior of the fish, specifically of myctophids,

Figure 2.5: Quantile regression results. Upper row: FSLE and Betweenness. Row
below: SST gradient and AZC.
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whose orientating capacities have been presented in Subsec. 1.6.1 of Introduction Chap-

ter. An obvious characteristic of fish, which becomes peculiar when analyzing their

behavior in respect to lower trophic levels, is that they can swim, along the horizontal

dimension, with velocities often comparable with those of the currents [Sfakiotakis et al.,

1999, Bainbridge, 1958]. This allows them to move actively through the flow, performing

di↵erent tasks such as escaping from predators, migrating, feeding, orientating and so on

[Beamish, 1978, Stobutzki and Bellwood, 1994, Drucker, 1996, Watkins, 1996, Domenici,

2001]. In particular, swimming (often through the organization in schools) plays a cen-

tral role in the research of hotspots with favorable taxis [Grünbaum, 1998, Drucker,

1996], such as foraging grounds, temperature, salinity or chemicals hotspots, during

which the fish have to move actively. Often, we can suppose that the signature iden-

tifying those hotspots is a generic cue, advected passively by the currents. This is the

case for instance of zooplankton, main prey of many fish species [O’Brien, 1979, Gordon

et al., 1985, Pakhomov et al., 1996], which (at the scale we consider here, of 10s of km)

possesses swimming capacities restricted to the vertical direction [Genin et al., 2005]

and which thus can be approximated, along the horizontal direction, as a passive tracer.

When searching for an optimal site, a swimming organism faces in general two di�-

culties. The first one is due to the fact that the individual can not know exactly the

location of the hotspot is looking at. In our case, this is due to the fact that the ca-

pacity of the fish to observe the surrounding environment is limited to a certain spatial

range around it, usually smaller than the scales over which the research takes place (see

Subsec. 1.6.1). Furthermore, the presence of noise in the cue, a characteristic recurrent

in many tracer observations in the ocean [Grünbaum, 1998, Shraiman and Siggia, 2000],

can in principle lead the fish to follow the wrong direction. Other misleading factors can

be inaccuracies in the sensorial field of the individual.

The second kind of di�culty is due to the oceanic turbulence, which makes the tracer

cue evolve during the period of the research, and which has an e↵ect on the fish trajec-

tory. Turbulence can potentially dissipate hotspots of interest before the fish have the

time to reach them, or create them elsewhere.

Thus, from one side, the fish must be able to identify properly the direction along which

it has to swim and, on the other, it has to do it fast enough to reach the desired place

before the cue faded. As a first step, we decouple the search dynamics from the tracer

evolution. In Chapter 4 I will discuss how these two processes can occur at the same

time, and I present some preliminary encouraging results.

In the next paragraph we describe a hypothetical fish behavior in a noisy environment,

analyzing then the consequences on their spatial distribution. Next, we study the ac-

tion of horizontal stirring and di↵usion on the evolution of an optimal hotspot for fish,

represented by a passive tracer, and the e↵ects on fish concentration.
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Gradient climbing e↵ect.

In order to obtain a simple vision of the problem, we first describe the search as a

one dimensional, individual based, Markovian process. In order to analyse this process,

we discretize the time in timesteps of length �⌧ . We suppose that, at each timestep,

the fish (or the fish school) chooses between swimming in one of the two directions or

being advected by the currents without actively moving. This decision depends on the

comparison between the quantity of tracer at its actual position and the one perceived

at a distance fW from it, where fW is the field view of the fish. We consider the fish

immersed in a tracer which concentration is described by the function T (x).

We try now to derive an expression for the average velocity of the fish UF (x), supposing

two type of di↵erent behaviors.

Behavior 1: observation along a random direction.

In a first, more simple scenario, we consider that, at each timestep, the fish is able to

observe the tracer only along a random direction (that, in a one dimensional system,

is just right or left). Along this direction, the fish will observe a di↵erent value of the

tracer in which it is swimming. We introduce a noise in the tracer concentration, so that

the e↵ective value perceived by the fish will be

T̃ (x0 ± �x) = T (x0 ± �x) + ⇠

in which we consider a uniform distribution of the noise, with a range of values �⇠MAX <

⇠ < ⇠MAX , with ⇠MAX > 0.

We assume then that, if T̃ (x0 ± �x) > T (x0), the fish will move in the new position

x0±�x, and, otherwise, will stay in the old one. We hypothesize that the observational

range is small enough to consider the tracer variation as linear, as illustrated in Fig. 2.6,

so that

T̃ (x0 ± �x) = T (x0)± fW
@T

@x
+ ⇠ .

In case of absence of noise, or with ⇠MAX < fW
@T

@x
, the fish will always stay right in

case of rightward observation, and won’t move in a leftward observation. Considering

that the probability of observing right or left (POR and POL respectively) is equal 1
2 , on

average, the net velocity of the fish school UF (x) will be
1
2V , assuming V as the cruising

swimming velocity of the fish.

Let’s now assume ⇠MAX > fW
@T

@x
. We will have the following scenario:

Jump on the right:
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Tracer concentration

Figure 2.6: Schematic representation of the behavior of a fish. Each timestep, it
can observe the tracer, according to its field view capacity, up to a distance fW . We
assume a small field view, so that the tracer variation can be considered linear, and
a positive gradient. The tracer value in the new position will be a↵ected by a noise,
ranging between �⇠MAX and ⇠MAX . Behavior 1: if the fish observes a value of tracer
higher in a randomly selected direction, it will move there, otherwise it will stay in the
actual position x0. Behavior 2: the fish observes both the directions, and swims toward

the one with higher tracer.

if ⇠ > 0 ! the fish goes right

if �fW
@T

@x
< ⇠ < 0 ! the fish goes right

if �⇠MAX < ⇠ < �fW
@T

@x
! the fish does not move

Jump on the left:

if ⇠ < 0 ! the fish does not move

if 0 < ⇠ < +fW
@T

@x
! the fish does not move

if +fW
@T

@x
< ⇠ < +⇠MAX ! the fish goes left

The probability of moving right is given by the product of POR and the probability

that the noise will lead to a rightward moving. The latter is the ratio between the

length of the interval of noise for which the fish is staying in the new position and the

range of the noise. The procedure is analog for P (L).

Thus:

P (R) = POR ⇤ 1

2⇠MAX

[⇠MAX + fW
@T

@x
]

P (L) = POL ⇤ 1

2⇠MAX

[⇠MAX � fW
@T

@x
]



Chapter 2. Mesoscale fronts as hotspots of fish aggregation. 41

The di↵erence between P (R) and P (L)

P (R)� P (L) =
1

4⇠MAX


⇠MAX + fW

@T

@x
� ⇠MAX + fW

@T

@x

�

=
1

4⇠MAX


2fW

@T

@x

�

=
fW

2 ⇠MAX

@T

@x
(2.1)

gives us the frequency of rightward moving. Thus, the average velocity of the fish school

UF (x) will be

UF (x) =
1

2

V fW
⇠MAX

@T

@x
. (2.2)

We then assume that, over a certain value of tracer gradient @T

@xMAX
, the fish are able

to climb the gradient without being a↵ected by the noise. This assumption, from a

biological point of view, means that the fish does not live in a completely noisy environ-

ment, but that under favorable circumstances is able to identify correctly the swimming

direction. This means that

fW ⇤ @T

@xMAX

= ⇠MAX . (2.3)

Substituting (2.3) in (2.2):

UF (x) =
1

2
V

@T

@x

@T

@xMAX

. (2.4)

Finally, we can include the e↵ect of the currents speed UC , considering that the tracer

is transported passively by them, simply adding UC to Expr. (2.4).

Behavior 2: observation along two directions.

We now suppose that, at each timestep, the fish is able to observe the environment

that surrounds it. It will thus observe simultaneously the tracer at its right and its left.

It will then move toward the point of higher observed tracer, avoiding to stay in the

starting position.

The tracer observed at its left and its right, will be, respectively:
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T̃ (x0 � �x) = T (x0)� fW
@T

@x
+ ⇠1

T̃ (x0 + �x) = T (x0) + fW
@T

@x
+ ⇠2

The fish will swim leftward if

⇠1 � ⇠2 > 2fW
@T

@x
.

Since ⇠1 and ⇠2 range both between �⇠MAX and ⇠MAX , the probability that their dif-

ference is greater than 2fW
@T

@x
is

P (L) =
1

8⇠2
MAX

✓
2⇠MAX � 2fW

@T

@x

◆2

=
1

2

✓
1� fW

⇠MAX

@T

@x

◆2

The probability of moving right will be

P (R) = 1� P (L)

and their di↵erence, analog to Eq. (2.1)

P (R)� P (L) = 1� 2P (L) = 1�
✓
1� fW

⇠MAX

@T

@x

◆2

=
fW

⇠MAX

@T

@x

✓
2� fW

⇠MAX

����
@T

@x

����

◆

where the absolute value of @T

@x
has been added to preserve the correct climbing direction

in case of negative gradient. The above expression leads to:

UF (x) =
V fW
⇠MAX

@T

@x

✓
2� fW

⇠MAX

����
@T

@x

����

◆
. (2.5)

Substituting then (2.3) into (2.5):

UF (x) = V
@T

@x

@T

@xMAX

✓
2�

��@T
@x

��
@T

@xMAX

◆
. (2.6)

Also for this case, we can take into account the e↵ect of the currents by adding their

speed UC to UF .

The representations showed until now are individual based, with each individual repre-

senting a single fish. We note here that however all the considerations done are valid also

if we consider an individual representing a fish school. UF will then simply represent
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the average velocity of the fish schools. It is important to underline this aspect since in

Subsec. 1.6.1 we observed that many fish species live and feed in groups.

Continuity equation in one dimension

Let?s now study the solution of this model. We consider the continuity equation in one

dimension. The starting scenario is simply an initially homogeneous distribution of fish,

that are moving in a one dimensional space with a velocity given by UF (x).

We suppose that, in the time scales considered (few days to some weeks) the fish biomass

is conserved, so we neglect for instance fishing mortality or growing rates. In that case,

we can express the evolution of the concentration of the fish ⇢ by the continuity equation

@⇢

@t
+r · j = 0 (2.7)

in which j = ⇢ UF (x), so that Eq. (2.7) becomes

@⇢

@t
+r ·

�
⇢ UF (x)

�
= 0 . (2.8)

In one dimension, the divergence is simply the partial derivate along the x-axis. Eq.

(2.8) becomes simply
@⇢

@t
= � @

@x

✓
⇢ UF

◆
(2.9)

Now, we decompose the fish concentration ⇢ in two parts, a constant one and a variable

one ⇢ = ⇢0 + ⇢̃. Eq. (2.9) will become

@⇢

@t
= �UF

@⇢̃

@x
� ⇢

@UF

@x
. (2.10)

Estimation of the biological parameters.

Eq. (2.10) is numerically simulated using the Lax method [Press et al., 1988]. In Expr.

(2.4) and (2.6) we impose that, UF (x) = V when UF (x) > V . This means that, when

the tracer gradient is very strong, the velocity of the fish is still limited to the cruising

swimming speed V of the fish, which has sense from a biological point of view. We

consider a cruising swimming speed V of about one body length per second [Bainbridge,

1958, Sfakiotakis et al., 1999, Domenici, 2001, Gui et al., 2014]. As the reference fish

considered are the myctophids, whose size is about 10 cm ([Pakhomov et al., 1996]

and Andrea Walters, pers. comm.), V is set to 0.1 m

s
. As expression of the tracer
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Figure 2.7: Time evolution of the fish concentration ⇢ (blue line) according to Eq.
(2.10). The tracer (red line) is fixed in time according to Expr. (2.11). c =0 km, 2a = 8
km (plateau width), f = 5 km (front length). Each row represents 4 di↵erent snapshots
at 0, 6 hours, 1 and 4 days, respectively for the behavior 1 (upper row) and behavior 2

case (row below).

Figure 2.8: Time evolution of the fish concentration as reported in Fig. 2.7, with 2a
that has been changed to 70 km.

concentration, we take a symmetric sigmoid function, defined as:

T (x) =
1

1 +
⇣
x�c

a

⌘ 10a
f

(2.11)

where c = 0m is the centre of the curve, 2a = 8 km is the width of the plateau, and

f the width of the front, i.e. the region characterized by a gradient in the tracer. We

consider a window of spatial range [-20 +20] km with periodic boundary conditions, with

integrating time step �t = 1s (which is not the time decision of the fish �⌧ , introduced

only for illustrative purposes) and spatial separation between two contiguous points of

100�t V , in order to respect the Courant condition.
@T

@xMAX
is determined from the 90 percentile (the choose of 90 percentile is arbitrary) of

the distribution of the normalized zooplankton gradient, leading to a value of @T

@xMAX
=

0.3475 km�1.

Simulation of the continuity equation

Eq. (2.10) is simulated considering a front f = 5 km, with starting condition ⇢(x) = 1,
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Fish prefer to live in areas with tracer higher concentration (optimal patch)

initial condition

Starting tracer patch

Front

Myctophid1)

2)

→ they follow the tracer cue → they aggregate

3)

Finally they disperse → it is important to estimate the patch contracting speed

4)

N

S

EO

Figure 2.9: Illustrative scheme of the hyperbolic dynamic analysed: the green patch
represents an optimal region for fish to live in, while the black line indicates the front,
corresponding to a stretching region. After a certain amount of time, the patch will be
compressed along the N-S direction and enlarged along the W-E, due to stirring. Then,
due to the di↵usion e↵ect, the patch will start to reduce also in this direction. If the fish
have a swimming capability able to follow the patch, their local density will improve
and thus they will aggregate. When the green patch disappears, the fish disperse again.

for a time of 4 days. In Fig. 2.7, 4 di↵erent snapshots (at 0, 6 hours, 1 and 4 days) for

each behavior are reported. After only 6 hours, two peaks are present in correspondence

of the margins of the tracer plateau, with a concentration which has doubled for the be-

havior 2 case. In the following days the two peaks decrease their growing rate, while the

concentration between them increase until they are merged together. The fish concen-

tration is thus homogeneous over the 8 km of the plateau, presenting values between 2.5

and 3.5 times higher than the initial concentration. In case of a larger plateau (2a = 70

km, Fig. 2.8), the merging between the peaks occurs over longer timescales, and the

peaks reach their maximum value after the first day, with the creation of two regions

of increased concentration at the margins of the plateau. Not surprisingly, the behavior

2 leads to higher values of concentration, showing a better performance of the behavior 1.

Hyperbolic dynamic e↵ect.

The results reported in the previous paragraph are identical if the whole system (fish+tracer)

is transported leftward or rightward by a uniform current UC(x) =const. However,

this is typically not the case of submesoscale frontal features, characterized by high
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stirring rates and in which di↵usion plays a consistent role [Nencioli et al., 2013]. A

typical dynamic of this type is the one represented by the so-called hyperbolic points

[Haller, 2001, Mancho et al., 2004, Lehahn et al., 2007]. These are characterised by

a compression-elongation dynamic along two stretching directions, called respectively

the stable and unstable manifold. A patch of tracer in proximity of this structure, is

typically compressed along the stable manifold and elongated along the other. Even-

tually, di↵usion acts on the thinning of the tracer by dissipating it, and reducing its

concentration until it is below the threshold detected by the fish. Note that, due to

the e↵ect of di↵usion, an isoconcentration contours of the tracer eventually retracts,

even if the tracer is stretched along the unstable manifold. If we suppose that fish are

interested in the region with high values of the concentration, they will swim in order to

follow the contracting patch, and thus their concentration will improve (Fig. 2.9). Do

myctophids have swimming capabilities strong enough to counter the dynamics of the

reducing patch? We address this question by estimating the speed of an isoconcentra-

tion contour of a passive tracer under typical di↵usion and stretching conditions of the

Southern Ocean. We do it in the following way.

We analyse the evolution of a patch in the reference system of its center of mass over

an unstable manifold. In this case, the velocity field can be written as:

u = +�x

v = ��y
(2.12)

in which � is the strain rate given by the Lyapunov exponents.

Taking in consideration the horizontal di↵usivity k, the patch, represented by a tracer

concentration T , evolves in time following the advection-di↵usion equation. The latter,

considering the velocity field given by (2.12) can be written as:

@T

@t
+ �x

@T

@x
� �y

@T

@y
= k

 
@2T

@x2
+

@2T

@y2

!
+ S . (2.13)

Neglecting eventual source or sink terms, represented by S, and assuming T as gaussian,

Eq. (2.13) can be solved analytically:

T (x, y, t) =
M

�u(t)�s(t)
exp

"
� x2

2�2
u(t)

� y2

2�2
s(t)

#
(2.14)
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with M the total mass of the tracer and

�2
u(t) =

✓
�2
u0

+
k

�

◆
e2�t � k

�

�2
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k

�

(2.15)

that are, respectively, the standard deviation of the tracer concentration along the un-

stable and stable manifold. We assume M = �u0�s0 , so that the maximum starting

value of the distribution (adimensional) is 1.

We define as optimal patch for the fish the ensemble of the points with tracer concen-

tration greater than a certain threshold Tt (their detection threshold), 0 < Tt < 1. The

position of the points with tracer concentration T = Tt delimit therefore the optimal

patch. Their positions, along the stable (x = 0) and unstable manifold (y = 0), can be

obtained inverting Eq. (2.14):

pu(t) =

s

2�2
u(t)Log

✓
M

�u(t)�s(t)Tt

◆
(2.16)

ps(t) =

s

2�2
s(t)Log

✓
M

�u(t)�s(t)Tt

◆
(2.17)

and their velocities ṗu(t), ṗs(t), deriving Eq. (2.16) and (2.17) in time (not reported).

ṗu(t) and ṗs(t) thus represent the expanding (positive values) or contracting (negative

values) speed of the boundaries of the optimal patch. Since the myctophids swim in a

current flow, we consider their relative swimming speed Srs as:

Srs = V + UC

where UC = ��x along the unstable manifold, and +�y along the stable one, and V is

the cruising swimming speed (0.1 m

s
). We evaluate the Srs at the limits of the optimal

patch, thus

x = pu(t) y = ps(t) . (2.18)

To do this, we consider a patch of �u0 = �s0 = 5 km. A typical value of Lyapunov

exponent calculated using satellite-derived velocity currents is of the order of 0.1 days�1

(see for instance [d’Ovidio et al., 2015]). This value is representative of the ocean upper

layer. Because myctophids do not live in the mixed layer, we follow the indications in

[Bettencourt et al., 2012] for the estimation of the Lyapunov exponents in the column
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Figure 2.10: Optimal patch boundary position (p) and velocity (ṗ) along the unstable
(first row) and stable (second row) manifold, according to the advection-di↵usion equa-
tion (Eq. 2.13). K=4 m2/s, � = 0.1 days�1, T with starting gaussian concentration
with �u0 = �s0 = 5 km. In the plots reporting ṗu and ṗs, the orange line represents the
relative swimming speed of the fish (Srs). Third row, left plot: optimal patch (delimited
by the gray thin line) evolution after 17 days, just before it disappears: for 17 days, the
fish have a Srs greater than ṗ along both the directions, thus potentially aggregating
as showed in the right below panel, which illustrates the evolution of the aggregating
estimate A ( Eq. 2.19) in time, where 1 represents the starting fish aggregation value.

water. We consider therefore as � the 75% of the surface value, i.e., � = 0.075 days�1,

which is indicative of a depth of ⇠ 200 m. As value of horizontal di↵usivity, we consider

the average value k = 4 m
2

s
obtained from the estimates across an ocean front with

Laypunov intensity as here by [Nencioli et al., 2013]. The optimal patch threshold Tt is

set to 0.5 (the choice of the value is arbitrary). Results are shown in Fig. 2.10. Along

the unstable manifold (panel A), the optimal patch expands for the first two weeks, then

it decreases until it disappears after a “lifetime” of 17.65 days. The fish have a Srs

greater than ṗu(t) (in absolute value) for tu = 17.49 days (panel B). Along the stable

manifold (panel C), the optimal patch decreases regularly for all the period, and the Srs

is greater than ṗs(t) (in absolute value) for ts = 17.64 days (panel D). The situation of

the tracer after 17 days is reported in Fig. 2.10, panel E, with the contour identifying

the optimal patch. In panel F we show the aggregation estimate A, defined as the ratio
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between the starting surface of the optimal patch and its value after a time t:

A(t) =
pu(0) ps(0)

pu(t) ps(t)
(2.19)

with 0 < t < min(tu, ts). The aggregation A improves slowly in the first two weeks,

reaching a value of ⇠ 4 times after 15 days, and then improving dramatically in the last

2 days of life of the optimal patch, reaching a maximum value of 39 times the starting

aggregation.

We note that (2.18) is a limiting aggregating condition, because it supposes that fish

swim only if they are at the boundaries of the optimal patch, and not always toward

the area of maximum tracer concentration. Nevertheless, it is possible to suppose that

fish continuously swim, as described in the previous Subsection: in that case, their

aggregation could improve more (not showed).

2.4 Discussion

Understanding the driving factors of the heterogeneity of marine biomass distribution

across the oceanic landscape is a major issue for conservation purposes and fight against

climate change [Hoegh-Guldberg and Bruno, 2010, Edwards and Richardson, 2004, Hays

et al., 2005, Bradbury et al., 2008, Gaines et al., 2010]. In the open ocean, where no

topographic frames of reference are present, this question is very complex, especially

because of the simultaneous action of biological processes and physical dynamics, which

may overlap [Lévy et al., 2012, McGillicuddy Jr, 2016, Lehahn et al., 2017]. Indeed,

fine scale processes (few to hundreds of kilometers, days to several weeks) characterizing

the horizontal circulation such as mixing and horizontal stirring, have showed to play a

central role into conditioning and advecting planktonic biomass and regulating the com-

munity composition and biodiversity ([Lehahn et al., 2017, Lehahn et al., 2007, d’Ovidio

et al., 2010, De Monte et al., 2013, McGillicuddy Jr, 2016], see also Ozier et al., in prep.).

These questions have been addressed in the last 15 years, one approach being the use

of Lagrangian methods, that allow one to identify kinematic features of the fine scale

circulation which organize any advected tracer – so called Lagrangian Coherent Struc-

tures [Haller and Yuan, 2000, Bo↵etta et al., 2001, d’Ovidio et al., 2004, Beron-Vera

et al., 2008, Haller, 2015]. In the recent years, this approach has been successfully ap-

plied also to the apex elements of the trophic chain, i.e. the top predators, leading

to the emergent believe that fine structures do not modulate only primary produc-

tion, but play an important role also into influencing predator behavior and movements

(e.g. [Kai et al., 2009, Dragon et al., 2010, Cotté et al., 2015, Della Penna et al.,
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2015]). However, knowledges on intermediate trophic levels are actually still missing,

mainly because pelagic organisms can not be detected via satellite as primary produc-

tion, neither tagged as for the case of larger predators, while several problematics are

encountered during their samplings [Pearcy, 1983, Brodeur and Yamamura, 2005, Pakho-

mov and Yamamura, 2010b, Kaartvedt et al., 2012, Ariza et al., 2015, Faunce et al.,

2015, Zeller and Pauly, 2018]. Recent development in technologies, in particular with

acoustic sonar measurement and data analysis applied to marine ecology [Logerwell and

Wilson, 2004, Benoit Bird, 2006, Béhagle et al., 2017], provided larger and more precise

data availability, opening novel interesting opportunities. A Lagrangian approach to

the analysis of fish catches measurements has been applied by Prants et al. [Prants,

2013, Prants et al., 2014a, Prants et al., 2014b], showing higher Pacific saury catches in

proximity of frontal structures, leaving however the doubt that satellite data were used

by the same fishery vessels to identify the fronts. Apart from that, possible mechanisms

which may explain higher trophic abundances along frontal systems have not been de-

scribed to our knowledge. Classical explanations (e.g., [Yoder et al., 1994]) are based

mainly on bottom-up mechanisms along fronts with intense upwelling, which however

do not take into account the fact that a maturation time is needed, time which can be

greater that the lifetime of the front.

In my knowledge, the results presented in this Chapter are the first study which com-

pares acoustic-derived fish concentration with Lagrangian (FSLE and betweenness) and

Eulerian (SST gradient and mean Kinetic Energy) features. We do this by consider-

ing acoustic transects taken in the Antarctic Southern Ocean region (according to the

ecopartition of [Sutton et al., 2017]) during night. This is related to the fact that the

nektonic organisms present in the area, and in particular the myctophids, have often

a nycthemeral cycle, migrating therefore into the depths during the day, where they

are not detectable by the sonar employed (maximum depth achieved: 300m). Applying

the bootstrap method, we show that a significant (p<0.001) higher fish concentration is

present along frontal features, identified with FSLEs, betweenness and SST gradient.

The main limitation of this analysis is linked to the satellite resolution, which we tried

to smooth by averaging over an around of 0.2�. Future satellite missions such as SWOT

(https://swot.cnes.fr) will help improving the resolution of the currents, being able to

detect directly structures at the submesoscale, and providing also interesting possibili-

ties for the detection and inclusion of 3D dynamics.

We then analyze the role of the frontal systems into enhancing fish aggregations, by

taking into account the swimming capability of the fish, and looking at the two main

di�culties that arise during the searching activity of an optimal hotspot in a dynamic

environment. The first is related to the correct identification of the location of the

hotspot, which in a noisy environment can be di�cult, while the second is related to
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the velocity of the fish, which must be able to reach it quick enough before the hotspot

is dispersed. Concerning the first di�culty, we analyze a stationary frontal situation,

simulating the fish density evolution assuming that the fish try to climb a noisy gradient

along a realistic sized front in order to reach the higher concentration zones. We incor-

porate noise as a threshold dynamics, supposing that for values of the tracer gradient

over a certain threshold, the fish are able to orientate without being a↵ected by the

noise. We estimate this threshold using the zooplankton gradient distribution obtained

with the acoustic data employed in the first part of the paper. We obtain that, starting

from a homogeneous fish distribution, the response to a frontal structure can be very

quick, allowing the formation of two peaks of doubled concentration after only 6 hours,

which then merges after 4 days (Fig. 2.7). We note that this “merging” scenario implies

that the fish spread homogeneously in the whole region with high tracer values and do

not convey all toward the highest tracer value at the center. This is interesting from a

biological point of view because is in accordance with on-going studies of the myctophids

response to food. Myctophids indeed are supposed to ingest always the same quantity

of food over a certain threshold of prey concentration (P. Koubbi et A. Hulley, personal

communication), so-called, Holling type III, [Holling, 1959].

The second kind of di�culty encountered by fish during their search process ? how they

overcome currents - is analyzed through the simulation of the dispersion of an optimal

patch of a passive tracer, represented by the collection of points with a concentration

value over a certain threshold. The optimal patch is located over a frontal system, char-

acterized by a hyperbolic dynamic, and is subjected to the action of stirring and di↵usion

simulated through the advection di↵usion equation as it evolves in time.

The aim of the simulation is observing if fish possess a su�cient cruising velocity speed

in order to follow the contracting patch and stay inside it. In this case, we do not

include the noise e↵ect considered previously which can limit the orientating capacity

of the fish. We use strain rates and di↵usion coe�cients representative of Southern

Ocean frontal features, an optimal patch starting size consistent with those of fine scale

structures, along with a fish cruising speed representative of the myctophids swimming

capability. We obtain that fish are possibly capable to follow and stay inside the optimal

patch for about two weeks, time comparable with the timescales of the lifetime fine scale

features. During this time, fish concentration grows about 40 times. Furthermore, the

hyperbolic dynamic compress and slightly elongates the optimal patch, distributing thus

the fish over a thin filament along the unstable manifold (which identifies the front).

This is in accordance with the recent study of [Della Penna et al., 2015], which shows an

increased capture rate of an elephant seal over a thin and elongated surface at an eddy

periphery, for a similar time window (⇠ 10 days). Eddy peripheries are furthermore

regions generally characterized by the hyperbolic dynamic analysed here [Lehahn et al.,
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2007] and elephant seals feed mainly on myctophids [Cherel et al., 2008, Cherel et al.,

2010, Daneri and Carlini, 2002]. The horizontal organization of the foraging ground of

the elephant seals along an elongated filament is confirmed also by the three dimensional

study of [Bras et al., 2017], which shows how density preys are associated to a strongly

anisotropic behavior. In particular, high prey densities are recorded when the elephant

seals swim along a single direction.

An additional interesting consideration arises when considering the results of the quantile

regression of Subsec. 2.3.1. Indeed, with the gradient climbing e↵ect and the hyper-

bolic dynamic, we assessed that frontal features can enhance aggregation of nektonic

organisms. The starting condition of our hypothesis is the presence of a tracer which

represents an element of interest for the fish (for instance, zooplankton) and, of course,

of the fish themselves. Obviously, these conditions are not always verified in the ocean.

Therefore, a strong “aggregating” front, failing these conditions, will not present high

fish densities. The consistent R2 tests obtained with the quantile regression analysis

provides a confirmation of the limiting role of the fronts over the fish aggregation. The

front can be seen as a necessary but not su�cient condition for high fish densities.

The mechanisms reported here constitute therefore, to our knowledge, the first attempt

to identify and quantify the horizontal role of currents and frontal systems into creating

hotspots of high fish concentration, by creating gradients in the distribution of tracers

of interest which can be climbed quickly (⇠6 hours), and by advecting and smoothing

them, conditioning the movement of the fish which improve their local aggregation over

timescales which are relatively longer (⇠15 days).

The present study however includes several assumptions which must be taken carefully

in consideration, and does not intend to provide an overall mechanism of fish aggregation

which includes all the ocean dynamics. First of all, our mechanisms do not include any

vertical dynamic, which can instead constitute an important factor into the organisation

of the marine biota through nutrient upwellings [Lévy et al., 2012, Mahadevan et al.,

2012, McGillicuddy Jr, 2016]. The choice of neglecting the vertical velocities arises from

the fact that 3D observations of oceanic currents are still not available, while knowledge

on oceanic horizontal dynamics is more advanced. This is why we started to analyse

some simple 1D scenarios.

Another limitation of our study comes from the fact that we neglect the nycthemeral

cycle which characterises the majority of myctophids species [Duhamel, 1998], which

therefore live in depth during the day, where the circulation dynamics can be di↵erent.

This choice is driven by the di�culty in parameterising such a non linear behavior, which

however opens the possibility for further analysis. Furthermore, when we parameterise

the tracer, we do not take into account for possible interactions of the fish with it. This
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is not a strong assumption if the tracer represents a physical parameter such as temper-

ature or salinity, but can be a constraint if it parameterises a nutrient, which could be

consumed by the fish and thus reduced more quickly. In that case, however, we consider

that, on the timescales considered, eventual reductions of the nutrient are compensated

by source terms (like blooms), but further studies are required to assess the contribution

of this phenomenon.

Finally, here I analyzed separately the searching dynamics and the dispersion of the

tracer. This is probably the single most important aspect that should be addressed in the

future. An interesting perspective in particular should be the study of the simultaneous

interaction of the two mechanisms together, developing a model which takes into account

the fact that a noisy gradient evolves in time due to horizontal stirring, and analysing

it along two dimensions. In Chapter 4 I will develop further this point, presenting some

preliminary but promising results.



Chapter 3

Aggregation over time: the

“crossroadness”

This Chapter has been submitted as Crossroads of the mesoscale circulation by A.

Baudena et al. at Journal of Marine Systems, 2018.

In the last Chapter, I showed how frontal systems can act as hotspots of increased fish

concentration, and I provided a explanation for that, based on horizontal currents. The

analysis is however limited to a specific region, the Antarctic Southern Ocean, which

furthermore is characterised mostly by a single fish family, the myctophidae, even if

largely di↵used. It would be thus important to extend the previous analysis also to other

oceanic regions, characterised by di↵erent ecologies and physical dynamics. This is not

obvious because the Antarctic Southern Ocean region and, in particular, the Kerguelen

sector is, despite its remoteness, a relatively well studied area, as explained in Sec. 1.7.

Furthermore, as explained in Sec. 1.5, information on mid trophic levels at large scales is

di�cult to obtain, and often only ship-based measurements are available, which however

can present biases. It is therefore essential to build new e↵ective sampling strategies in

order to monitoring optimally mid trophic levels, in order to increase data availability

on them, and fill the knowledge gap actually present toward lower and higher elements

of the trophic chain. In this Chapter, therefore, I address the problem of optimally

intercepting a flux coming from, or going to, a target region, in order to build a network

of fixed station capable of monitoring the largest surface possible, and of estimating

furthermore its provenance.

54
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3.1 Abstract

Quantifying the mechanisms of tracer dispersion in the ocean remains a central question

in oceanography, for problems ranging from nutrient delivery to phytoplankton, to the

early detection of contaminants. Until now, most of the analysis has been based on

Lagrangian concepts of transport, often focusing on the identification of features that

minimize fluid exchange among regions, or more recently, on network tools which focus

instead on connectivity and transport pathways. Neither of these approaches, however,

allows us to rank the geographical sites of major water passage, and at the same time, to

select them so that they monitor waters coming from separate parts of the ocean. These

are instead key criteria when deploying an observing network. In this Chapter this issue

is addressed by estimating at any point the extent of the ocean surface which transits

through it in a given time window. With such information it is possible to rank the sites

with major fluxes that intercept waters originating from di↵erent regions. I show that

this allows us to optimize an observing network, where a set of sampling sites can be

chosen for monitoring the largest flux of water dispersing out of a given region. When

the analysis is performed backward in time, this method allows us to identify the major

sources which feed a target region. The method is first applied to a minimalistic model

of a mesoscale eddy field, and then to realistic satellite-derived ocean currents in the

Kerguelen area. In this region I identify the optimal location of fixed stations capable of

intercepting the trajectories of 43 surface drifters, along with statistics on the temporal

persistence of the stations determined in this way. I then identify possible hotspots

of micro-nutrient enrichment for the recurrent spring phytoplanktonic bloom occurring

here. Promising applications to other fields, such as larval connectivity, marine spatial

planning or contaminant detection, are then discussed.

3.2 Introduction

Suppose that a contaminant is released in a region of the open ocean. Where should

a set of monitoring stations must be deployed to maximize the chances of detecting

and eventually restricting the contaminant spill? Characterizing the evolution of trac-

ers dispersed by the oceanic currents is indeed a central question in several areas of

oceanography. In some cases it is possible to partially address this point by tracking a

given tracer using satellite images or model simulations, but often in situ measurements

and adaptive sampling strategies are required.
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Relevant examples range from the retrieval of contaminants and their basins of attraction

[Vrana et al., 2005, Froyland et al., 2014], larval dispersal and marine populations connec-

tivity [Carreras et al., 2017, Bradbury et al., 2008, Planes et al., 2009, Andrello et al.,

2013, Melià et al., 2016, Monroy et al., 2017], the planning of oceanographic surveys

[Bellingham andWillcox, 1996], monitoring systems design [Mooers et al., 2005, de Jonge

et al., 2006, Muñoz et al., 2015], to the characterization of Marine Protected Areas

[Cowen et al., 2006, Siegel et al., 2008, Shanks, 2009, Rossi et al., 2014, Dubois et al.,

2016, Bray et al., 2017], or to the so called Marine Spatial Planning (MSP, [Viikmäe

et al., 2011, Delpeche-Ellmann and Soomere, 2013a, Ehler, 2018] which integrates all

the above.

Horizontal transport at the ocean surface is one of the key mechanisms controlling the

dispersion of tracers, in particular on scales of the order of days to weeks. In this

time frame, a heuristic but very common assumption is that vertical velocities are weak

enough so that the motion of a water parcel can be considered two-dimensional. Strictly

speaking, horizontal transport a↵ects any advected tracer through two main processes:

mixing, which reduces and smooths the gradients, and horizontal stirring, which instead

enhances the tracer gradients [Eckart, 1948, Okubo, 1978, Garrett, 1983, Sundermeyer

and Price, 1998]. Horizontal stirring is one of the main mechanism for which an ini-

tial homogeneous water mass is stretched by the currents and deformed into elongated

and convoluted filaments. These features can intrude into some regions far apart from

their origin, while other areas close to the source location may be shielded by circu-

lation features, the so-called transport barriers. This filamentation process eventually

enhances mixing by creating longer contact surfaces between water masses of contrasting

properties.

Several tools have been proposed to achieve a better understanding of the role horizontal

transport plays in tracer dispersion. Most of these approaches focus on the Lagrangian

analysis of the ocean currents based on dynamical system theory [Ottino, 1989, Haller

and Yuan, 2000, Mancho et al., 2004, Shadden et al., 2005, Wiggins, 2005]. These

methods are mainly devoted to the detection of barriers to transport in flow systems

[Bo↵etta et al., 2001, Abraham and Bowen, 2002, d’Ovidio et al., 2004, Beron-Vera

et al., 2008, Prants et al., 2014a, Prants et al., 2014b] or coherent regions [Lehahn et al.,

2007, Froyland et al., 2007, d’Ovidio et al., 2013, Berline et al., 2014, Hadjighasem

et al., 2016, Miron et al., 2017] with minimal leaking to surrounding water masses.

Interestingly, during the last years, network theory approaches to geophysics [Phillips

et al., 2015], flow transport and mixing [Ser-Giacomi et al., 2015a, Lindner and Donner,

2017, Fujiwara et al., 2017, Molkenthin et al., 2017, Padberg-Gehle and Schneide, 2017,

Ser-Giacomi et al., 2017, McAdam and van Sebille, 2018], and turbulence [Iacobello

et al., 2018, Gopalakrishnan Meena et al., 2018] have also attracted lot of interest.
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Recently, more attention has been given to a problem that is complementary and some-

how opposite to the identification of transport barriers: how to detect regions that

enhance fluid exchanges across a flow system [Ser-Giacomi et al., 2015b, Ser-Giacomi

et al., 2015c, Costa et al., 2017, Lindner and Donner, 2017, Rodŕıguez-Méndez et al.,

2017, Koltai and Renger, 2018]? This issue has been developed particularly in the frame-

work of networks built from Lagrangian trajectories [Ser-Giacomi et al., 2015a]. In such

studies, spatial sub-areas of the ocean are represented by network nodes while links pa-

rameterize the amount of water exchanged among them. Networks constructed in this

way, called Lagrangian Flow Networks (LFNs), provide thus a topological description of

the transport dynamics in the ocean allowing to describe features of the flow by using

several network methods and tools.

In particular, it has been shown the existence of localized “bottlenecks”whose presence

maintains connections between areas of the seascape that would be otherwise almost

disconnected. Borrowing from Network Theory the concept of betweenness centrality,

it has been possible to quantify explicitly how much LFN nodes act as bottlenecks for

the oceanic flow by counting the number of paths passing through them during a fixed

interval of time [Ser-Giacomi et al., 2015b].

The main limitation of the betweenness centrality concept, however, is that it identifies

bottleneck regions that, even if topologically relevant for the connectivity geometry,

do not present necessarily an important water flux. This is related to the fact that

the betweenness measures the number of connections crossing a node, regardless of

connectivity strength. Therefore, to pinpoint hotspots that maximize the incoming or

outgoing flux in a given time window, one should focus on strong “passage points”of

water, instead of only topological bottlenecks.

In this Chapter I aim to detect these hotspots, which act as “crossroads”of the circula-

tion, being traversed by the largest amount of water coming from (or going to) a focal

region. This is achieved by defining a quantity, which I call crossroadness, which is the

surface flow through each spot of the domain considered in a specific temporal window.

Moreover, the calculation preserves the information on the original location of each

passing trajectory. Based on the crossroadness analysis, I introduce an algorithm for

designing a sampling network with minimal redundancy, i.e. in which the flow of a given

source region through the network is maximized and the number of stations minimized.

Reversing the analysis backward in time, it is possible to use the same method to find

the major “source”points from which the water distributes over a target area. The

paper is organized as follows: Sec. 3.3 describes the methodological framework, the

theoretical model and the dataset employed for the computation and the validation of the

results. In particular, Subsec. 3.3.1 introduces the crossroadness and its fluid dynamical
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Figure 3.1: Illustrative example for the calculation of the crossroadness. Colored
dotted lines correspond to di↵erent trajectories originating from the initialization grid

(left), advected for a time ⌧. The circle (thick dotted line) represents the detection
range of the station of the observational grid (right), while the rectangles (thin dotted

line) contain the surface of water that passes through the station.

and oceanographic interpretation. I then determine a ranking method (Subsec. 3.3.3)

that provides the sites with the major passage of water dispersed from a source region

or feeding a target region, when computed forward or backward in time, respectively.

Validation and case studies are then described in Sec. 3.4. In Subsec. 3.4.1, I first

analyse the crossroadness properties of a simple steady vortex configuration obtained

from the 2D Navier Stokes equation. In Subsec. 3.4.2, the method is applied to satellite

altimetry data and validated against the trajectories of real SVP drifters in the Southern

Ocean. In Subsec. 3.4.3, the relationship between the surface being monitored and the

number of stations employed is examined. An analysis of the persistence of the observing

network is reported in Subsec. 3.4.4. In Subsec. 3.4.5, the method is used to identify

possible sites from which nutrients are delivered o↵shore the Kerguelen plateau, fuelling

the open ocean planktonic bloom. A summary of the results, along with an illustration

of the perspectives and possible fields of application is given in the Discussion (Sec.

3.5). Finally, the paper is completed by two appendices, extending the analysis of the

sensitivity of the diagnostic introduced to changes in the dates of the velocity field used

(Appendix A), and giving some demonstration of the link of the new diagnostic, under

particular hypotheses, to averages of velocity and of kinetic energy (Appendix B).
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3.3 Data and Methods

3.3.1 The crossroadness: characterizing regions by the amount of wa-

ter crossing them

I define a new metric, which is called crossroadness (CR), measuring the surface crossing

a region of a given size in a fixed temporal window.

To do this, two grids are considered, the initialization and the observational grid (Fig.

3.1), of cell sizes �IG and �OG respectively, where each cell is represented by its central

point. If �IG is small enough, one can consider every central point as representative of

the content of the cell.

Each central point of the initialization grid is advected and defines a trajectory. The

observational grid represents instead the domain over which the crossroadness is com-

puted (see also Subsec. 3.3.7). For each point P of this grid, I count the number of

trajectories passing below a distance � from P. This is done by computing the Euclidian

(or spherical when working with spherical coordinates) distance between P and the first

point of the trajectory, then the second one, the third one and so on. One obtains thus

NPT values. I consider as distance between the trajectory and P the minimum among

the NPT values. � represents the neighborhood radius (the detection range) of each

point in the observational grid. In spherical coordinates, if � is given in radians, this

radius is indeed R�. As the dimensions of a cell in the initialization grid are relatively

small, one can consider that the trajectory is representative for the whole content of the

cell from which it is originated (therefore, � � �IG). Thus, if the number of trajecto-

ries counted is multiplied for the surface of an initialization cell, �, one will obtain an

estimation of the total water surface that passed through the node during the period

⌧. I call this total water surface flowing inside the detection range of the point P the

“crossroadness”(“CR”) at P. In this way I define a CR field on all points of the observa-

tional grid. A representative scheme of this concept is illustrated in Fig. 3.1, where the

crossroadness of the point in the circle is 3� since there are three trajectories entering

its detection range. Because of the quasi-twodimensional nature of ocean circulation at

the scales considered here, the amount of surface is proportional to the volume and then

to the mass of the water transported in the upper ocean layers. The same procedure can

be applied backwards: the initialization grid is advected backward in time, and, over

the observational grid, I count for each point how many trajectories pass closer than the

detection range �. In this way I obtain the crossroadness field backwards in time.
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3.3.2 Theoretical relation of the crossroadness with absolute velocity

and mean kinetic energy

Intuitively, one can expect higher crossroadness values in points where the velocity is

higher, because the corresponding particle fluxes are also larger. The situation is in

fact more complex because a map of crossroadness is associated only to the trajectories

stemming from a specific region. It is however instructive to study the case in which the

trajectories stem from the entire domain (i.e., when the initialization grid coincides with

the observational grid), because in this case the crossroadness has a direct proportionality

relation with the kinetic energy.

To show this relation, I note that every circle of radius � around an observational station

presents a cross section (more properly a cross-length) 2� perpendicular to the flow

coming from any direction. If � is su�ciently small to allow considering the velocity

field constant on the whole observational circle, the amount of surface crossing that

station in a short interval of time dt is 2�|v|dt, with |v| the velocity modulus at the

station. Integrating during a time ⌧ I find that the CR at that point can be written as

CR =

Z
D0+⌧

D0

2�|v|dt = 2�⌧ < |v| > , (3.1)

with < |v| > the temporal average of the speed |v| in the time interval ⌧. If the temporal

fluctuations of |v| during the time interval ⌧ can be neglected, i.e. < v2 >⇡< |v| >2

then a relationship with the temporal average of the kinetic energy per unit of mass of

the flow, < EK >=< v2/2 >, would hold:

CR ⇡ 2�⌧
p
2 < EK >. (3.2)

The formulas above present the announced approximate relationship between the cross-

roadness and the flow speed. For a validation of Eq. (3.1) and (3.2), please refer to

Appendix B.

As we shall see, more complex crossroadness patterns arise when the trajectories do not

originated from the entire domain.

3.3.3 Ranking method for the optimization of a network of CR stations

In the study of the dispersion of a passive tracer one of the main questions is the defini-

tion of an e↵ective sampling strategy. Considering the tracer (e.g. a contaminant) with

a finite life time, I want to know what would be the best distribution of monitoring sites

(referred to as “stations”) that can intercept the largest fraction of the advected tracer.
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In a turbulent pattern of circulation, the answer to this question is not obvious, since

the patch can be redistributed irregularly through the domain considered.

Sampling on a regular grid is a possible choice. However, depending on the circulation

patterns, one can easily imagine that some retrieving sites may convey water from larger

regions than others. The crossroadness provides implicitly a simple method for the defi-

nition of a sampling strategy. In fact, if one wants to choose the best monitoring station,

it will simply select the site crossed by the largest number of trajectories originated by

the source region of the tracer, i.e. the one with the higher value of crossroadness. In

order to define the second most important monitoring station, I exclude the trajectories

already monitored by the first station. I consider only independent trajectories, i.e.

originated from di↵erent locations of the initialization grid, and I determine also the

second station. Proceeding iteratively in this way I identify a network of CR stations

(Fig. 3.2).

The calculation can be performed backward in time as well. The initialization region be-

comes a target region. In this case, the network of CR stations represents the ensemble

of locations which maximize the surface water feeding the target region.

3.3.4 A simple steady vortex field

I consider a numerical simulation of the Navier Stokes equation in two dimensions, which,

for the scalar vorticity field ! = r ⇥ u of an incompressible fluid (r · u = 0, in which

u=(u,v) is the velocity field), can be written as:

@!

@t
+ ! ·ru = ⌫r2! � ↵! + f! (3.3)

Figure 3.2: Illustrative scheme for the determination of the position of a network of
observing stations which maximize the detection of a dispersed tracer. The first station
is the one that collects the largest number of trajectories, in this case the one circled
in the left panel (4 trajectories). Then, there are 3 possible second stations, each with
3 trajectories passing near them (middle panel). But since I consider only independent
trajectories, I have to exclude the ones already sampled by the first station (panel on

the right). In this way I have only one second possible station.
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in which ⌫ is the kinematic viscosity, �↵! is a friction term removing energy at large

scales and f! represents a forcing term necessary to maintain a stationary state. All

the quantities are adimensionalised. I use a forcing on a narrow band of wave numbers

around kf=2 in Fourier space which is constant in time and acting with a fixed phase

✓ = ⇡ . I take ⌫ = 0.5, ↵ = 0.025 and I integrate Eq. 3.3 with a pseudospectral

code on a box of size Lx = Ly = 2⇡ with periodic boundary conditions and 5122 grid

points. Starting from a null vorticity field, the model is run for 15600 steps (dt= 5 ·10�4,

t = 7.8), until the energy of the system is constant (E = 0.06) and a steady vorticity

(and velocity) field is reached. More details on the model are provided in [Bo↵etta et al.,

2002, Bo↵etta and Musacchio, 2010].

The stationary vorticity field obtained is in Fig. 3.3. It is formed by a series of anti-

clockwise (in blue) and clockwise (in red) rotating vortexes. Particles, disposed on a

regular grid of 2562 points, are then advected using a second order Runge Kutta method

as explained in Subsec 3.3.7. The vorticity field is considered to cover periodically the

full horizontal plane, on which the particle move, although I will only display and analyze

the subdomain [0,2⇡]⇥[0,2⇡]. Finite Time Lyapunov Exponents (FTLE) forward (�f )

and backward (�b) in time are computed from the trajectories, following the definition

in [Shadden et al., 2005].

Figure 3.3: Two-dimensional steady vorticity field as obtained from Eq. 3.3. The
box size are Lx = Ly = 2⇡ and the vorticity field was integrated with a resolution of

5122 grid points regularly spaced.



Chapter 3. Crossroads of the mesoscale circulation 63

3.3.5 Ocean satellite-derived velocity field and chlorophyl data

I focus on the Kerguelen region of the Southern Ocean, where in 2011 the KEOPS2

campaign released, over 20 days, a set of 48 Surface Velocity Program (SVP) drifters.

These could represent waters hypothetically rich in myctophids larvae. I use a set of

stations, defined by the method introduced previously, for a virtual “search and res-

cue”of these drifters. For their computation, I use satellite-derived velocity fields, which

are obtained through the geostrophic approximation from the measurement of the Sea

Surface Height (SSH). This approximation and the relatively low spatial and tempo-

ral resolution of satellite products often risk to smooth mesoscale structures [Bou↵ard

et al., 2014], especially close to the coast [Nencioli et al., 2011]. The comparison between

satellite-derived crossroadness and real drifter trajectories is thus a realistic assessment

of the capacity of the algorithm described here to identify points with enhanced passage

of particle trajectories.

The Kerguelen region is also characterized by a massive spring-time phytoplanktonic

bloom, extended for hundreds of kilometres, preconditioned by the redistribution of

micro-nutrients (in particular iron) advected by the Antarctic Circumpolar Current

(ACC) from the Kerguelen plateau margin out into the open ocean [d’Ovidio et al.,

2015]. Satellite-derived chlorophyll is therefore a useful tracer of transport pathways,

and an opportunity for pinpointing likely sources of iron by employing the theoretical

concepts developed in this paper.

For the velocity field I use the DUACS (Data Unification and Altimeter Combination

System) delayed-time multi-mission altimeter gridded products defined over the global

ocean with a regular 1
4 ⇥ 1

4
�
spatial sampling [Pujol et al., 2016] and available from the

E.U. Copernicus Marine Environment Monitoring Service (CMEMS, http://marine.copernicus.eu/).

An experimental product, which used an improved mean dynamic topography and

for which the altimetric tracks have been interpolated with optimized parameters, is

also considered. It corresponds to the AVISO regional Kerguelen product, velocities

computed from altimetry in delayed time on a (higher resolution) 1
8 ⇥ 1

8
�
regular grid

(http://www.aviso.altimetry.fr/duacs/).

The field of chlorophyll was downloaded from the Oceancolour product (OCEANCOLOUR GLO CHL L4 REP OBSERVATIONS 009 082)

at CMEMS. These data are provided by a map computed from satellite observations over

a period of 8 days (to limit cloud coverage), and with a spatial resolution of 4 km⇥ 4km.
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3.3.6 SVP drifters

During the KEOPS2 campaign in October-November 2011, 48 Surface Velocity Program

(SVP) drifters were released within the Kerguelen region. The SVP drifting buoy is a

Lagrangian current-following drifter, composed of a spherical surface float of 35 cm in

diameter, which contains the battery, a holey sock drogue of about 6 meters that tracked

the water currents at a nominal depth of 15 m, representative of the surface circulation,

and a satellite transmitter which relays the data through the Iridium system. All the

buoys address the World Ocean Circulation Experiment (WOCE) benchmarks.

In the present Chapter I consider only the drifters released on the eastern part of the

Kerguelen plateau, i.e. at a longitude greater than 68�E. I therefore consider 43 drifters

trajectories of the 48 drifting buoys originally deployed. I assume the 11th of November

2011 as the release date. The duration of the trajectories ranges between 63 to 93 days

(average of 81 days), with a temporal resolution of 1 day.

3.3.7 Initialization and observational grids

I describe here the details of the construction of the two grids used for the computation

of the crossroadness.

For the Navier Stokes model, particles start over an initialization grid of 2562 regularly

displaced points (�IG = 0.0246) and are advected with a second order Runge-Kutta

scheme for a period t=11.7, corresponding to 23400 steps.

When working with altimetric velocities, the points of the initialization grid are advected

using DUACS altimetric velocities with a 4th order Runge-Kutta integration scheme,

for a period between 30 and 90 days and a time step of 3 hours. Each trajectory

thus computed contains 8 points per day (NPT = 8ND in total, ND number of days).

I remind that the period of integration is chosen so that the vertical motion can be

neglected. Indeed, below 2-3 months, and excluding some peculiar regions of convection,

the vertical velocity is usually 2⇠3 orders of magnitude smaller than the horizontal one,

and thus the ocean surface motion can be approximated as two dimensional [d’Ovidio

et al., 2004, Rossi et al., 2014].

I note here that, when working with altimetric velocities, and thus in spherical coor-

dinates, I impose that all the cells have the same size. The initial angular separation

between two contiguous particles (�IG) used in the computations varies from 0.1 to 0.4

degrees. By initial separation �IG I mean the di↵erence in latitude among contiguous

rows of particles. Along the longitudinal (LON) direction, to keep the same distance, the
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separation is thus corrected by the cosine of the latitude LAT (�LON = �IG/ cos(LAT )).

In this way all the cells have the same lateral sizes, R�IG, and area � = R2�2
IG

(with

�IG in radians, and R the Earth radius). The observational grid in spherical coordinates

is built in the same way as the initialization grid.

In Sec. 3.4 I will always refer to them as initialization or observational grid, but keeping

in mind their di↵erence (for Navier Stokes and altimetric velocities) in Euclidian and

spherical coordinates.

3.4 Results

3.4.1 The crossroadness in the steady Navier-Stokes 2D vortex config-

uration

To gain some insights on the interpretation of the crossroadness and on its di↵erences in

respect to other Lagrangian methods, I present here the analysis of the flow associated

to the vorticity field shown in Fig. 3.3, obtained from the numerical simulation of Eq.

(3.3), as explained in Subsec. 3.3.4. The flow contains 4 vortices rotating clockwise

(positive vorticity, red patches) and a central vortex rotating anti clockwise (in blue).

9 other anti clockwise rotating vortices are present partially on the edges of the box.

The vortices are surrounded by separatrices made of the stable and unstable manifolds

of fixed hyperbolic points, arranged in a square lattice. To visualize these separatrices

I compute in Fig. 3.4 Finite Time Lyapunov Exponent fields (FTLE, defined as in

[Shadden et al., 2005]). Forward (�f ) and backwards (�b) FTLE are calculated for an

integration time ⌧ = ±11.7 on a grid of 2562 points, and I plot their sum. The ridges

of such field clearly identify the stable and unstable manifolds and its maxima highlight

the position of the correspondent hyperbolic points.

As a first step, I compute the crossroadness field and the associated monitoring stations

considering as initialization grid 2562 particles regularly displaced on the entire domain

(�IG = 0.0246). The observational grid is made of 1282 points (�OG = 0.0490). Particles

in the initialization grid are advected forward in time for t= 11.7, i.e. the same period

considered for the computation of the FTLE of Fig. 3.4A. Finally, I consider as detection

range � = 0.1. The result is shown in Fig. 3.4B. The crossroadness pattern in itself

does not contain much valuable information, because (as explained in Subsec. 3.3.2)

when the initialization grid covers the entire domain the crossroadness closely matches

the kinetic energy (except for points very close to the border). The position of the

monitoring stations selected by the ranking algorithm (the set of points crossed by the

largest number of independent trajectories) however is not trivial. They are shown as
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black dots in each panel. For the first five, I plotted also their detection range and

order of importance (white number inside the circle). Although in general FTLE ridges

have large crossroadness values, only the first two stations (white numbers 1 and 2) fall

over a manifold. This fact can be understood noting that multiple stations over the

manifolds would be redundant, because they would sample trajectories intercepted by

other stations. Interestingly, 173 stations were found to be necessary in order to sample

the whole region. Multiplying this value for the surface of a station, i.e. ⇡�2, I obtain

that they cover only 14% of the total box surface. When considering instead a � = �OG,

632 stations, covering just the 3% of the total surface, were needed to sample the whole

region.

I then changed the initialization grid, considering all the particles belonging to an ellipse

of center xC = ⇡, yC = 3
2⇡, with semi-axes rx = 1, ry = 0.5. I note that the ellipse is

thus centered exactly over a hyperbolic point. Finally, � is set to 0.3. The results are

reported in Fig. 3.4C-D. Contrary to the previous case, The pattern of the crossroadness

is intimately linked to the choice of the initialization grid and also to the direction of

the advection (forward or backward).

Looking at the disposition of the CR stations for the backward-in-time case it is possible

to note that the first two stations are situated over the regions of highest crossroadness,

and in symmetric positions in respect to the starting ellipse (dotted line). However, they

do not fall exactly on the manifolds. The subsequent stations are not displaced sym-

metrically, and their disposition does not appear obvious. For instance, the 3rd station

is on a branch of the crossroadness pattern far away from the ellipse and, interestingly,

does not fall in any of the two regions with relatively high values of CR (the one at

x ' 5, y ' 4 and the other at x ' 1, y ' 5.5). As in the previous case, this is due to the

fact that the fluxes passing there have already been intercepted by the first two stations.

The 4th station, instead, falls almost totally inside the starting ellipse. Finally, the last

station (not numbered) falls in a region of higher crossroadness than the previous three.

3.4.2 SVP drifters and crossroadness in the Kerguelen region

In order to test the crossroadness and the ranking method as defined in Subsec. 3.3.1

and 3.3.3 in a real oceanic environment, I use the dataset from the KEOPS2 campaign,

in which 43 drifters were released in a relatively small area (the eastern margin of

the Kerguelen plateau), approximately in the same period of time (around the 11th of

November 2011), and advected for a similar window of time (⌧D = 81 days on average)

by the currents, as shown in Fig. 3.5. I use thus 43 real drifter trajectories.



Chapter 3. Crossroads of the mesoscale circulation 67

Figure 3.4: Panel A: Forward (�f ) and backwards (�b) FTLE fields, computed with
integration times t = ±11.7 respectively, and over a 2562 regular grid. They identify the
locations of stable and unstable manifolds and the associated hyperbolic points. The
quantity actually plotted is �f + �b Panel B: crossroadness forward in time, obtained
from the advection of a 2562 regular initialization grid for a time t = 11.7, computed
over a 1282 observational grid covering the same domain. � = 0.1. Panel C-D: cross-
roadness, forward and backward in time respectively, computed from the advection of
the points started at the ellipse (black dotted line) centered in xC = ⇡, yC = 3

2⇡, with
semi-axes rx = 1, ry = 0.5 and spatial separation between two contiguous particles
�IG = 0.0246, for a time t = ±11.7, respectively. The observational grid is the same
of panel B. For B,C,D, each black dot represents a CR station. The detection range of
each of the 5 most important stations is displayed as a black circle, and contains the

order of priority of each station (white number).

The aim is to compare the regions of densest passage of these real buoys with the ones

predicted by the CR method, which is based on oceanic currents estimated from satel-

lite altimetry. Therefore, the initialization grid consists in a series of virtual drifters

displaced in the following way: I consider the region of release of the real drifters (be-

tween [-51, -47]�S, and [70, 75]�E). I cover it with rows of virtual tracers, separated by

�IG = 0.1� along the latitude. In order to preserve the same angular distance (0.1�)

among tracers of the same row, I make a latitudinal correction on their longitudinal

separation, so that �LON = �IG/ cos(LAT (row)), as explained in Subsec 3.3.1. I put in

each row the same number of virtual drifters. Thus, the longitude range of the southern

row (at latitude 51�S) is [70,75.4]�. For simplicity I will denote in the following this type

of geographic region as a rectangle of coordinates longitude=[70, 75]� and latitude=[-51,

-47]�.

I use the altimetry-derived velocities to advect these points forward in time for a period

of ⌧ = 60 days, comparable with ⌧D. I compute the CR values at all points separated



Chapter 3. Crossroads of the mesoscale circulation 68

by the same distance �IG on the Kerguelen region, i.e. a rectangle of boundaries longi-

tude=[68, 92]� and latitude=[-53, -42]�, which constitutes the observational grid. The

resulting CR field is displayed in Fig. 3.6. I see a remarkably good agreement between

features in the drifters trajectories and the ones in the CR field: areas of denser buoy

passage correspond with higher values of the field, suggesting a good qualitative match

between CR high values and areas of drifters passage. More quantitative results are

Drifters Intercepted

CR Stations

Global product Regional product Grid

� = 0.1� 30.5(25.5) 30.0(23.5) 12.0(11.0)
� = 0.2� 53.0(34.0) 68.3(37.3) 28.0(22.0)

Total mean 41.2(30.6) 51.0(31.8) 21.6(17.6)

Table 3.1: Number of drifters intercepted (out of 43) using six CR stations (left
columns) or six stations disposed on a 3 ⇥ 2 regular grid. The value is an average
obtained changing the di↵erent parameters used (the advection time ⌧, the detection
range � and the resolution of the initialization and observational grids �IGand �OG,
which were kept equal). For each cell, the two values correspond respectively to the total
number of drifters intercepted by the stations and, in parenthesis, to the independent
ones. First column: global product for altimetric velocities. Second column: regional

product. Third column: stations on a regular grid.

obtained by considering a set of 6 best-ranked CR stations (the choice on the quantity

of stations is arbitrary) with the method explained in the previous section. The number

of real drifters intercepted by the CR stations is compared to the result obtained by a

set of stations placed on a regular grid. This last set is constituted by 3 ⇥ 2 stations

Figure 3.5: Trajectories of the 43 drifters of the KEOPS2 Campaign. Black dots
represent the starting positions of the drifters.
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Figure 3.6: Crossroadness field derived from satellite altimetry (⌧ = 60 days, �IG =
�OG = 0.1�, � = 0.4�), with superimposed trajectories of SVP drifters released during
the 2011 KEOPS2 campaign. The CR field was computed advecting only the small
rectangle (longitude: [70, 75]�; latitude: [-51, -47]�, black dotted line) in which the

drifters have been released.

Figure 3.7: Left panel: first 6 CR stations (black stars) superimposed on the CR
field computed advecting the same region as in Fig. 3.6, using the regional product for
the velocity field (⌧ = 60 days, �IG = �OG = 0.1�, � = 0.2�). Right panel: same CR
field, this time the black stars identify 6 stations disposed on a regular grid. For each
station, the first number identifies the amount of total drifters intercepted, the value
in brackets the number of independent drifters. Amount of drifters intercepted by the
CR stations (total and in parenthesis the independent): 69 (38). Regular grid: 28 (22).

distributed over the area of the drifters motion, separated longitudinally by 2.5� and

1.23� latitudinally.

The measure is repeated several times and for di↵erent parameters, changing the ad-

vection time ⌧ (at 30, 60 and 90 days), the detection range � (at 0.1, 0.2 and 0.4�) and

the resolution of the initialization and observational grids �IG = �OG (at 0.1 and 0.2�).

An illustrative example is reported in Fig. 3.7, where � = 0.4�, �IG = �OG = 0.1� and

⌧ = 60 days.
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For each station, the total number of intercepted drifters is computed, as well as the

number of drifters first detected by this station (independent ones). The results are

reported in Table 3.1. The first two columns show the number of drifters (total and

independent) intercepted with the CR stations, the third one the values obtained with

a regular grid. The e�ciency of the method introduced in this work is about twice the

result obtained with a regular grid. A lower value of sigma corresponds not surprisingly

to a lower number of catches for both the CR and the regularly spaced observational

grid, but to an improved ratio in favor of the CR network.

3.4.3 Dependence of the surface monitored on the number of moni-

toring CR stations

I present here a statistical analysis in order to assess the e�cacy of a CR based detection

network with respect to a set of stations randomly chosen or arranged on a regular grid.

The benchmark that I use is the CR, i.e. the ocean surface crossing the CR observing

network as a function of the number of the monitoring stations.

Figure 3.8 displays a map of forward crossroadness computed around Kerguelen Island,

advecting particles starting from November 1st, 2011, for a time of 60 days. Superim-

posed, white circles identify the first four CR stations. Black dots identify the monitored

Figure 3.8: For this plot and the ones showed in Appendix A, the initialisation grid

is the rectangle between longitude=[55, 100]�, latitude=[-36, -59]�, while the observa-

tional grid corresponds to the domain showed, if not specified di↵erently. Crossroadness
computed with an advection time ⌧ = 60 days, �IG = �OG = � = 0.2�, with, super-
imposed, the first four CR stations (white circles) and the surface that they control
(black dots on the corresponding initialization grid points). Note that some black dots
can be outside the plot, since I advected a larger region than the observational domain

showed in the panel, in order to take into account the particles upstream.
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Figure 3.9: Histogram, computed from 100000 experiment repetitions, of the surface
detected choosing each time N = 20 stations randomly displaced. The vertical red line
on the right is instead the surface scanned choosing the stations with CR algorithm.
Here � = 0.4�. The distance between the mean value of the distribution (vertical blue
line) and the vertical red line is 9.96 times the standard deviation of the distribution.

Figure 3.10: Surface sampled varying the number of stations considered (⌧ = 60 days,
�IG = �OG = 0.1�, � = 0.4�), chosen randomly (red line), on a regular grid (black line)
and with the CR method (blue line). Concerning the random choice and the regular
grid, each value was obtained from the average of 1000 repeated measures. For the case
of the regular grid, each time it was rigidly shifted along the longitude and the latitude
of a random fraction of the distance between two grid points. The green line represents

instead the total surface.

waters, namely the points that will pass in proximity of one of the four stations during

the advection time ⌧.

First, I measure the surface monitored by 20 randomly selected stations with a detection

range of 0.4� in a period of 60 days. The measure is repeated 100000 times and the results

are reported in the histogram of Fig. 3.9. The vertical blue line is centered on the mean

value of the distribution, while the red one is the value of the surface scanned with 20

stations chosen with my method. The distance between the two measures is about ten
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times the value of the standard deviation of the distribution, an extremely significant

(p < 10�22) deviation with respect to the expected result of monitoring a larger surface

with randomly selected stations.

The measure is repeated changing the number of stations selected, and the results are

shown in Fig. 3.10. A sampling with a regular grid is performed as well. In this case,

each measure is obtained by rigidly shifting the grid by a random fraction of the grid

step along longitude and latitude. The use of the CR stations (blue dots) shows a

better performance compared to the regular grid (black stars) and the random case (red

circles) sampling. For instance, to scan a surface of 3⇥ 106 km2 with a detection range

of R� = 40km, 25 stations selected with the CR method are needed, about 55 with a

regular grid, and 75 randomly chosen.

3.4.4 Persistence of the monitoring network

The calculation of the crossroadness computed in the previous sections requires that at

the moment of choosing the monitoring stations, the velocity that will disperse the tracer

in the future is already known with good precision. As an example, in Subsec. 3.4.2 I

calculated the CR stations used to intercept the SVP drifters using the velocity data of

the days in which the buoys were advected by the currents. How much this impacts the

CR stations ability to intercept the maximal surface of a stirred patch? Here I attempt

to address this question by looking at the “persistence”of the CR stations i.e. the ability

of a CR network, using velocity of the past, to intercept a tracer dispersed in the near

future.

Surface monitored using past velocity field for the computation of the CR stations.

In general, I define

T (R)D0!Df

as the whole collection of trajectories T generated from the advection of all the points

regularly initialized over a region R, from the day D0 until Df . In general, from a set

of trajectories T (R)D0!D0+⌧, I can compute an ensemble of CR stations S(R)D0!D0+⌧,

as explained in Subsec. 3.3.3, that will be for construction the best choice in order to

scan T .

When the velocity field between the day D0 and D0 + ⌧ is not known, I can use

the stations computed with the velocity field in a time interval previous to D0, e.g.

S(R)D0�⌧!D0 to monitor the area, under the assumption that if the flow does not
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change much in an interval of time of the order of ⌧ the optimal stations will maintain

approximately the same positions.
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Figure 3.11: CR, i.e. surface monitored as a function of the number of stations.
Each point is the average obtained changing D0 over the first day of each month of
2011. Black stars represent the value obtained using the stations computed with the
proper velocity field, i.e. S(R)D0!D0+⌧, while blue dots the ones computed with the
previous ⌧ days, (i.e. S(R)D0�⌧!D0). Red circles are the values obtained with a regular
disposition of the sampling sites. Left panel: R = RP (plateau region). Right panel:

R = RT (turbulent area). �IG = �OG = 0.2�, ⌧ = 60days, � = 0.2�.

Thus, in this section I use the velocities between D0 � ⌧ and D0 to compute a set of

stations S(R)D0�⌧!D0 . I use then the latter to monitor T (R)D0!D0+⌧ and see how

many trajectories (i.e. sea surface) they intercept.

I take as D0 the 1st January, 2011 and ⌧ = 60 days. I change the number of stations

considered between 1 and 16, analogously to what has been done in Subsec. 3.4.3. For

comparative purposes, I also measure the surface intercepted with S(R)D0!D0+⌧, and

then with a regular disposition of the stations. I then repeat the procedure using as D0

the 1st February 2011, then the 1st March 2011 and so on, until the 1st of December

2011 and I consider the average of the 12 values obtained. In this way I obtain a more

consistent statistics.

The results are reported in Fig. 3.11. I consider two di↵erent monitoring areas: the

first one is the drifters release area, defined in Subsec. 3.4.2, situated mainly on the

Kerguelen plateau and in which the bathymetry seems to a↵ect the circulation pattern,

making it more persistent in time. I will refer to it as RP . I then consider a more

turbulent region situated o↵shore from Kerguelen, in which the current field should not

be as constrained by the shallow shelf structures as in the former case, and in which the

mesoscale structures a↵ect deeply the variability of the currents [Park et al., 2014]. I

take this turbulent region RT to be the rectangle with longitude between 80 and 83�E,

and latitude between 47 and 50�S.

Concerning the plateau region (left panel in Fig. 3.11), I see a stronger performance

of the CR stations compared to the regular grid, even if they are computed with the

trajectories of two months before. E.g., in order to monitor a surface of 100000 km2, I
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need 8 stations disposed regularly, while only 4 if I consider the stations obtained from

the advection of the previous 60 days, and 3 if I consider the advection from time D0

(i.e. the velocity field simultaneous to the surface advection).

The results are worse but surprisingly consistent for the turbulent region scenario (right

panel in Fig. 3.11), with about 25% less CR stations needed than in the regular case.

The analysis in this section is completed in Appendix A, in which the detection power

of the CR stations is assessed against further changes in the dates used for the velocity

field.

3.4.5 Identification of a source region

In the previous section I used CR for intercepting a tracer stirred from a given region.

Here instead I study another typical problem arising when studying dispersion, namely

the identification of the most important source regions connected by the circulation to

a given target area.

This occurs, for instance, when I aim to determine the key regions that can a↵ect

vulnerable marine protected areas downstream, or in the identification of nutrient sources

feeding a biogeochemical active region [Ciappa and Costabile, 2014, Suneel et al., 2016].

In order to showcase this application, I considered the area studied in the previous

section, i.e. the Kerguelen plateau, that recent studies have stressed as a natural source

of iron supply that sustains the primary production in the zone situated to the east of

the island [d’Ovidio et al., 2015, Blain et al., 2008b, Christaki et al., 2008].

Large areas of the Earth oceans present waters with high quantities of nutrients, but

low concentration of chlorophyll (HNLC). This is generally due to the absence of some

micronutrients that act as limiting factors. In many cases one of the main constrains to

the presence of chlorophyll is the low concentration of bioavailable iron. In this regime,

injection of this micronutrient fuels the primary production [Boyd et al., 2007, Lam and

Bishop, 2008, Martin et al., 2013]. In recent years, di↵erent studies have underlined the

importance of continental margins as a subsurface source of iron that can thus fed the

phytoplanktonic bloom in the waters downstream [Lam and Bishop, 2008]. Among them,

the Kerguelen plateau is one of the clearest region to show this biogeochemical dynamics

and its importance for primary production is now well established. Nevertheless, the

hotspots of the continental shelf that may act as main iron sources are still unknown.

Here I use the crossroadness computed backward in order to address this question.

Since I want to determine the possible iron sources on the Kerguelen plateau, delimited

by the bathymetric line of 1000m, I examine only the region situated eastward to this
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Figure 3.12: Left panel: Kerguelen plateau with the bloom area delimited by black
dotted lines. Bathymetric lines at 500 and 1000 meters. The set of initializing points
(shown in red) are selected by choosing the pixels that supported at least one value
of chlorophyll greater than 1mg/m3 between November and December 2011 and are
showed in red. Each initialization point is assumed to carry an amount of water given by
a surface � = R2�2

IG
(when R is the Earth radius and � is in radians) for �IG = 0.15�.

Right panel: CR computed backward (in log scale), with advection time ⌧ = 180
days, from the red points showed on the left panel, that cover a total area of about
517000 km2. Black dots represent the first three source stations computed with the CR

algorithm described above. Detection range � = 0.4�

contour. This is approximated by considering only a region delimited by the perimeter

reported in Fig. 3.12 (left panel, black dotted line). Furthermore, in order to consider

only the waters that support a springtime bloom, I analyze satellite-derived images

of the chlorophyll patch of spring 2011. I therefore consider as starting points only

the pixels that, belonging to the area enclosed by the perimeter, present at least one

value of chlorophyll concentration larger than 1mg/m3 during the peak of the bloom of

November and December 2011. Note that, in this way, I do not have an initialization

grid, but a set of initialization points. The selection is reported on the left panel of Fig.

3.12 (red points). These points are advected backward for a period of time ⌧ = 180 days,

and the crossroadness field is reported in Fig. 3.12 (right panel). This map highlights

a strong passage of water coming from the northern part of the plateau, underlining

the central role of the Antarctic Circumpolar Current (ACC) in the advection of waters

in proximity of the island platform, and shows also the Southern ACC Front (SACCF)

that passes into the Fawn trough. I then use the ranking algorithm in order to locate

the most important passage points which feed water to the blooming region. The first

three CR stations are all in proximity of the northern part of the plateau, meaning that

in the 180 days before the bloom, the largest part (about 70 %) of the water that will

sustain primary production, passed through these three points. This analysis locates the

Gallieni Spur as a strong candidate where to search for iron sources of the Kerguelen

bloom. I note that in general the CR algorithm does not really determine source regions,

but rather regions of dense trajectory passage. But since half lifetime of iron in these

waters is of the order of about two-three weeks [d’Ovidio et al., 2015], for the value of ⌧

used the CR method in this case should also locate source regions.
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3.5 Discussion and perspectives

Studying dispersion problems, in particular at scales of s 10 � 100 kms, [Boyd et al.,

2007, Olascoaga et al., 2013, Mahadevan, 2016], is a central issue in many oceano-

graphic problems [Bellingham and Willcox, 1996, Mooers et al., 2005, Bradbury et al.,

2008, Rossi et al., 2014, Dubois et al., 2016], whose aim is to achieve good characteri-

zation, managing and protective strategies of marine areas and resources. I stress their

importance, in particular, for Marine Spatial Planning (MSP). The goal of MSP is in-

deed to identify the peculiarities, from an ecological or societal point of view [Crowder

and Norse, 2008], of the di↵erent marine regions, and to map their spatial and temporal

distributions in order to manage them in a sustainable way [Ansong et al., 2017, Ehler,

2018]. MSP has become, in the last 20 years, a fundamental process in sea management

[Douvere, 2008, Muñoz et al., 2015] and is expected to play an increasing important

role in the future (e.g., [Qiu and Jones, 2013, Magris et al., 2014]. An essential compo-

nent of MSP is the necessity for an e↵ective modeling and monitoring strategy [Ehler,

2017, Ehler, 2018], a question intimately related to the dispersion of tracers.

In this context, it is possible to identify two main questions.

From one side, there is the case of a passive tracer, advected by the currents. The

chaotic and turbulent dynamics characterizing the ocean circulation can disperse the

patch and make it spread over a large area (say, of size larger than 100 km) within a

short time (days to weeks). In this case, a recurrent problem is to locate the sites where

to deploy observing stations, capable of monitoring or collecting the dispersed tracer

[Addison et al., 2018].

A second class of problems concerns the case of a sensible region that is influenced

by the circulation upstream [Viikmäe et al., 2011, Delpeche-Ellmann and Soomere,

2013a, Delpeche-Ellmann and Soomere, 2013b, Soomere et al., 2015]. In this case,

the identification of the “sources ”that may a↵ect and spread all over the target area is

important for vulnerability assessment [Halpern et al., 2007].

Current methods, mainly based on Lagrangian advection of particles [d’Ovidio et al.,

2004, Mancho et al., 2006], concern mostly the identification of coherent regions with

minimal transfer of water toward the environs [Haller, 2001, Mancho et al., 2004, Shad-

den et al., 2005, Beron-Vera et al., 2008]. Nevertheless, the knowledge of the spots with

enhanced exchanges amongst a flow system is a central issue in dispersion problems

[Ser-Giacomi et al., 2015b, Monroy et al., 2017]. The latter question has been recently

addressed in the study of Lagrangian Flow Networks [Ser-Giacomi et al., 2015a, Lindner

and Donner, 2017, Rodŕıguez-Méndez et al., 2017, Fujiwara et al., 2017], in particular

with the concept of Most-Probable-Path–betweenness [Ser-Giacomi et al., 2015b]. This
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diagnostic identifies the choke points in the topology of a flow system. These, nonethe-

less, are not necessarily spots of major water passage.

Furthermore, to my knowledge, current notions do not solve the problem of displaying

and sorting a series of stations in order to answer the two questions mentioned above.

To address these issues, I introduced here a new diagnostic, the crossroadness, which

measures the water surface flowing in the neighborhood of a point in a given time win-

dow. This has permitted us to develop a ranking method that estimates the places

where the majority of the flux passes, and that at the same time sees waters coming

from di↵erent locations.

This allowed us to design an optimal monitoring system, because each station identified

in this way intercepts independent patches of water. I stress that this independence is

important for retrieval strategies, for example in the recovering of a contaminant. In

fact, in that case the series of the recuperation stations has to be set so that each of

them recaptures a di↵erent portion of the pollutant that is dispersed. Thus, there is no

interest that a station monitors again some waters that have already been intercepted

upstream by another one. The same logic is valid in sampling strategies, in which the

analysis of the largest surface possible is preferred, and in which sampling twice the

same portion of water may be a waste of resources.

Reversing the analysis backward in time it is possible instead to quantify, for each point

of the domain, the amount of surface that, passing nearby, will feed a target region.

In this case the ranking method identifies the major “source”points from which the

water distributes over a vast surface, with each source “irrigating”di↵erent areas. The

independence of the destinations allows us to maximize the surface covered with a min-

imal identification of source stations. This is an important factor for the assessment

of vulnerable points whose contamination can lead serious damages: for instance, for

the protection of Marine Protected Areas [Rengstorf et al., 2013, Ciappa and Costabile,

2014] or hotspots of biological importance [Hobday and Pecl, 2014], like a region with

a recurrent bloom that sustains the local trophic chain [Lehahn et al., 2007, Mongin

et al., 2008, d’Ovidio et al., 2015]. In those cases, it is central to determine the main

sites upstream feeding the whole areas.

I first explored the properties of the crossroadness using a steady velocity field obtained

from the Navier-Stokes equation [Bo↵etta et al., 2002, Hairer and Mattingly, 2006], char-

acterized by eddies surrounded by hyperbolic points and manifolds. I showed that the

crossroadness is strongly linked to the choice of the initialization grid region. Further-

more, the disposition of the CR stations is not obvious, since they do not necessarily fall

on Lagrangian Coherent Structures identified by ridges of Lyapunov exponents, neither

their disposition is symmetric, even if the flow stream analyzed is stationary. Interest-

ingly, I found that the stations necessary to monitor all the box cover just the 3% of its

surface.
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I then applied the previous concepts to the Kerguelen region by considering satellite

derived velocity fields. I validated the forward-in-time case by analyzing the trajectories

of 43 SVP drifters from KEOPS2 campaign. I showed that 6 stations computed with

the crossroadness would have been able to intercept on average about the double of the

drifters captured with a regular grid, using the same number of detecting sites. Interest-

ingly, the ratio seemed to improve when diminishing the detection range. I then studied

the persistence of an optimal crossroadness network, by looking at how its intercepting

capacity degrades when the network is computed from a velocity field previous to the

one that disperses the tracer. Even in this case, the crossroadness stations show bet-

ter performances than regular grids. This is valid also when considering a region with

stronger turbulence. These facts demonstrate how stations computed from past velocity

fields can be applied to future circulation patterns, validate furthermore the algorithm

proposed and show its robustness when applied to an oceanic environment. It is in fact

presumable that, for growing levels of turbulence, the performances of the CR stations,

those of a regular grid or a random disposition of the stations would tend to coincide,

due to the chaotic activity. However, even when considering a zone with a very strong

turbulence (the Kerguelen region), the algorithm showed better performances than a

regular grid, meaning that the levels of turbulence activity in ocean do not a↵ect the

capacity of the algorithm. The e↵ectiveness of the algorithm does not rely either on a

strong detecting power of the stations employed, but on the contrary it improves when

diminishing it. The only limitation is the fulfillment of the condition stated in Subsec

3.3.1, i.e. � � �IG, which could lead potentially to a decrease in the algorithm perfor-

mance if the detection range considered is smaller than the resolution of the velocity

field.

I use the backward-in-time method to analyse the Kerguelen spring primary production

during November-December 2011, showing that about the 70% of the waters that sup-

ported the bloom had passed in the vicinity of just 3 sites on the Kerguelen plateau

during the previous 6 months, in proximity of the Gallieni Spur.

In the analyses of the present Chapter I focused on the properties of the crossroadness

considering two-dimensional dynamics. 2D turbulence is in fact present in nature over a

large range of scales in which the ratio of lateral and vertical length is very large [Kraich-

nan and Montgomery, 1980, Tabeling, 2002, Bo↵etta and Ecke, 2012]. When applying

these concepts to the oceanic cases, I considered periods of advection su�ciently small

in order to neglect vertical velocities. Furthermore, several relevant tracers (in a first

approximation) such as plastic, oil and chlorophyl are present almost only in the upper

ocean layers, and for their study the 2D approximation can be considered very robust.

I note also that all the analyses provided here can be integrated in a three-dimensional

environment, delineating interesting perspectives for future studies.
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I note that in a recent paper, [Rypina and Pratt, 2017] introduced a “mixing poten-

tial”approach which exploits ideas similar to the crossroadness. The main di↵erence is

that the mixing potential is a Lagrangian quantity attached to each fluid parcel, whereas

the crossroadness uses Lagrangian trajectories but is assigned to each fixed location in

space. Thus, whereas the diagnostic in [Rypina and Pratt, 2017] may be more appro-

priate to assess mixing, my approach aims to deploy observation networks and identify

sources of transported substances.

There are then several other cases looking interesting for future applications of the cross-

roadness and its ranking method, and I list here some. For the dispersion of pollutants,

the forward in time crossroadness allows us to estimate the most important points in

which position a fix station in order to retrieve the contaminant. The aforementioned

method can also be used for sampling strategies in order to maximize the surface inter-

cepted and the probability of encountering elements of interest and thus to improve the

cost-e↵ectiveness quality [Elliott and Jonge, 1996, Elliott, 2011]. In search and rescue

operations, if the exact missing point is lacking, and the information available is just on

the area of disappearance, computing the forward CR could establish optimal observing

stations to look for the lost target. Regarding the backward calculation, this can be used

for prioritizing survey locations upstream to vulnerable regions (like Marine Protected

Areas), or identifying most likely hotspots close to the shore from which fish larvae may

span to a large recruiting area. My diagnostic provides a direct and simple way to sort a

series of stations in order to survey with good performances even very turbulent regions,

taking furthermore explicitly into account the detection range.
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Figure 3.13: Number of drifters intercepted using the di↵erent months along the year.
�IG = �OG = � = 0.2�. Left panel: ⌧ = 30 days. Right panel: ⌧ = 60 days Horizontal
lines: values obtained with a regular grid, total (black) and independent (blue line).

Note that the release period of the drifters is November 2011.

Appendix A. Temporal persistence of the CR stations along

the year

In this Appendix I extend the analysis of Subsec. 3.4.4 on the possibility of using known

velocity fields from the past to obtain sets of CR stations able to monitor transport by

future velocity fields.

Drifters intercepted with stations computed along the year.

The SVP drifters release region RP is advected taking as starting day D0 January, 11th,

2011, for a period ⌧ of 30 and 60 days, from which 6 CR stations were calculated. They

are then used to see how many real drifters from the dataset released on November 2011

they would have intercepted. The computation is repeated changing D0, using each

time a di↵erent month until December, 2011. The results, reported in Fig. 3.13, show

a better performance of the CR stations compared to the regular grid, along all the

year, with a number of drifters intercepted always higher except for one case (August

2011, ⌧ = 60 days). The case of 60 days advection presents a linear decrease of drifters

intercepted for calculations using the three months previous to November, and then a

regular increase again, showing a sort of annual cycle, while the 30 days results shows a

more irregular trend.

Surface monitored with stations computed along the year.

As in the former case, the region RP is advected starting from D0 January, 11th, 2011,

for a period ⌧ of 30 and 60 days, and 6 CR stations were computed. This time the

stations are not used to see how many SVP drifters they would have collected, but how

many trajectories of the set T (R)DR!DR+⌧, with DR =November, 11th, 2011, they

would have intercepted. D0 is varied taking each time the 11th day of a di↵erent month

of 2011.
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Figure 3.14: Surface of RP , advected from DR =November, 11th, 2011, monitored
using the stations computed with velocity currents of di↵erent months along the year.
�IG = �OG = 0.1�, ⌧ = 60 days. Left panel: � = 0.1�. Right panel: � = 0.2�

Horizontal lines: surface of November monitored using a regular grid (black line) or 6
CR stations (blue line, mean value of the blue circles)

The results are reported in Fig. 3.14 and display in both cases a temporal decrease

of the surface sampled with the CR stations for the first three months. Generally, the

surface monitored with this method is about 15% greater than with a regular grid.

Appendix B. Relation with absolute velocity and mean ki-

netic energy

A validation of Eqs. (3.1) and (3.2) is reported in Fig. 3.15, where a map of cross-

roadness, of kinetic energy and of absolute velocity field, averaged for the month of

November, is shown. There, the patterns look pretty identical. This is confirmed by the

scatter plot of Fig. 3.16, in which the expressions (3.1) and (3.2) are represented by the

red line. The correlation coe�cients of the two plots are very similar, confirming the

validation of the assumptions leading to these equations.

Nevertheless, the kinetic energy or speed presents two main di↵erences with the cross-

roadness, that make them less suitable for monitoring purposes in dispersion problems.

In fact, even if these quantities are very similar to CR when the advected area is larger

than the domain of calculation, this ceases to be true for smaller advected domains.

This is seen in Fig. 3.15, lower right panel. There, the crossroadness is computed with

the same parameters as in the left upper panel (⌧ = 30 days, �IG = �OG = � = 0.1�)

and on the same observational grid, but the initialization grid is the one used Subsec.

3.4.2, i.e. much smaller than the observational one. it is possible to notice that the two

patterns di↵er radically, confirming the importance of the fulfillment of the hypothesis

leading to Eqs. (3.1) and (3.2). Furthermore, simple maps of kinetic energy or speed do

not allow to track the origin of the particles that passed through each point, and thus

to establish a hierarchy of importance for observing stations.
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Figure 3.15: Top left panel: crossroadness relative to November 2011 computed with
an advection time ⌧ = 30 days, �IG = �OG = � = 0.1�. Top right panel: mean
kinetic energy < EK > of November 2011. Lower left panel: mean absolute velocity
field < |v| > of November 2011. Lower right panel: CR field computed over the
same observational grid as in the left upper panel, with same parameters, but the
initialization grid is only the drifter release region (rectangle of longitude: [70, 75]� and

latitude: [-51, -47]�) as in Subsec. 3.4.2

Figure 3.16: Scatterplot of values of CR vs < |v| > (left panel, correlation coe�cient:
0.969) and CR vs

p
2 < EK > (right panel, correlation coe�cient: 0.967) of Fig. 3.15



Chapter 4

Discussion and perspectives

4.1 Discussion

When studying the marine environment, a central aspect which must be faced is its

chaotic nature. This makes it evolve and change over the same timescales of the ma-

rine organisms which live there, contrary to what happens on land. Indeed, during

their life time marine organisms see the environment that surrounds them changing over

relatively short timescales, and have to develop peculiar characteristics and behaviors

adapted to such a fluid habitat. This is why, when studying biological processes in the

ocean, it is essential to couple them together with the physical dynamics. This can have

several implications, from the fight against climate change [Orr et al., 2005, Halpern

et al., 2008, Domingues et al., 2008, Iudicone et al., 2016], the conservation of ma-

rine populations [Viikmäe et al., 2011, Delpeche-Ellmann and Soomere, 2013a, Ehler,

2018], marine spatial planning [Viikmäe et al., 2011, Delpeche-Ellmann and Soomere,

2013a, Ehler, 2018] and design of marine protected areas [Cowen et al., 2006, Siegel

et al., 2008, Shanks, 2009, Rossi et al., 2014, Dubois et al., 2016, Bray et al., 2017], to

the comprehension of the role of ocean on global climate.

The influence of fine scale processes on the trophic chain

One of the oceanic regimes whose temporal scales overlap substantially with the ecologi-

cal ones goes by the name of “fine scale” features. This regime is characterized by eddies

and filaments with sizes from few to hundreds of kilometers, and typical timescales be-

tween a few days and a few weeks. These are for instance the duration of phytoplankton

blooms, whose images from satellite provide a remarkable signature of the fine scale

physics. An additional di�culty in the analysis of the biophysical processes is due to

the fact that, contrary to terrestrial environment, in the ocean it is di�cult to establish

83
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an absolute frame of reference. This happens because because water parcels are contin-

uously transported and rearranged by the chaotic dynamic present. In this regard, the

Lagrangian approach has been proved to provide a natural framework for the analysis of

these questions, because it follows particles along their trajectories and does not focus

on fixed points like in the Eulerian system of reference, providing information on parcels

history and diagnostics describing the properties of the flow transport. Lagrangian meth-

ods have allowed to successfully describe some of the influence of fine scale structures

on lower and upper ends of the trophic chain, i.e. on plankton and top predators. In-

deed, several studies assessed how lower trophic levels (such as phytoplankton and krill)

distribution, abundance, community composition and biodiversity are deeply influenced

and regulated by transport mechanisms identified with Lagrangian tools [Lehahn et al.,

2017, Mahadevan and Campbell, 2002, Martin, 2003, Fach and Klinck, 2006, d’Ovidio

et al., 2010], while in the last years there is an emerging indication of the role of fine

scale features also into modulating apex predator behavior and displacement [Polovina

et al., 2006, Kai et al., 2009, Bailleul et al., 2010, De Monte et al., 2012, Della Penna

et al., 2015, Chambault et al., 2017].

A lack of knowledge on intermediate trophic levels

However, the relationship of these processes with the ecology of intermediate trophic lev-

els, which are fundamental in marine ecosystem functioning [Hidaka et al., 2001a, Fred-

eriksen et al., 2005, Tittensor et al., 2010, Webb et al., 2010, Smith et al., 2011, Hudson

et al., 2014], is largely not known [Robison, 2009]. This is mainly due to the sampling

di�culties of mid trophic levels at large scales. These can not be monitored through

satellite observations as chlorophyll, neither tagged with biologgers as large predators.

Information on them is available mainly through ship-based measurements. These how-

ever can present several biases [Pakhomov and Yamamura, 2010a, Brodeur and Ya-

mamura, 2005] and the necessity of a “spatial vs temporal” interpretation. Therefore,

e�cient strategies are required for their monitoring and the acquisition of large data

sets. Furthermore, while mid trophic levels and, more generally, ocean resources, are

not distributed homogeneously through the marine landscape, the contribution of fine

scale processes to this heterogeneity, through eventual aggregating mechanisms, is not

clear, neither, it has been explored previously, to my knowledge. Technologies recently

applied to marine ecology studies, like acoustic sonar measurements, along with refined

satellite observations of the physical phenomena, integrated with novel methodologies

such as Network Theory applied to flow networks and complex systems tools, provide

however interesting perspectives in order to address these questions in a Lagrangian

framework.
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In this thesis, I choose to work on the Kerguelen region, in the Indian sector of the

Southern Ocean. The importance of the area is recognized both from an ecological

and physical point of view. The Kerguelen archipelago hosts several species of apex

predators. Most of them are declared as vulnerable or near threatened by IUCN (the

International Union for Conservation of Nature). The Marine Protected Area has also

been recently extended also to the Economic Exclusive Zone. It now constitutes the

second halieutic reserve in the world (http://www.taaf.fr). Furthermore, despite its re-

moteness, this area has received significant scientific attention.

Kerguelen region represents therefore the perfect “natural laboratory” in order to ad-

dress the aforementioned multidisciplinary questions.

Observed fish concentration on frontal systems

In Chapter 2, therefore, I analyse acoustic transects acquired in 2013 and 2014 in the

Antarctic Southern Ocean, revealing the fish concentration in the water column (acoustic

fish concentration, AFC). There is a significative di↵erence of the AFC values in corre-

spondence of a front, identified by values of the Eulerian and Lagrangian diagnostics over

a prefixed threshold. In particular, high AFC values are observed in correspondence of

high finite-size Lyapunov exponents, betweenness and sea surface temperature gradient

values, while the trend is opposite for the Kinetic Energy.

Aggregating mechanism of frontal systems

In the second part of the Chapter, I explore a possible mechanism of fish aggregation

along fronts, by analysing the two main di�culties faced when searching for an optimal

hotspot in the ocean: the capability to orientate and correctly identify the position of

patches of interest, and the ability to reach one of those patches before they fade out

because of the mixing. By using realistic parameters estimating fish behavior and its

environment characteristic, on one side, I study the fish capacity to orientate by climb-

ing a noisy gradient, showing that this behavior leads to the formation of two peaks of

increased concentration in a relatively short period (⇠6 hours). The peaks then smooth

over the area with high tracer concentration. Therefore, not all fish converge toward the

highest value of tracer, but they redistribute homogeneously in the frontal region. This

strategy makes sense from a biological point of view because it implies a better reparti-

tion of the tracer/resource between the individuals. On the other hand, I analyse a time

evolving tracer, which represents an optimal patch for the fish. This patch, subjected

to stirring and di↵usion, is eroded and eventually fades out. I analyse if the fish are

able to follow the reducing optimal patch and thus aggregate. I find that fish are able

to stay inside the optimal patch for about 2 weeks, a timescale characterising many fine

scale processes. After that time window, their concentration has risen up to 40 times
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the starting value, and the fish patch is mainly disposed along the front, in a way that

is compatible with the results of [Della Penna et al., 2015]. Indeed, the authors observe

an increasing foraging e↵ort of an elephant seal along a long thin structure at the eddy

periphery, which is also a region characterised by the hyperbolic dynamic analysed here.

Fronts as necessary but not su�cient conditions for high fish biomass

The hypothesis at the basis of the two aforementioned mechanisms of fish aggregation is

the initial presence of a hotspot of interest for the fish. This could be a nutrient gradient,

a temperature or a salinity patch, and, of course, the presence of the fish themselves,

which are initially distributed over a vast surface. If these two conditions are verified, I

show that horizontal fine scale processes can increase fish concentration by modulating

the gradient of the patch of interest and by reducing the optimal area available, thus

promoting fish aggregation. The front presence is thus a condition for increased fish

concentrations: nonetheless, in absence of one of the two starting conditions, a frontal

system would not be able obviously to aggregate the fish. It is therefore possible to

identify the front as a necessary but not su�cient condition for having consistent fish

aggregations. Interestingly, this is what emerges from the quantile regression analysis

of the AFCs with the explanatory variables. This analysis gives significant pseudo R2

correlations, showing that the AFC peak intensities are limited by the corresponding

diagnostic value.

Sampling of mid trophic levels

The previous results shed a novel light on the interactions between fine scale structures

and intermediate trophic levels. The analyses illustrated in Chapter 2 are however fo-

cused only on the Kerguelen region. One of the main reason for this choice is that

Kerguelen region is a deeply studied area, where several at-sea campaigns and scientific

programs are conducted, as exposed in Sec. 1.7, and in which the ecological dynamics

are relatively well known. However, it would be interesting to extend the previous anal-

ysis to other oceanic regions, with di↵erent biological and physical characteristics. This

is not obvious, especially because data availability on mid-trophic levels is limited to

ship-based campaigns. The latter present biases and, through their use, it is di�cult to

obtain information over large scales. It is therefore necessary to increase data collection

on mid trophic organisms by implementing optimal sampling strategies.

Design of an e�cient monitoring network: the crossroadness

In Chapter 3 I analyse the problem of e�ciently intercepting the flux of a tracer com-

ing from, or going to, a certain region. This problem is linked not only to an e�cient
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monitoring strategy of intermediate trophic levels, but has also applications in larval

connectivity studies [Carreras et al., 2017, Andrello et al., 2013, Monroy et al., 2017],

retrieval of contaminants [Rengstorf et al., 2013, Ciappa and Costabile, 2014], design of

marine protected areas [Rossi et al., 2014, Dubois et al., 2016, Bray et al., 2017] and,

in general, to all those thematics linked with Marine Spatial Planning [Viikmäe et al.,

2011, Delpeche-Ellmann and Soomere, 2013a, Ehler, 2018]. Drawing inspiration from

Lagrangian Flow Networks [Ser-Giacomi et al., 2015a, Costa et al., 2017, Lindner and

Donner, 2017], I design a novel Lagrangian diagnostic, which I call crossroadness (CR).

CR forward (backward) in time measures the quantity of flow which comes from (goes

to) a predetermined target region in a given time window. Crossroadness is expressed

in units of a surface. Furthermore, the CR keeps the information on the origin (destina-

tion) of the parcels advected. This allows one, if the CR is computed forward in time, to

build a network of fixed stations which optimally intercepts the water coming from the

target region. Backward in time, this network identifies instead the neuralgic points of

the system, i.e. in which the water flows and spreads all over the domain. The method

takes into account explicitly the extension of the neighborhood which a station is able

to monitor, i.e. the detection range.

I analyse the CR properties and the e�ciency of the proposed algorithm with a the-

oretical model, characterised by a series of eddies rotating alternatively clockwise and

anti-clockwise, and separated by manifolds crossing into hyperbolic points. I find that,

in order to monitor the whole surface, a series of stations disposed with the proposed

algorithm covers only the 3% of the whole domain. Furthermore I show that the dis-

position of the stations is not obvious, i.e. not systematically falling on regions of high

CR values, neither exactly in correspondence of manifolds identified with maps of Finite

Time Lyapunov Exponents. I validate then the algorithm considering a real case study,

such as the KEOPS2 experiments, in which 43 real SVP drifters were released on the

Kerguelen plateau in 2011, and which can represent the trajectories of water masses

hypothetically rich in myctophids larvae spawned close to the archipelago shore. I use

therefore 6 stations computed with the CR algorithm, applied to satellite derived veloc-

ities, in order to see how many drifters they would have intercepted, and I obtain that

this value is about the double of the amount of drifters observed with a regular grid. It

is intuitive to imagine that the performance of the CR stations compared to a regular

grid could coincide in a very turbulent dynamical regime. However, this is not the case

for the turbulent activity typical of the ocean, even in extreme cases like the chaotic

region eastward of the Kerguelen plateau. Indeed, there, I test the persistence of the

CR network in time, looking at the amount of surface intercepted if I use CR stations

computed using the velocity field in the past. Also in that case, better performances are

obtained with the CR algorithm than with a regular grid. This confirms the robustness

of the CR algorithm in time, even for high levels of chaoticity. Finally, CR backward in



Chapter 4. Discussion and perspectives 88

time is applied to the study of the Kerguelen spring bloom, identifying the main passage

points in which water parcels transited before supporting high chlorophyll values. In

this case, CR stations may identify local sources of iron enrichment along the Kerguelen

plateau.

It is important to stress that the good performance of the CR algorithm resides in the

independence of the water parcels intercepted by each CR station. The justification for

this choice is driven by the fact that, if the parcel must be sampled or a contaminant

in it retrieved, once the water has been monitored, it is not necessary that it must be

sampled again by another station. Another important novelty of the CR method is that

the detection range of each station is explicitly taken into account. More interestingly,

I show that, for small detection ranges, only ⇠3% of the surface must be covered with

stations in order to survey all the domain. This can have a positive feedback on the

performance of monitoring systems.

4.2 Limitations of the works presented...

I argue here about some of the limitations of the studies presented, as discussed also in

Sec. 2.4 and 3.5 of Chapter 2 and 3.

The mechanisms of aggregation illustrated in Chapter 2 do not intend to provide a com-

plete view of the aggregating dynamics present into the ocean, but aim at opening a

new perspective on the role of horizontal currents and fine scale structures by analysing

two simplistic case and evidencing a possible reason for the observed increased con-

centrations. Indeed, many aspects have not been included during this work. First, I

decided to focus only on the horizontal dimension, noting that fish possess strong ca-

pabilities of vertical displacement, along with zooplankton. Therefore, while along the

horizontal dimension currents have intensities in the order of the cruising swimming

speed of the fish, on the vertical dimension these are generally several orders of mag-

nitude smaller. Furthermore their e↵ect for the temporal scale considered in the study

(two weeks) can often be neglected. However the role of vertical dynamics could be

important on the evolution of the optimal patch, for instance through the induction of

submesoscale instabilities which provoke nutrient upwelling [Capet et al., 2008a, Lévy

et al., 2012, McGillicuddy Jr, 2016] and thus possible sources of tracer. The reason of

this choice is due to the fact that vertical velocities are still very di�cult to estimate

and parameterise.

Secondly, eventual presences of source or sink terms have not been taken into account.

This can be the case, for instance, if they balance each other or are small. However,

while source terms can be induced by vertical upwelling, sink terms can be provoked by

the consumption of tracer by the fish through grazing, and can important in the total
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balance.

Concerning the study of Chapter 3, there again I focused only on 2D dynamics, assum-

ing that during the time windows considered for the study of the crossroadness (from 30

to 90 days), vertical motions could be neglected. In Lagrangian literature, this choice is

often justified by the fact that, in certain cases, vertical motions are orders of magnitude

smaller than horizontal velocities [d’Ovidio et al., 2004, Rossi et al., 2014]. Admittedly,

however, the neglecting of vertical velocities responds also to the theoretical and obser-

vation di�culty of including such components when analysing stirring scales [Sulman

et al., 2013]. Even if, from an heuristic point of view, this approximation often seems

to work, there are certainly cases in which vertical velocities contribute importantly to

the transport dynamic. This is the case, for instance, of subsurface motions. However,

it is important to note that many taxis object of interest, such as plastic debris, oil and

chlorophyll, are present almost only close to the surface.

Robustness of the crossroadness and of the selecting method of the stations has been

tested, showing that the proposed algorithm provides e�cient performances even for very

intense ocean turbulence, which makes the crossroadness suitable for oceanographic ap-

plications. The only condition which must be respected is that the step grid of the target

region advected must be smaller or equal to the detection range of the stations.

4.3 ...and some ways forward

In Chapter 2, I analyse two aggregating mechanisms separately. In the first one, fish

climb a gradient which does not change in time. Even if one assumes that temporal

changes can be neglected over the short timescales analysed there, it is however impor-

tant to analyze the phenomenon on larger time windows. In the second mechanisms,

instead, the simulated tracer evolves, but it is supposed that the fish can always ori-

entate correctly, as in a noiseless environment, which is typically not the case when

studying fine scale processes [Lévy et al., 2015, Kern and Coyle, 2000]. Furthermore, it

is important to pass from a one dimensional analysis, such as the one concerning the

gradient climbing scenario, to a two dimensional study, in which both the mechanisms

are integrated together to study their reciprocal interactions. Indeed, current trends

in conservation studies is to include ecological components in circulation models. The

main purpose is to predict future changes on aquatic environment due to the e↵ects of

global change, in order to protect the threatened marine biota. In this context, a great

leap forward for the prediction and comprehension of phytoplankton dynamics has been

achieved with DARWIN model [Follows et al., 2007, Dutkiewicz et al., 2009, Barton

et al., 2010]. Such a model indeed integrates the e↵ect of fine scale circulation struc-

tures and phytoplankton dynamics, allowing to represent changes in diversity due to
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latitudinal gradients [Barton et al., 2010], the role of fine scale processes into regulating

nutrient availability through mixing [Barton et al., 2014] and community assemblage

and diversity [Lévy et al., 2015, Soccodato et al., 2016].

The frontier is now represented by the extension of the previous consideration to inter-

mediate trophic levels. Two examples are given by the SEAPODYM ([Sibert et al.,

1999, Lehodey et al., 2002], http://www.seapodym.eu/) or Ecopath [Woodson and

Litvin, 2015] models, which integrate physical and biological parameters in order to

characterise the distribution and evolution of fish populations. This type of models aim

to represent how oceanic dynamics a↵ect biomass transfer through the trophic chain,

and their role on larval dispersal. On the other hand, they do not take into account for

aggregating mechanisms. However, as showed in the present thesis, these mechanisms

can be important, influencing local concentration values up to one order of magnitude

higher than expected. Increasing resolutions and realism of the physical circulation mod-

els suggest interesting possibilities in order to include them into the modeled dynamics.

In the present Section, thus, I illustrate some of the preliminary results obtained from

the analysis of aggregation patterns of fish in a numerical simulation, which models

at the same time fine scale processes and individual behavior. This model is built

from the Navier-Stokes equation, and is similar to the model illustrated in Subsec.

3.3.4. The main di↵erence is that the vorticity field evolves in time, and simulates an

oceanic environment, containing typical mesoscale structures (left panels of Fig. 4.1).

I use the vorticity field as representative of the zooplankton concentration, since its

spectral slope is consistent with that of zooplankton field ([Lévy and Klein, 2004] but

see also [Mackas and Boyd, 1979, Abraham and Bowen, 2002]). In this environment,

4096 fish are simulated, supposing that they try to climb the gradients of zooplankton,

searching for regions with highest concentration. Their sensorial capacities are limited to

a certain field view. Furthermore, the zooplankton value perceived by the fish is a↵ected

by a white noise. The range of the white noise is identified from previous studies on

zooplankton distribution [Johansson et al., 1993, Coyle and Jr, 2000, Kern and Coyle,

2000, Reese et al., 2005]. Finally, I suppose that for zooplankton gradient values over

a certain slope, fish are able to orientate without being a↵ected by the noise. The fish

considered, as in Chapter 2, are the myctophids, with cruising swimming speed of 0.1

m/s.

In Fig. 4.1, I report a preliminary analysis obtained from the simulation of the model de-

scribed, run for a time of 25 days, starting from a homogeneous distribution of N=4096

fish. Looking at fish disposition (left column of Fig. 4.1), no intense qualitative struc-

tures of aggregation emerge. However, looking at the fish density plot on the right

column, and considering that the starting density condition is ⇠ 0.4 fish per cell, where
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each cell is 8 km wide, it is possible to identify some patterns of increased fish concen-

tration. These preliminary results seem encouraging, highlighting areas of ⇠ 10 times

more fish concentration than at the beginning of the simulation.

However, further analysis are needed. Indeed, if one looks at the zooplankton perceived,

on average, by each fish in time, it seems that no energetic advantages emerge, as it is

possible to see from Fig. 4.2 (panel A). The zooplankton perceived increase lightly in

Figure 4.1: Preliminary results. The 2D model simulates the evolution in time of a
vorticity field. This is characterized by mesoscale structures of around ⇠ 100 km. The
vorticity is used to represent a zooplankton field, prey of 4096 simulated fish. These
swim toward high levels of zooplankton values. They are initially disposed on a regular
grid and the model is run for about 3 weeks. Panels on the left column show the
vorticity/zooplankton field after 9 and 18 days, with fish position indicated by black
crosses. Right column shows the density plot of the fish, in number of fish simulated

per cell (each cell is 10⇥10 km2)..

Figure 4.2: Preliminary results. In order to estimate the energy gain of the fish,
mean zooplankton value in correspondence of the fish positions is computed for each

day simulated.
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time, but keeps close to 0, while the standard distribution is still very wide. In order

to understand this issue, a simulation without noise, thus with ⇠MAX = 0, is made.

The fish aggregation patterns, identified through the density plot are, not surprisingly,

more intense (not showed). The zooplankton perceived instead shows an increasing

trend, growing exponentially for the first 5 days and then relaxing at a value of ⇠ 2.

However, the standard deviation is still very high. A possible explanation for that is that

fish can orientate easily, but are “trapped” by relative local maxima. These however

do not present very high zooplankton values. This is due to the relatively short field

view of the fish, which does not allow them to identify the higher peaks of zooplankton.

Further investigations on the orientating strategies of the myctophids simulated are thus

required.

4.4 Final remarks

Future works are needed to integrate the e↵ect of vertical dynamics. The latter can

indeed play an essential role on the ecology of the marine ecosystems. It will be thus

interesting to integrate and extend the previous results to 3 dimensional dynamics, in

order to analyse also the e↵ect of submesoscale structures on vertical movements and,

by consequence, on marine biota, and integrate the results with ecosystem marine model

already present, such as DARWIN. This could, on one side, help better characterising

the fish prey field, which is now represented through the vorticity. On the other hand, it

could reveal possible mechanisms of aggregation also on the vertical direction: indeed,

some interesting patterns of fish aggregation along this dimension have already been

observed [Bras et al., 2017].

Concerning the acoustic backscattering measurements, it would be interesting to extend

the previous analysis to a larger area, an to a larger temporal window. It would be

important also to analyse separately the di↵erent seasons, to understand the underlying

annual intra-variability. Furthermore, biological factor must be included as explanatory

variables, in order to sharpen the prediction. This would allow to assess potential global

change impacts on intermediate trophic levels populations, and provide information

which could be used for conservation purposes.

Finally, it would be interesting to apply the methodologies of the crossroadness also to

other diagnostics, to study the performance of non fixed stations, and to extend, also in

this case, the analysis to 3 dimensions.
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4.5 Conclusions

In the present thesis I analyse the problem of the coupling between physical and bio-

logical processes in the ocean, in particular concerning the intermediate trophic levels.

These are actually by far the less known elements of the trophic chain in this coupled

analysis. In this work I present an analysis which shows an interesting relationship

between fish measurements and frontal systems. On the other hand, front emerge as

as structures which are necessary but not su�cient for finding high fish concentrations.

This allows to shed some light on the role of fine scale processes as aggregating structures

for fish, and open the doors to future interesting perspectives, with the integration of the

highlighted dynamics in global models of circulation and marine ecology. Furthermore,

I developed an optimal monitoring strategy which could help, on one hand, to better

sample mid trophic organisms. This may fill the knowledge gap actually present toward

the other elements of the trophic chain. On the other hand, the work presented could

help to build e↵ective networks which can protect peculiar marine regions.
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A B S T R A C T

Although some associations between the leatherback turtle Dermochelys coriacea and the Gulf Stream current
have been previously suggested, no study has to date demonstrated strong affinities between leatherback
movements and this particular frontal system using thorough oceanographic data in both the horizontal and
vertical dimensions. The importance of the Gulf Stream frontal system in the selection of high residence time
(HRT) areas by the North Atlantic leatherback turtle is assessed here for the first time using state-of-the-art
ocean reanalysis products. Ten adult females from the Eastern French Guianese rookery were satellite tracked
during post-nesting migration to relate (1) their horizontal movements to physical gradients (Sea Surface
Temperature (SST), Sea Surface Height (SSH) and filaments) and biological variables (micronekton and
chlorophyll a), and (2) their diving behaviour to vertical structures within the water column (mixed layer,
thermocline, halocline and nutricline). All the turtles migrated northward towards the Gulf Stream north wall.
Although their HRT areas were geographically remote (spread between 80–30 °W and 28–45 °N), all the turtles
targeted similar habitats in terms of physical structures, i.e. strong gradients of SST, SSH and a deep mixed
layer. This close association with the Gulf Stream frontal system highlights the first substantial synchronization
ever observed in this species, as the HRTs were observed in close match with the autumn phytoplankton bloom.
Turtles remained within the enriched mixed layer at depths of 38.5 ± 7.9 m when diving in HRT areas, likely to
have an easier access to their prey and maximize therefore the energy gain. These depths were shallow in
comparison to those attained within the thermocline (82.4 ± 5.6 m) while crossing the nutrient-poor subtropical
gyre, probably to reach cooler temperatures and save energy during the transit. In a context of climate change,
anticipating the evolution of such frontal structure under the influence of global warming is crucial to ensure the
conservation of this vulnerable species.

1. Introduction

Oceanic fronts are transition areas between water masses of
contrasting properties (Belkin et al., 2002; Scales et al., 2014). These
sharp boundaries are generally characterized by physical and biological
discontinuities in terms of temperature, salinity and nutrient gradients
(Le Fèvre, 1986; Reul et al., 2014; Scales et al., 2014; Greer et al.,
2015), and occur across a variety of spatial and temporal scales, from
sub-mesoscale (1–10s km) to ocean basin scales (1000s km). Oceanic
fronts can be generated by various physical processes, ranging from the

presence of an estuary or a shelfbreak, the occurrence of locally
enhanced tidal mixing, wind-induced upwelling or convergence pat-
terns, the presence of sea ice or the western intensification of gyre
circulations (Belkin et al., 2009).

The physical processes (upwelling, mixing, stirring) generating
oceanic fronts lead to increased primary and secondary productivity
(Olson and Backus, 1985; Olson et al., 1994), enhancing in most cases
the activity at higher trophic levels via bottom-up processes (Le Fèvre,
1986; Largier, 1993; Acha et al., 2004). Frontal systems are therefore
commonly associated with a diverse range of marine vertebrates such
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as seabirds (Haney and McGillivary, 1985, van Franeker et al., 2002;
Cotté et al., 2007; De Monte et al., 2012; Scheffer et al., 2012; Thorne
and Read, 2013; Whitehead et al., 2016), pinnipeds (Bradshaw et al.,
2004; Bailleul et al., 2010; Nordstrom et al., 2013), cetaceans (Moore
et al., 2002; Etnoyer et al., 2006; Doniol Valcroze et al., 2007; Druon
et al., 2012; Murase et al., 2014) and sea turtles (Eckert et al., 2006b;
Fossette et al., 2010a; Witherington, 2002; Polovina et al., 2004;
Polovina and Howell, 2005).

The largest frontal system in the North Atlantic Ocean is associated
with the Gulf Stream, one of the World hydrodynamic oceanic currents
(Schmitz and McCartney, 1993; Lozier et al., 1995; Ducet et al., 2000).
Forming the western boundary current system of the North Atlantic
Ocean subtropical gyre, this fast current originates in the Gulf of
Mexico and intensifies along the south-east coast of the United States
before leaving the coastline to cross the Atlantic Ocean at about 40 °N.
A strong thermal boundary occurs at the intersection of the warm, salty
Gulf Stream waters and the cold and less salty waters of the Labrador
Current (Fuglister, 1963). Like in other frontal systems, some associa-
tions have been observed between the Gulf Stream and marine
megafauna (Olson et al., 1994) such as seabirds (Haney and
McGillivary, 1985; Thorne and Read, 2013), fish (Block et al., 2001,
2005; Wilson et al., 2004; Skomal et al., 2009; Potter et al., 2011) and
sea turtles (loggerhead: Witherington, 2002; leatherback: Eckert et al.,
2006b; Fossette et al., 2010a; Lutcavage, 1996; Dodge et al., 2014).

While the leatherback turtle (Dermochelys coriacea) has often been
tracked in the Atlantic Ocean (Bailey et al., 2012b; Eckert et al., 2006b;
Fossette et al., 2010b, 2010a; James et al., 2005a, 2005b; Ferraroli
et al., 2004; Hays et al., 2004; McMahon and Hays, 2006; López-
Mendilaharsu et al., 2009; Dodge et al., 2014), only a few studies have
suggested that this species may associate with the Gulf Stream frontal
system (Eckert et al., 2006b; Fossette et al., 2010a; Lutcavage, 1996).
More recently, Dodge et al. (2014) have shown a relationship between
leatherback movements and strong Sea Surface Temperature (SST)
gradients, highlighting some affinities for the Gulf Stream front, but
only for a limited number of individuals (n=2), and not in the vertical
dimension. Given that the Gulf Stream frontal system is marked by
strong SST gradients and pronounced vertical mixing, aggregating
therefore low trophic level organisms such as jellyfish (Sims and
Quayle, 1998; Greer et al., 2013; Powell and Ohman, 2015), it would
be logical to expect North Atlantic leatherback turtles to interact with
the Gulf Stream frontal system during their post-nesting migration
across the North Atlantic. We propose in this study to examine more
systematically the potential affinities of leatherback turtles with this
frontal system based on detailed 3D oceanographic data, investigating
both the geographical patterns and the vertical dive behaviour in
relation to physical and biological ocean conditions.

This study assesses the role of the Gulf Stream frontal system in the
selection of preferentially used areas by the leatherback turtle via the
satellite tracking of 10 adult females, equipped between 2014 and 2015
from the Eastern French Guianese rookery. This is one of the two major
rookeries for the leatherback turtle on the west coast of the equatorial
Atlantic (Fossette et al., 2008), showing a different genetic structura-
tion (Molfetti et al., 2013). Note that several female leatherback turtles
from the Western French Guianese population have been tracked in the
past (Fossette et al., 2010b, 2010a), but it is the first time tracks from
the Eastern rookery are documented. After identifying high residence
areas (a proxy of foraging grounds), we used a series of biological and
physical variables provided by 3D ocean reanalysis products to relate
(1) the horizontal movements of the leatherback turtles to physical
properties (SST and Sea Surface Height (SSH) gradients and filaments)
and biological variables (micronekton and chlorophyll a), and (2) their
diving behaviour to vertical structures within the water column (mixed
layer, thermocline, halocline and nutricline).

2. Materials and methods

2.1. Ethics statements

This study met the legal requirements of the country in which the work
was carried out (France), and followed all institutional guidelines. The
protocol was approved by the “Conseil National de la Protection de la
Nature” (CNPN, http://www.conservation-nature.fr/acteurs2.php?id=11),
which is under the authority of the French Ministry for ecology, sustainable
development and energy (permit Number: 2015133-0022), and acts as the
ethics committee for French Guiana. The fieldwork was carried out in strict
accordance with the recommendations of the Police Prefecture of Cayenne
(French Guiana, France), to minimize any disturbance of the animals.

2.2. Study area and tag deployment

During the 2014 and 2015 nesting seasons, 11 adult female leatherback
turtles were equipped with satellite tags on the beaches of Rémire-Montjoly
(4.53°N–52.16°W, Cayenne, French Guiana). One Argos Fastloc GPS tag
(SPLASH10-F-296A, Wildlife Computers Redmond, WA, USA) was de-
ployed in August 2014 and 10 Satellite Relay Data Loggers (SRDL, Sea
Mammal Research Unit, University of St. Andrews, Scotland) were deployed
in June 2015. These tags were attached during night-time egg laying, i.e. at
the only moment when individuals are static while ashore. Harnesses were
not used to attach the satellite tags in order to minimize hydrodynamic drag.
Prior to attachment, the tags were moulded into a resin mount to match the
shape of the central dorsal ridge, and two holes were drilled into the resin
mount for the stainless steel cable. The attachment area was disinfected with
Betadine then locally anesthetised with Lidocaïne © spray. Two <0.5 cm
diameter holes were drilled into the central dorsal ridge. The tags were then
fixed by threading a stainless steel cable through the holes in the dorsal ridge
and the resin tag mount. Stainless steel crimps were used to secure the cable
and were covered with an epoxy resin to ensure solidity, preventing the tag
from being released before the return of the turtles to the nesting site (French
Guiana) in 2–4 years.

2.3. Data collected from the tags

Both tag types recorded horizontal (Argos and/or GPS locations)
and vertical movements (diving behaviour) of the turtles, but at
different resolutions.

2.3.1. Argos Fastloc GPS tag
The single Argos Fastloc GPS tag deployed in 2014 recorded both Argos

and GPS locations (every 4-h), as well as depth data describing specific
diving parameters, namely maximum dive depths, dive durations, and in
situ temperature data, binned as 4-h period histograms. The wet/dry sensor
of the tag was used to identify the beginning and end of each dive. The
sensor entered haul-out state after 20 consecutive dry minutes, and exited
haul-out state if it remained wet for 30 s or more. Maximum depths were
collected in different bins, every 10 m from 10 to 100 m, then every 50 m
from 100 to 250 m with a depth sensor accuracy of 1% of reading.
Similarly, maximum dive durations were stored from 30 s to 1 min, then
every minute from 1 to 5 min, every five minutes from 5 to 20 min, and in
situ temperatures from 20 to 32 °C were recorded during dives with a
resolution of 1 °C, with a temperature sensor accuracy of 0.1 °C. This tag
also supplied Time At Depth (TAD), defined as the proportion of time (in
%) spent at each depth.

2.3.2. SRDL tags
One of the 10 SRDL tags deployed in 2015 did not transmit any

data, and was therefore excluded from the analysis. The other nine
SRDL tags provided Argos-based location data, as well as data about
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diving behaviour including dive depth (with a depth sensor resolution
of 0.5 m), dive duration and duration of post-dive surface intervals. The
wet/dry sensor of the tag was used to identify the beginning and end of
each dive. Dives started when the sensor was wet and below 1.5 m for
20 s, and ended when dry or above 1.5 m. The SRDL tags were
programmed to send summarized dive profiles using the compression
algorithm described by Fedak et al. (2001), with 4 depth records for
each dive (instead of 1 maximum depth per dive for the Argos Fastloc
GPS tag).

2.4. Data pre-filtering

As all tags were deployed during the nesting season, they recorded
movements and diving behaviour for both the nesting and migration
phases. Following the procedure described in Chambault et al. (2015), we
excluded the nesting phase to focus on the migration phase alone. A
Kalman filtering algorithm (Silva et al., 2014; Lopez et al., 2014) provided
by Collecte Location Satellites (CLS Toulouse, France) was applied to
estimate Argos locations. Basically, the algorithm uses a correlated random
walk model to predict the next location and its associated error based on
the previous positions and estimated error. To each Argos location was
assigned a Location Class (LC): 3, 2, 1, 0, A, B or Z. Approximately 17% of
the locations of our study were associated with an estimated error (from >
250 m to >1500 m, LC 3: 2.1%, 2: 4.3%, 1: 5.6% and 0: 5.7%), 83% had
no accuracy estimation (LC A: 20.5% and B: 61.7%), and 1% were invalid
(LC Z). The GPS locations (provided by the single tag deployed in 2014)
were associated with an accuracy <100 m (0.1% recorded). We used the
General Bathymetric Chart of the Oceans (GEBCO) database (http://www.
gebco.net/, resolution 30 arc-second, ~1 km grid) to discard any locations
on land. As described in Fossette et al. (2010a), we also discarded the Argos
locations associated with a speed of over 10 km h−1 (9% in 2014 and 10%
in 2015, Fossette et al., 2010b), as well as “type Z” (i.e. invalid Argos-based)
locations.

2.5. Current correction of tracks

Tracks were first re-sampled according to the mean daily locations
frequency obtained for both tag types: every 2 h (Argos-GPS) or 8 h
(SRDL). We then corrected the ground-related (satellite-recorded)
tracks for oceanic currents to estimate the movements of leatherbacks
according to the water masses they cross, providing a more accurate
picture of actual movement behaviour (Girard et al., 2006; Gaspar
et al., 2006). Surface current velocity fields can be computed as the
vectorial sum of geostrophic and Ekman components (Sudre et al.,
2013). The geostrophic component results from the balance between
the horizontal pressure gradient force and the Coriolis force. It was
computed from the Ssalto/Duacs maps of absolute dynamic topogra-
phy data available daily on a 1/4 ° grid (www.aviso.altimetry.fr/en/
data/products/sea-surface-height-products/global/madt-h-uv.html)
based on an updated assessment of the sum of sea level anomalies and
mean dynamic topography, both being referenced over a twenty-year
period in the Duacs 2014 version (V15.0). The Ekman component
results from the balance between friction by wind and the Coriolis
force. It was estimated from wind stress data provided daily on a 1/4°
grid by CERSAT IFREMER (Ascat daily gridded mean wind field:
http://cersat.ifremer.fr/data/products/catalogue). Both geostrophic
and Ekman components were computed using a recent model
(GEKCO product) developed by Joël Sudre and underwent a bi-linear
spatial interpolation and a linear temporal interpolation to estimate
their "meridional" (i.e. E-W) U and "zonal" (i.e S-N) V components at
every turtle's location (velocity field data and a user-friendly program
to interpolate local values at any location and time are freely available
at www.legos.obs-mip.fr/sudre). It is worth noting however that the
Ekman component becomes negligible under the mixed layer (e.g.
within the thermocline, Marshall and Plumb, 2007). We therefore
estimated the proportion P of time spent above the thermocline for

each dive of each turtle, and computed the real current velocity as:

U U P U V V P V= + . and = + .actual geostrophic Ekman actual geostrophic Ekman

The time spent above the thermocline could not be calculated for
the Argos-GPS tag deployed in 2014 due to the coarser resolution of the
diving data. For this turtle, P was estimated as a function of the
location based on the diving data provided by the 9 other tags. Finally,
the water mass-related (i.e. "motor") step lengths for each turtle were
computed as:

�X �X �t U �Y �Y �t V= – . and = – .motor track actual motor track actual

where ΔXtrack and ΔYtrack are ground-related step lengths based on
coordinates of the satellite-recorded locations (converted from long-
itude and latitude to an orthonormal metric system X and Y), and Δt is
the time of movement between a given location and the next (see
Girard et al., 2006 for details).

2.6. Residence time analysis

We inferred high residence time (HRT) phases (and therefore HRT
areas) by applying Residence Time (RT) analysis (Barraquand and
Benhamou, 2008; Benhamou and Riotte-Lambert, 2012) to the cur-
rent-corrected movements. The RT for a given location indicates the
time spent within a circle centred on this location with a given radius R.
It is therefore computed as the difference between forward and
backward first passage times at distance R from the centre, plus
possible additional backward and/or forward times spent within the
circle provided that the animal does not leave the circle for more than a
given time (set to 8 h in the present study), before returning within the
circle. The circle runs along the path in this approach, providing a more
contrasted and less noisy time series (with respect to simpler analyses
based on first passage times). As advised in Barraquand and Benhamou
(2008), we computed RT time series with a radius r ranging between 10
and 100 km to explore different scales. The low residence time (here-
after LRT) and HRT areas for the migration of each turtle were then
inferred by segmenting RT time series using Lavielle (2005) segmenta-
tion method.

2.7. Environmental data

2.7.1. Horizontal variables
We extracted a series of environmental variables from both remote

sensed data and model simulations to characterize the habitat of
leatherback turtles at their HRT areas. The variables selected were
those most likely to influence the distribution of jellyfish (Graham
et al., 2001). We extracted the surface sea water chlorophyll a
concentration at each turtle location from the Global ocean biochem-
ical analysis and forecast product (BIO 001–014) at a 0.5 ° spatial
resolution (from U.E Copernicus Marine Service Information: http://
marine.copernicus.eu/services-portfolio/access-to-products/).

As the Spatial Ecosystem And Population Dynamics Model
(SEAPODYM) predicts the spatio-temporal distribution of micronekton
(Lehodey et al., 2008, CLS Toulouse), the smallest pelagic organisms
capable of swimming against sea currents (individuals measuring from 2 to
25 cm), it was used to estimate the distribution of leatherback prey. It
includes the diet of leatherback turtles and encompasses different micro-
nekton groups, including jellyfish (Brodeur et al., 2005). Micronekton is
modelled using current and temperature data provided by the GLobal
Ocean ReanalYsis and Simulations product (GLORYS-2v1), and net
primary production and euphotic depth derived from ocean colour satellite
data (http://www.science.oregonstate.edu/ocean.productivity/) using the
Vertically Generalised Production Model (VGPM). Due to the lack of
micronekton predictions in nearshore mesopelagic and bathypelagic layers,
we estimated only the epipelagic layer using this model. To investigate
variations in the vertical accessibility of leatherback prey, we also extracted
the euphotic depth weekly on a grid of 0.25 °×0.25 °.
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To assess the effect of horizontal physical gradients on the foraging
behaviour of leatherback turtles (associated with HRT areas), we
extracted at each turtle location the associated SST and SSH from
the Global sea physical analysis and forecast product (PHYS 001–
024) at a resolution of 0.08 ° (from U.E Copernicus Marine Service
Information). We then calculated the values of SST gradient (SSTgrad)
and SSH gradient (SSHgrad) at the locations of each turtle. We then
used the areas with the highest SSTgrad and SSHgrad magnitude (≥
quantile 0.95) to identify the locations of oceanic fronts. Then we
assessed the use of frontal zones by leatherback turtles based on the
distance to the closest frontal zone identified. We repeated the analysis
to determine whether the turtles directly targeted SST fronts or if they
were attracted by another oceanographic feature present at frontal
regions. This procedure used Finite-Size Lyapunov Exponents (FSLE,
D’Ovidio et al., 2004) and focused on pure transport diagnostics. The
FSLE method provides a direct measurement of local stirring by sub-
mesoscale currents, and the separation of waters coming from different
regions by the FSLE ridges makes it possible to identify water masses
with different physical properties (D’Ovidio et al., 2010; De Monte
et al., 2012). FSLE diagnostics were computed as described in Bon
et al. (2015) and the FSLE diagnostics were extracted at each turtle
location at a 0.08 ° horizontal resolution. For the SST and SSH fronts,
the distance to the closest FSLE filament with a gradient magnitude ≥
quantile 0.95 was then calculated for each turtle location.

2.7.2. Vertical variables
We assessed the habitat use of leatherback turtles in the vertical

dimension by extracting sea water temperature, sea water salinity,
mixed layer depth (MLD) and sea water chlorophyll a concentration
from Copernicus Marine Service Information. These parameters were
extracted at each dive location and for each maximum depth reached
by all turtles equipped in 2015. The use of vertical habitat by the turtle
equipped in 2014 could not be characterized due to the coarse
resolution of the diving data (only 1 maximum dive depth per location).
We extracted temperature, salinity and MLD (using Kara et al.'s
method (2000a)) data from June 2015 to April in 2016 from the
Global physical analysis and coupled system forecast product (PHY
001–015), available from Copernicus, at a 0.25 ° horizontal resolution
and depths of 0–400 m. Similarly, we extracted sea water chlorophyll a
concentration data from the BIO 001–014 product at a 0.5 ° horizontal
resolution and depths of 0–400 m. We then used these data to locate
the thermocline, halocline and nutricline depths. The seasonal thermo-
cline was defined as the layer comprised between the MLD (upper layer
of the thermocline) and the maximum MLD during the previous winter
peak below (e.g. lower layer, in February 2015 for the tags deployed in
June 2015). We also estimated the halocline and nutricline depths of
each dive location from the salinity and chlorophyll a gradients,
respectively.

2.8. Diving behaviour analysis

An indication of dive shape was obtained through the Time of
Allocation at Depth (TAD) index, calculated by using the four inflection
points of the summarized profiles provided by SRDL tags deployed in
2015. We used Fedak et al.’s method (2001) to calculate the TAD and
thus estimate the type of activity the turtles displayed during the dives.
Exploratory dives commonly corresponded to V-shaped dives with
0.5 ≤ TAD < 0.75, and foraging activity at the bottom of the dive
corresponded to U-shaped dives with 0.75 � TAD<1. We fixed the
average rate of change of depth at 1.4 m s−1, as values above this speed
are considered biologically unreliable.

3. Results

3.1. Migratory routes and high residence time (HRT) areas

The tracked turtles measured (mean ± SD) 160 ± 8.1 cm in curved
carapace length, 116 ± 6.4 cm in curved carapace width and 206 ±
13.7 cm in circumference. We obtained 655 ± 429 (mean ± SD) loca-
tions per turtle, for a tracking duration ranging from 99 (#149680) to
281 days (#149688, Table 1). The total distance travelled varied from
4957 km (#149680) to 12746 km (#149689, mean ± SD: 8577 ±
2842 km). The actual daily speed (corrected for oceanic currents)
ranged from 39.2 ± 21.2 to 70.8 ± 34.6 km d−1 (#149688 vs.
#149689, respectively, mean ± SD: 49.1 ± 9.8 km d−1). The average
elapsed time to reach the HRT areas (putative foraging grounds) was
85 ± 17 d (mean ± SD; range: 65–115 d, #149680 vs. #149684,
respectively).

The 10 females tracked in this study left French Guiana between
late June and late August, and occupied HRT areas between August
and November. They headed in various directions towards mid-latitude
areas, i.e. south-eastern US continental shelf, Newfoundland-Labrador,
the Azores or even pelagic waters in the North Atlantic (Fig. 1a). The
areas that were identified as putative foraging grounds based on a HRT
were spread between 30–45 °N, and were located either in neritic or
pelagic zones. Three turtles used a coastal HRT area located off the
shores of the south-eastern US shelf (#149680, #149682 and
#149689). Another (#149687) remained in the neritic HRT area of
Newfoundland-Labrador, at the mouth of the Saint Lawrence River,
and the six remaining turtles spent most of their time in pelagic waters.
The running circle providing the best contrast in terms of residence
time series analysis had a radius of 80 km. The largest HRT percentage
was observed from October (n=10) to December (n=8) (Fig. 1b).

3.2. Associations with biological features

The initial part of the migration within the core of the North
Atlantic subtropical gyre corresponded to low RT (hereafter ‘transit

Table 1
Summary of the horizontal post-nesting movements of the 10 leatherback turtles tracked. Speed values are Mean ± SD. PTT refers to the turtle's ID, Nloc to the number of locations, HRT
to high residence time.

Ptt Tag type Start date End date Nloc Tracking duration Distance Daily speed Duration to HRT areas
(d) (km) (km d−1) (d)

131347 SPLASH10-F 28/08/2014 25/01/2015 1798 150 6794 44.9 ± 29.0 92
149680 SRDL 30/07/2015 06/11/2015 297 99 4957 49.6 ± 25.9 65
149681 SRDL 06/07/2015 12/12/2015 479 159 7122 44.5 ± 21.4 92
149682 SRDL 18/07/2015 03/02/2016 579 200 8080 40.8 ± 34.0 111
149683 SRDL 16/07/2015 12/11/2015 357 119 5093 42.4 ± 19.6 79
149684 SRDL 08/07/2015 07/12/2015 454 152 7093 46.3 ± 22.8 115
149685 SRDL 14/07/2015 21/02/2016 665 222 11640 52.2 ± 27.1 73
149687 SRDL 26/06/2015 26/12/2015 547 183 11181 60.8 ± 24.8 66
149688 SRDL 08/07/2015 14/04/2016 844 281 11066 39.2 ± 21.2 87
149689 SRDL 24/06/2015 20/12/2015 537 179 12746 70.8 ± 34.6 75
Mean ± SD 655 ± 429 174 ± 52 8577 ± 2842 49.1 ± 9.8 85 ± 17
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phase’) for all females in scantily productive waters containing low
levels of micronekton biomass and chlorophyll a concentration
(Figs. 2a and 2d). When all the transit phases were taken into account,
the micronekton biomass was significantly lower than that found in
HRT areas (mean ± SE: 0.56 ± 0.04 vs. 1.31 ± 0.25 g m−2, respectively,
Wilcoxon test, V=35, p < 0.05, Fig. 3a). Similarly, the chlorophyll a
concentration was significantly lower at locations where the turtles
transited (mean ± SE: 0.18 ± 0.04 vs. 0.53 ± 0.13 mg m−3, respectively,
Wilcoxon test, V=28, p < 0.05, Fig. 3b).

Locations at higher latitudes ( > 30 °N) correspond to areas where the
turtles spent most of their migration time, and highly productive waters for
both the micronekton biomass and the chlorophyll a were recorded
(Figs. 2b, 2e and 5b). However, most of the leatherback turtles headed
southward on leaving these mid-latitude feeding grounds, remaining in
waters of expected high chlorophyll a concentration (Fig. 2f) rather than
high micronekton biomass (Fig. 2c). The euphotic depth was significantly
shallower in HRT areas (mean±SE: 77.9 ±3.3 vs. 55.5 ±4.8 m; Wilcoxon
test, V =36, p<0.005) – see Figs. 3c, 2g, 2h, 2i. Waters of shallower
euphotic depth were associated with higher latitudes ( > 30 °N), where the
turtles were assumed to feed intensively (Fig. 2h).

3.3. Associations with physical discontinuities

Our turtles experienced warm waters (~30 °C) when crossing the core
of the North Atlantic subtropical gyre (see Fig. 4a). After reaching HRT
areas at higher latitudes in November, they remained in cooler waters
ranging mainly between 15 and 23 °C (Fig. 4b). At the beginning of winter
(January), the cold waters coming from the Labrador Current extended
further south and the four remaining turtles tracked at this period tended to
follow the 20 °C isotherm southward (Fig. 4c). The SSH and SST were
significantly lower when the turtles occupied HRT areas (mean±SE: 9.4 ±
2.8 vs. −14.1 ±3.4 cm; Wilcoxon test, V=55, p<0.005, Figs. 3g, 4d, 4e, 4f,
and mean±SE: 25.7 ±0.5 vs. 20.5 ±1.2 °C; Wilcoxon test, V=55, p<
0.005, Fig. 3h, respectively).

During the first and final parts of the migration, corresponding to
the low RT phases, the turtles crossed waters associated with low
horizontal gradients (SST and SSH fronts), as illustrated in Figs. 6a, 6c,
6d and 6f. They crossed waters associated with low FSLE (Figs. 6g and
6i). In contrast, they remained close to stronger SSH and SST gradients
while occupying HRT areas at mid-latitudes (Figs. 6b and 6e). The SST

gradient was up to three times higher when on HRT areas (mean ± SE:
0.01 ± 0.002 vs. 0.03 ± 0.006 °C km−1, Wilcoxon test, V=1, p < 0.01) -
see Figs. 6a, 6b and 6c. The SSH gradient was up to twice as high when
the turtles occupied HRT areas (mean ± SE: 0.14 ± 0.01 vs. 0.25 ±
0.05 cm km−1, Wilcoxon test, V=1, p < 0.05) - see Figs. 6d, 6e and 6f.
The distance to the SST front was significantly shorter when the turtles
were in HRT areas than when they were on low RT areas (mean ± SE:
379 ± 32 vs. 37 ± 7.5 km; Wilcoxon test, V=55, p < 0.005) – see Figs. 3d
and 5c. Similarly, the distance to the SSH front was significantly
shorter when the turtles were in HRT areas (mean ± SE: 474 ± 44 vs.
86 ± 22 km, Wilcoxon test, V=55, p < 0.005) – see Figs. 3e and 5d).
However, the FSLE was not significantly higher when the turtles
occupied HRT areas (mean ± SE: 0.13 ± 0.02 vs. 0.21 ± 0.05 days−1,
Wilcoxon test, V=4, p=0.1094) - see Figs. 6g, 6h and 6i. The distance to
the FSLE (filaments) was significantly shorter when the turtles were in
HRT areas (mean ± SE: 253 ± 34 vs. 64 ± 22 km; Wilcoxon test, V=54,
p < 0.005) – see Figs. 3f and 5e.

3.4. Diving behaviour and vertical structures

3.4.1. Turtle maximum depth and dive duration
The Argos-GPS tag recorded 4539 depths and 4614 dive durations.

Among the 720 summarized dives transmitted (the tags have not
recorded the dives continuously) by the 9 SRDL, on average 80 ± 33
dives per individual were transmitted (range: 41–137 dives per turtle,
#149680 vs. 149688). Over the 10 tags, 27% of the dives were less than
10 m deep (Fig. 7a). Maximum dive depths were significantly different
between individuals (Kruskal-Wallis rank sum test, χ2=49, p < 0.001).
The turtles dove significantly deeper when occupying low RT areas
(mean ± SE: 82.4 ± 5.6 vs. 38.5 ± 7.9 m, Wilcoxon test, V=55, p <
0.005) – see Fig. 7a. Dive durations varied from 0.5 to 85 min, with
26% of the dives lasting less than 10 min, and 31% between 20 and
45 min (Fig. 7b). Dive durations differed significantly between indivi-
duals (Kruskal-Wallis rank sum test, χ2=57, p < 0.001). The turtles
performed longer dives when in low RT areas (mean ± SE: 27.0 ± 1.3
vs. 14.3 ± 2.4 min, Wilcoxon test, V=54, p < 0.005) – see Fig. 7b.

3.4.2. Surface interval and TAD
Among the 720 dives recorded by the SRDL tags, 76% of the surface

intervals lasted less than 5 min (mean±SE: 13.1±2.4 min). Surface

Fig. 1. (a) Proportion of residence time (RT in %) calculated along the 10 leatherback tracks in 2014 (n=1) and 2015 (n=9) and (b) box plots of RT (in %) according to the months of
tracking. The RT (initially expressed in days) was converted into a percentage based on the maximum value obtained for each individual to obtain a comparable scale across individuals.
(b) The locations associated with the highest values in (a) were considered to be potential foraging areas. FGY indicates the departure point and tagging site located in French Guiana.
The numbers in (b) refer to the sample size of each box plot (i.e. the number of turtles; note that only one turtle was still tracked in March and April).
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intervals recorded by the 9 SRDL tags differed significantly between
individuals (Kruskal-Wallis rank sum test, χ2=68, p<0.001) but did not
differ significantly according to the type of behaviour (mean±SE: 12.9 ±
2.6 vs. 11.3 ±2.6 min, Wilcoxon test, V=18, p=0.6523). The Time of
Allocation at Depth (TAD) varied from 0.25 to 0.92 and was on average
( ± SE) 0.59±0.004. With a TAD below 0.5, 11% of the 720 dives recorded
by the SRDL tags could not be assigned to a U or V dive shape, whereas
85% corresponded to V-shaped dives and 4% to U-shaped dives.

3.4.3. SST and temperature at turtle maximum depth
The values for SST and temperature at the maximum recorded depth of

each turtle decreased over the tracking period, with the highest values
recorded during the first month of tracking in June (mean±SE: 28.1 ±0.3
and 27.6±0.1 °C, SST and temperature at maximum dive depth respec-
tively) and the lowest in November (mean±SE: 21.1±3.1 and 20.7±
3.1 °C) – see Fig. 8. The difference between SST and temperature at
maximum depth varied between 0 to 6.2 °C, and was at its highest in July
(mean±SE: 3.6 ±1.4 °C) and lowest in February (0.09±0.1 °C). This

smaller difference between SST and temperature at maximum depth
coincides with the strong deepening of the mixed layer from October to
February (Fig. 8).

3.4.4. Mixed layer depth and thermocline
The deepness of the mixed layer at turtles’ locations increased substan-

tially between August and November (mean±SE: 31.6±10.7 vs.
96.1+49.7 m) – see Figs. 8 and 9. The lower limit of the thermocline also
deepened from June (9.4 m, n=2) to November (mean±SE: 260.3±
121.7 m, n=8), then became slightly shallower (February mean±SE:
175.5±43.3 m, n=3). The turtles remained above it while occupying HRT
areas (from October). Before reaching HRT areas (June to October), the
turtles dived mainly below the mixed layer (Fig. 9). Afterwards, they
performed shallower dives from October to February, remaining within the
mixed layer (Fig. 9).

3.4.5. Nutricline and halocline
Turtle maximum dive depth was positively correlated to the vertical

Fig. 2. Maps of the weekly averaged micronekton biomass predicted from SEAPODYM (a, b, c), the chlorophyll a concentration extracted from Copernicus (d, e, f) and the euphotic
depth (g, h, i) predicted by SEAPODYM during three phases: the crossing of the North Atlantic gyre (a, d, g: low RT, n=10), the high RT period at mid-latitudes (b, e, h, n=10) and after
leaving the high RT areas (c, f, i, n=3). The black dots correspond to the locations of the leatherback turtles tracked from French Guiana for the corresponding week and the red square to
the migration starting point. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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chlorophyll a gradient magnitude (nutricline depth derived from model
forecast, Spearman correlation test: R2=0.34, p < 0.001) and to the
depth at which chlorophyll a concentration is maximum (Spearman
correlation test: R2=0.41, p < 0.001). However, the maximum dive
depth reached by the leatherback was not correlated to the magnitude
of the vertical salinity gradient (halocline depth derived from model
forecast, Spearman correlation test: R2=−0.015, p=0.682).

4. Discussion

The use of satellite tracking together with a set of environmental
variables (from remote sensing data and model simulations) in this
study allowed us to shed light on the role played by the Gulf Stream
frontal system in the selection of areas eliciting high residence times
(HRT) by the North Atlantic leatherback turtle.

4.1. Migration across the North Atlantic basin

The movement and diving behaviours of the leatherback turtle have
been comprehensively investigated on an international scale over the
past decade, with particular attention paid to their migration cycle
across the Atlantic Ocean (Bailey et al., 2012b; Eckert et al., 2006b;
Fossette et al., 2010b, 2010a; James et al., 2005a, 2005b; Ferraroli
et al., 2004; Hays et al., 2004; McMahon and Hays, 2006; López-
Mendilaharsu et al., 2009; Dodge et al., 2014). Although numerous
studies have been conducted in populations from western French
Guiana (Fossette et al., 2008, 2010b, 2010a), the present study is the
first to investigate the movements and diving behaviour of individuals

from the Eastern population. Despite the genetic differences between
the two French Guianese populations (Molfetti et al., 2013), the eastern
and western individuals showed similar movement patterns. Indeed,
like adult females from the Western population (see Fossette et al.,
2010b, 2010a; Ferraroli et al., 2004), our tracked individuals migrated
northward to reach relatively higher latitudes ( > 30 °N) where they
tended to display movement behaviour leading to a local increase in
residence time during autumn and winter, in either coastal or pelagic
habitats. The HRT spent in some particular areas at mid-latitudes
indicate that these areas may correspond to foraging grounds. The
importance of these potential foraging grounds for this species is
reinforced by previous studies that have already reported same hot-
spots for the leatherback in Florida, Nova Scotia and the Azores (Eckert
et al., 2006b; Fossette et al., 2010a, 2010b; Ferraroli et al., 2004;
James et al., 2006; Hamelin et al., 2014). After occupying HRT areas at
mid-latitudes, the two turtles that transmitted data for the longest
tracking durations headed back southward. While in high RT areas,
these two individuals have experienced low SST reaching up to 12 °C.
Despite these occasional SST encountered, for most of our tracked
turtles, the thermal barrier seemed to occur between the 15–20 °C SST
isotherm while foraging, with 77% of the turtles remaining in warmer
water than 15 °C. These findings are in accordance with the 15 °C
thermal tolerance suggested by McMahon and Hays (2006) for this
species. Indeed, despite their endothermic capacity (James and
Mrosovsky, 2004), it has been suggested that temperature thresholds
might limit the amount of time the leatherback turtles can spend in
some cold water areas (Witt et al., 2007). The relatively short tag life (6
± 2 months) was however a drawback for this study, which would
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require a period of 2–4 years to track the entire remigration cycle
across the North Atlantic Basin. There is thus a clear need for further
tag deployment to identify the different habitats targeted by this species
during post-nesting migration.

4.2. Associations with biological variables

In this study, the leatherback turtles travelled at high speed when
crossing the nutrient-poor North Atlantic subtropical gyre, reflecting a
transit behaviour. This area is considered as an ‘ocean desert’ (Tomczak and
Godfrey, 2013), due to its scant primary productivity (0.50 mg C m−2 d−1,
Marañón et al., 2000). In contrast, the turtles spent more time and
concentrated searching in HRT areas in the colder waters of upwelling
and mid-latitude regions (Marañón et al., 2000), where primary productiv-
ity can reach up to 1000 mg Cm−2 d−1. There is a lack of documentation
concerning the spatial distribution of jellyfish (Houghton et al., 2006), but
primary production or chlorophyll a concentration were evidenced to be
good proxies for leatherback prey availability (Fossette et al., 2010a; Dodge
et al., 2014). The probability to forage was shown to increase with
chlorophyll a concentration (up to 2.5 mg m−3) for the Western Pacific
(Bailey et al., 2012b) and the North Atlantic populations (Dodge et al.,
2014). Similar results were found in our study, where values of chlorophyll
a on assumed foraging grounds (corresponding to HRT areas) reached
concentrations up to three times higher than those recorded in transit areas
(0.18±0.04 vs. 0.53±0.13 mg m−3, respectively). Furthermore, a clear
match was observed between the high chlorophyll a concentrations and the
HRTs, evidencing a remarkable synchronization of this species with areas of
high productivity in the North Atlantic. However, as chlorophyll a
concentrations come from forecasting ocean models (Copernicus database),
we can observed some discrepancies, such as the subtropical gyres of the
North Atlantic that are predicted slightly too oligotrophic, or the over-
estimation of the chlorophyll a in the tropical band. Such differences may
lead to misinterpretation of tracking data when looking at fine-scale

movements (1–10 s of km). But the purpose of our study was to look at
mesoscale patterns (10–100 km) and consider relative chlorophyll a values
(and not absolute values) to fit the accuracy of our tracking data, making
the output of Copernicus model adequate and reliable.

As mentioned by Fossette et al. (2010b), a more reliable picture of
jellyfish distribution may be obtained by looking at a higher trophic
level than chlorophyll a (Strömberg et al., 2009). In this context,
SEAPODYM recently appeared as a promising model to provide
estimations of the spatio-temporal distribution of micronekton, in-
cluding cephalopods, crustaceans, fishes and jellyfish (Lehodey et al.,
2010). We therefore hypothesized that the micronekton biomass
provided by this model would match locations of foraging leatherbacks
better than chlorophyll a. Although the presence of chlorophyll a
seemed to better match the occurrence of HRT areas, levels of
micronekton at these locations were more than twice higher than those
found in low RT areas (0.55 ± 0.04 vs. 1.31 ± 0.25 g m−2). SEAPODYM
predictions were based on the maturation time of pelagic organisms,
i.e. 1–2 months for zooplankton and 10 months for micronekton (both
at 15 °C; Conchon, unpublished data), but the maturation time of
jellyfish is shorter than 10 months. This may explain why the
concentration of micronekton biomass was not at its highest in HRT
areas at mid-latitudes. A further study including the zooplankton
output updated from SEAPODYM may nevertheless provide a better
explanation for the habitat selection by leatherbacks.

4.3. Associations with physical discontinuities

The Eastern French Guianese leatherback turtles we tracked tended
to display HRT behaviour mainly along physical discontinuities at mid-
latitudes ( > 30 °N), probably because such interfaces correspond to
nutrient-rich waters where jellyfish aggregate (Sims and Quayle, 1998;
Greer et al., 2013; Powell and Ohman, 2015). At the northern edge of
the Gulf Stream, its warm waters meet the cold Labrador Current
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Fig. 4. Maps of the weekly averaged SST (a, b, c) and SSH (d, e, f) derived from Copernicus during three phases: the crossing of the North Atlantic gyre (a, d: low RT, n=10), the high RT
period at mid-latitudes (b, e, n=10) and after leaving the high RT areas (c, f, n=3). Three SST contours were superimposed: 15 °C, 20 °C and 25 °C, and the SSH contour (0 cm) refers to
the location of the Gulf Stream front. The black dots correspond to the locations of the leatherback turtles tracked from French Guiana for the corresponding week and the red square to
the migration starting point. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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waters, creating a sharp temperature gradient in an area referred as the
Gulf Stream north wall (GSNW, Sanchez-Franks et al., 2015). The
shelf-slope front (SSF), a front located off the northeast coast of the
United States and Canada, separates colder, less saline continental
shelf waters from warmer and more saline slope waters (Bisagni et al.,
2009), where most of our turtles (60%) displayed HRT behaviour.
However, the HRT areas of three turtles were located on the shelf
waters south of North Carolina-United States, in the South Atlantic
Bight, where they used the lower branch of the Gulf Stream, char-
acterized by much less extreme temperature gradients. Our results
highlighted a surprising synchronization and aggregation of all the
leatherback turtles between these two fronts before migrating back
south.

HRT areas tended to occur preferentially along the SST and SSH
gradients, as well as along the FSLE filaments. The identification of these
frontal zones enabled us to delineate the frontal boundaries of the GSNW
and the SSF. The strong association with these physical discontinuities was
confirmed by the shorter distance to the closest front (SST gradient, SSH
gradient and FSLE filament) while in HRT areas compared to transit
periods. Several studies have already described the tendency for some sea
turtles species (loggerhead and leatherback) to associate with frontal
structures in the Pacific with the Kuroshio Current (Polovina et al., 2004,
2006; Polovina and Howell, 2005; Scales et al., 2015), or in Atlantic Ocean
with the Gulf Stream (Eckert et al., 2006b; Fossette et al., 2010a; Lutcavage,
1996; Witherington, 2002). But to date, only one study has demonstrated
such affinities between the leatherback movements and the Gulf Stream

frontal system using oceanographic data (Dodge et al., 2014), but such
findings were limited to the horizontal dimension and true for a limited
number of individuals (n=2). The associations with filaments at the sub-
mesoscale in our study (identified via FSLE), in agreement with findings in
previous studies conducted on penguins (Lowther et al., 2014; Bon et al.,
2015; Whitehead et al., 2016) and seals (Nordstrom et al., 2013; Lowther
et al., 2014), confirms the importance of frontal areas in the aggregation of
prey.

Regions of high FSLE and strong SSH and SST gradients may all
provide complementary data facilitating the interpretation of animal
tracking (De Monte et al., 2012). Strong SSH gradients correspond to
high kinetic energy and high FSLE to confluence/frontal regions, while
a strong SST gradient corresponds to frontal regions marked by
temperature difference, where upwelling/downwelling can occur.
These three diagnostics can diverge in regions of intermediate or weak
kinetic energy, where a confluence is the result of the interaction of
multiple mesoscale features and of their temporal evolution and in
which high SST gradients only occur at certain confluences (D’Ovidio
et al., 2013). However, these diagnostics may be strongly correlated in
highly energetic and contrasted regions where gradient intensification
by the mesoscale currents arises on relative short time scales (i.e. days),
and coincide with the occurrence of strong temperature gradients. This
is the case for the branch of the Gulf Stream targeted by the turtles in
our study, and may explain why the associations with frontal areas are
similar in terms of SST gradients, FSLE, and SSH contours.

4.4. Affinities for vertical structures

The leatherback turtles we tracked performed shallower dives while
in HRT areas (38.5 ± 7.9 m) than during transit (82.4 ± 5.6 m). This is
in accordance with the behaviour of individuals of the Western French
Guianese population (53.6 ± 33.1 vs. 81.8 ± 56.2 m, Fossette et al.,
2010a). This behaviour should enable them to get an easier access to
prey, which is assumed to concentrate in the upper layer (Hays et al.,
2008). The analysis of residence time data showed that the tracked
females started to display HRT behaviour during early autumn
(October), when the phytoplankton bloom begins along the GSNW
(Friedland et al., 2016) and the phytoplankton net growth rate
increases in the subarctic Atlantic waters located further north ( > 40
°N, Behrenfeld, 2010). We equipped our turtles at the nesting peak in
June to obtain a reliable picture of the population trend. Despite the
low light conditions in the North Atlantic during autumn and winter,
the deep winter mixing of the upper layer favours the phytoplankton
bloom formation via biomass accumulation (Behrenfeld, 2010). During
low stratification months (October-May) in the South Atlantic Bight,
where three turtles spent most of their time, the winds and small
temperature differences between nutrient-rich water intrusions and the
overlaying cold waters bring subsurface nutrient intrusions to the
upper layers, as well as cold air outbreaks, favouring the frequent
vertical redistribution of chlorophyll a and therefore avoiding nutrient
depletion in this region (Martins and Pelegrí, 2006).

As our turtles performed mostly shallow dives while in HRT areas
at mid-latitudes, the depths they reached during this period were
mainly within the mixed layer. In the North Atlantic, the deepest mixed
layer occurs between January and May during deep water formation at
~40 °N (Kara et al., 2003). The mixed layer started deepening in
October at locations further south (30–40 °N) where the turtles
aggregated, coinciding with the period when the turtles started
performing shallower dives. The turtles remained within this mixed
layer while in HRT areas over the winter period (n=4 in January to n=1
in April). A similar behaviour was observed by Fossette et al. (2010a)
for the Eastern French Guianese leatherback turtles, and could be
performed to get an easier access to their prey by maximizing energy
gain while foraging. Reaching shallower depths while in HRT areas
may also reflect the distribution of jellyfish, which is known to be more
abundant in the upper layer in cold waters (Longhurst et al., 1995).
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This deep mixed layer, associated with high nutrient biomass, may
therefore explain the remarkable aggregation of leatherback turtles at
higher latitudes during autumn and winter. Although the deepest
mixed layer commonly occurs during winter, it occurs during the
austral autumn in the southern hemisphere in the Western Australia
and coincides with high values of chlorophyll a (Rousseaux et al.,
2012), thus enabling the replenishment of the surface waters via
vertical mixing. The turtles in our study remained within the mixed
layer while in HRT areas (i.e. above the upper limit of the thermocline)
and dove below it while in other areas, and did not show any particular
association with the thermocline or any other strong vertical gradient
area (halocline or nutricline), contrary to findings in previous studies
conducted on fur seals (Nordstrom et al., 2013), Atlantic olive ridleys
(Chambault et al., 2016) and Atlantic leatherback turtles (Bailey et al.,
2012a; Hamelin et al., 2014). This difference may be explained by the
methodology used to calculate the vertical gradients: the thermocline is
commonly defined based on the temperature gradient magnitude

(Bailey et al., 2012a), but this approach can be biased by incomplete
temperature profiles (over the continental shelf) or insufficient depths
reached by the individuals. To avoid a possibly biased identification of
the thermocline depth, we decided to use the MLD provided by
Copernicus as the upper limit, and the deepest mixed layer during
the previous winter peak for the lower limit. In contrast, Hamelin et al.
(2014) used in situ temperatures provided by CTD tags to determine
the thermocline, which probably resulted in less errors and a better
resolution than when using the outputs from ocean forecasts such as
Copernicus.

In the North Atlantic, the breakdown of the seasonal thermocline
under the effects of storms and winds during autumn leads to deep
mixed layer that generates a quasi-uniform layer of temperature
(isothermal layer) throughout the water column, with relatively homo-
geneous values between the upper layer of the thermocline and the
surface (Lentz et al., 2003). Unlike the cooler SST encountered when
performing HRT behaviour (20.0 ± 3.9 °C, range: 15.9–26.3 °C), the

Fig. 6. Maps of the weekly averaged SST gradient (a, b, c), SSH gradient (d, e, f) and FSLE (g, h, i) during three phases: the crossing of the North Atlantic gyre (a, d, g: low RT, n=10), the
high RT period at mid-latitudes (b, e, h, n=10) and after leaving the high RT areas (c, f, i, n=3). The oceanic frontal zones were associated with the highest values of the three gradients.
The black dots correspond to the locations of the leatherback turtles tracked from French Guiana for the corresponding week and the red square to the migration starting point. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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turtles experienced warm SST during their transit across the subtro-
pical gyre (28.1 ± 1.8 °C, range: 20.9–30.9 °C). Besides the SST differ-
ence between the two movement modes, there was also a significant
temperature difference of up to 4.2 °C between the surface and the
maximum dive depth within the gyre. While crossing the gyre, the
females therefore experienced shallow mixed layer and warm tempera-
tures. As Fossette et al. (2010a) found for the western French Guianese
population, our eastern French Guianese turtles performed deep dives
(104 ± 80.7 m) in this nutrient-poor area (Marañón et al., 2000;
Strömberg et al., 2009), which may indicate that they targeted cooler
temperatures in deeper layers to save energy during the transit phase of
their migration. The selection by these turtles of HRT areas located at
mid-latitudes suggests a preference for cool waters (mean temperature
at maximum depth: 19.1 ± 4.9 °C), as observed in leatherbacks from
the East Pacific population (Bailey et al., 2012b). The long post-dive
surface intervals (13.1 ± 2.4 min) observed in our study reinforce the
hypothesis that some individuals may swim at the surface to process
and eat large prey items in the Northwest Atlantic (James and
Mrosovsky, 2004). The deployment of 3D-acceleration data loggers
together with cameras should make it possible to identify prey catch
attempts during the dives, and therefore relate this activity to leather-
back diving behaviour. Despite the relatively low number of dives
recorded by the 9 SRDL tags (n=720), the 4614 dives collected by the
Argos-GPS tag provide complementary dive data to support the first
evidence of the use of the mixed layer by the adult female leatherback
turtles during post-nesting migration across the North Atlantic. While
in high RT areas, the shallower diving behaviour of the turtles (within
the first 55 m) was already evidenced by a previous study (Fossette
et al., 2010b), which therefore reinforces the observed pattern of the
turtles remaining mainly within the deep mixed layer. In a lesser
extent, the low number of dives recorded could however prevent from
observing some occasional deep dives performed below the mixed
layer. To cope with this limitation, some additional SRDL tags
programmed to collect several daily profiles need to be further
deployed. The deployment of additional tags over longer periods (at
least one year) is required to collect complementary data on both the
horizontal and vertical movements, since leatherback behaviour shows
inter-annual variability.

5. Conclusion

The present study is the first to document the post-nesting migration
movements of the Eastern French Guianese population of leatherback
turtles. Our findings highlight the crucial role of the Gulf Stream front in the
selection of potential foraging habitats by this species. The use of innovative
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Fig. 7. Histograms of the maximum dive depth (a) and the dive duration (b) for the 10 tags deployed in 2014 (n=1) and 2015 (n=9) and for both modes (low RT in grey vs. high RT in
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Fig. 8. Monthly mean ( ± SE) of SST (filled dots), in situ temperature at the turtle
maximum dive depth (empty dots) and mixed layer depth (triangles) extracted for the 9
SRDL tags and from Copernicus database. The vertical dotted line refers to the beginning
of the high RT period for the majority of the turtles. The numbers refer to the sample size
of each box plot (i.e. the number of turtles).

Fig. 9. Monthly mean ( ± SE) of turtle maximum dive depth (filled dots), lower limit of
the thermocline (empty dots) and mixed layer depth (triangles) extracted for the 9 SRDL
tags. The lower limit of the thermocline and the mixed layer depth were extracted from
the Copernicus database. The vertical dotted line refers to the beginning of the high RT
period for the majority of the turtles. The numbers refer to the sample size of each box
plot (i.e. the number of turtles).
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and 3D ocean models for estimating SSH, temperature, salinity, chlorophyll
a, FSLE (computed from satellite-derived currents), and micronekton
biomass (from SEAPODYM) enabled us to investigate the link between
leatherback movements and frontal structures in both the horizontal and
vertical dimensions. Although the high residence time areas of the turtles
were geographically remote (spread between 80–30 °W and 28–45 °N),
these probable foraging grounds were all found in close proximity to the
Gulf Stream frontal zone, a highly dynamic and productive physical
discontinuity separating the warm and salty waters of the Gulf Stream
from the cold and less-saline waters of the Labrador Current. As seen in
other oceanic fronts, this extensive area is known to enhance primary
production and thus aggregate low trophic level organisms such as jellyfish,
which is the main food resource for leatherback turtles. In a context of
climate change, anticipating the evolution of such frontal structure under
the influence of global warming is crucial to ensure the conservation of this
vulnerable species.
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Signi�cance

Despite  our  understanding  of  how  ocean  physics  a-ect  bo�om-up  biology  processes,

inves/ga/on  into  how  these  changes  drive  trophic  niche  is  s/ll  limited  by  direct

observa/ons from ship-based surveys. We overcome this by using mul/-satellite data and

ocean models to infer the prey 1eld and its availability to air-breathing marine predators in

the  subantarc/c.  When  this  informa/on  was  integrated  with  a  large  marine  predator

telemetry data  set our approach can reveal  important  physical  processes that  underpin

broader ecosystem func/on.  

Abstract

Understanding the bio-geography and func/onal role of diverse trophic habitats in the open

ocean is a central ques/on when studying the interac/ons between the marine biosphere

and the climate system. Knowledge of ocean physics and its e-ect on bo�om-up biology

processes is now available thanks to the recent advancements in opera/onal oceanography

and mul/-species animal telemetry. However, the bio-geography of mid-trophic organisms
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remains di;cult to inves/gate, because it requires direct observa/on by ship surveys, which

in turn provides informa/on that is restricted in space and /me. Based on the iron-limited

biological produc/on in the subantarc/c ocean, we use, as a proxy of the prey 1eld, ageing

water masses fer/lized by bathymetric features where primary and secondary produc/on is

likely  to  have  developed.  When  integrated  with  physical  informa/on  about  prey

accessibility,  the  water  masses  iden/1ed  unfold  the  trophic  niches  of  the  regional  top

predators in a remarkably consistent way. The methods developed here for the subantarc/c

region can provide a tool for merging remote sensing with animal telemetry and explore

trophic interac/ons in other pelagic regions.

Introduc�on

A fundamental ques/on in ecological research is how the physical environment in>uence

trophic interac/ons, and ul/mately, the func/oning of food webs as biomass (i.e. energy)

>ows from low to higher trophic levels (1). Pinpoin/ng which physical features are the most

ecologically  relevant  in  the  heterogeneous,  and  highly  dynamic,  marine  environment  is

therefore a primary goal for ocean science and management  (2). One important driver of

ocean  heterogeneity  is  the  fact  that  nutrients  are  upwelled  and  s/rred  by  the  current

systems, crea/ng spa/ally contrasted pa�erns of primary produc/on which then feeds into

the  trophic  web.  A  drama/c  example  is  provided  by  the  subantarc/c  domain  of  the

Southern Ocean. Primary produc/on in this region is limited by bioavailable iron  (3). Iron

sources  are  located  predominately  on  shallow  bathymetric  features  like  con/nental

plateaux, seamounts, and thermal vents where internal /de mixing suspend iron from the

sediments  (4–6).  From  these  sources,  iron  is  spread  downstream  by  the  Antarc/c
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Circumpolar Current (ACC) as large plumes stemming for hundreds of kilometres (7), to fuel

intense phytoplankton blooms in spring. 

These iron plumes can be iden/1ed indirectly by analysing satellite-derived ocean currents.

These advec/ve pathways induced by the ocean circula/on have been found to structure

not only primary produc/on  (7, 8) but also the foraging habitat for upper-trophic species

with well-developed dispersal capabili/es and op/mised feeding strategies for 1nding prey.

It is temp/ng to interpret satellite-derived advec/ve pathways in terms of resources, habitat

vulnerability,  and  climate  change.  However,  in  order  to  proceed  in  this  direc/on,  it  is

necessary to incorporate into our interpreta/on biological data from trophic levels above

primary produc/on. To date, most of these a�empts have addressed only single species and

mainly underlined non-mechanis/c (i.e. correla/ve) rela/ons. These two limita/ons make it

di;cult  to  decipher  the physical  processes underpinning  broader ecosystem func/on.  A

common obstacle in this regard is the fact that the informa/on on the distribu/on of mid-

trophic organisms, which make the link between the observa/ons of primary produc/on

and distribu/on of predators is only available at much coarser resolu/on. Here we propose

a novel approach for bridging this knowledge gap, by inferring from physical observa/ons,

informa/on  about  the  prey  1eld  in  terms  of  “matura/on”  of  water  parcels  and  prey

accessibility  in  terms  of  hydrographic  proper/es  of  the  ver/cal  water  columns.  This

approach a�empts to describe the trophic niches of seven subantarc/c marine predator

species simultaneously. In total, our telemetry dataset includes over 800 animal tracks (see

Table 1) with diverse foraging strategies and diet. 

Mesopelagic 1sh are major prey for four of the marine predator species in our study (Table

1). Fish feed on crustacean. Crustacean are transported by eastward advec/on. These are all
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air-breathing animals which are divided into swimming and >ying predator groups. Three of

the four swimming predator species feed on mesopelagic 1sh (Table 1 +  (9, 10)) and may

rely on extrinsic factors to access their prey: King penguins (Aptenodytes patagonicus) use

cold isotherms (< 2C) that facilitate prey access (11, 12); Antarc/c fur seals (Arctocephalus

gazelle)  forage at night when their prey migrate closer to the surface (ref); and southern

elephant  seals  (Mirounga  leonina)  perhaps  rely  less  on  extrinsic  factors  to  access  prey

because  of  their  deep-diving  capabili/es  (dive  up  to  1500  m  (13)).  These  1sh  can  be

modulated ver/cally in the water column by hydrothermal condi/ons  and will be accessible

for air-breathing predators a�emp/ng to access them. The macaroni penguin () is the other

swimming predator species, which instead feed on crustaceans.

In order to create a satellite-based proxy of the prey 1eld, we trace the dispersal of iron

from known sources, and we assume it is incorporated in the food chain via bo�om-up

processes (14, 15). Indeed previous observa/ons have shown that “older” water parcels –

which have been in contact with an iron source since a longer /me -  have been found to be

areas  of  preferred  foraging  ac/vity  for  higher  trophic  levels  (16),  consistent  with  a

mechanism of ecosystem matura/on inside the driKing water mass. Regarding the proxy of

prey accessibility,  we look at the presence of the 2°C isotherm in the 500 m surface layer,

which is the thermal discon/nuity between the warmer summer Surface Mixed Layer (SML)

and the previous winter’s cooler mixed layer below (Winter Water; WW) (17). We focus on

this  hydrographic  feature  on  the  basis  of  past  studies  which  have  shown  the  ver/cal

distribu/on of stenothermal 1sh (e.g. myctophid) is modulated by the presence of the 2°C

isotherm, which acts as a thermal barrier to 1sh ver/cal migra/on  (11). Without the 2°C

isotherm, mesopelagic 1sh can migrate deeper, thus becoming less accessible to predators.
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Our aim here is to provide compelling evidence for how these two physical processes –

“ageing” iron-enriched water parcels, and presence of 2°C isotherm in the upper layer –

de1ne di-erent trophic niches by structuring the prey 1eld in the subantarc/c zone.

Methods

Physical ocean climatology

We  use  al/metry-derived  surface  currents  (Aviso  product  ID

SEALEVEL_GLO_PHY_L4_REP_OBSERVATIONS_008_047)  and  sea  temperature  (product  ID

GLOBAL_REANALYSIS_PHY_001_025-TDS)  from  Copernicus  (h�p://marine.copernicus.eu).

These data cover the en/re spa/al  extent  of  the study site daily from 2005 to 2015.  A

summary of these climatology data and their expected biological relevance is presented in

Table 2. Details are provided below.

We used a Lagrangian model based on al/metry to trace monthly averages of advected

water parcels at 0.25° resolu/on backward in /me and assign them a /me stamp when they

reach iron-enriched waters over a con/nental plateau (19) or open ocean seamount (see SI

Materials and Methods, Text 1). This model focuses on the summer period and has been

extensively  calibrated  and  validated  in  the  Crozet  and  Kerguelen  regions  by  integra/ng

satellite  data  (al/metry  and  ocean  colour),  lithogenic  isotopes,  iron  measurements  and

driKers (20). We assume that “young” water parcels (that is, water parcels which have been

enriched since a few days only) are in an early blooming stage, and therefore are less rich in

mid-trophic biomass than parcels with an “older” age. Finding a threshold separa/ng young

and old parcels is somehow arbitrary. We choose 60 days because this value corresponds to
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the /me since the ini/al bloom in which the chlorophyll intensity starts to decline in satellite

images  (21),  or  post-bloom stage.  This  value also  matches  the peak foraging  ac/vity  of

elephant seals at  sea (SI Figures, Fig S1);  a major predator of mid-trophic species in the

Southern Ocean. The sensibility of our results to the 60-day threshold is discussed in the

Conclusions. The  probability  of  post-bloom  waters  is  therefore  es/mated  from  the

percentage of iron-enrich water parcels older than 60 days present in each 0.25°  grid cell

over the 10-year data coverage period (Fig 1B).

The sea temperature from the Glorys  product   produced by  Mercator  and available  on

Copernicus  Marine  Monitoring  System  (version:  global-reanalysis-phy-001-025-monthly)

was used to calculated the monthly depth average of the 2°C isotherm at 0.25° resolu/on.

We remind that our hypothesis is that the presence of the 2°C isotherm in the upper 500 m

surface layer will facilitate (i.e. shallower) access for predators feeding on mesopelagic mid-

trophic  prey.  The  probability  of  facilitated  prey  access  is  therefore  es/mated  from  the

percentage of water parcels where the 2°C isotherm in the upper 500 m surface layer is

present in each 0.25° grid cell over the 10-year data coverage period (Fig 1C).

Iden/fy habitat using tracking data from mul/ple species

Seven marine predator species were 1�ed with Argos or GPS satellite transmi�ers on three

subantarc/c islands in the Indian Ocean during the austral summer between 1989 and 2016,

totalling  821  useable  tracks  (Table  1).  These  deployments  coincided  with  recurrent

phytoplankton  bloom  events  in  the  region.  Bio-logging  transmi�ers  were  1xed  to  the

feathers on the back of seabirds with cyanolycrate adhesive securely fastened with cable-
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/es,  and 1xed to the head or  back  of  pinnipeds with a  two-part  expoxy  adhesive.  The

capture, release and handling procedures received the approval of the ethics commi�ee of

the  French  Polar  Ins/tute  (IPEV),  the  French  Environment  Ministry  and  Australian

government. All devices were hydrodynamically shaped to limit drag e-ect and weighed <

2% of the mean adult weight. Transmission interval range varied by species but minimum

daily transmission rate was > 10 for each individual. Details of instrumenta/on are provided

in publica/ons cited in  Table 1.  Published and unpublished data are sourced from  Centre

d'Études Biologiques de Chizé, Centre Na/onal de la Recherche Scien/1que (CEBC-CNRS)

and the Australian Antarc/c Data Centre (AADC) (h�ps://data.aad.gov.au/). 

Observed GPS measurement error seldom exceeded a few tens of kilometres (22) but Argos

loca/on es/mates are associated with varying classes of error. To account for loca/on error,

all track data were 1�ed to a hierarchical 1rst di-erence correlated random walk (hDCRW)

state-space model using the R soKware package bsam (func/on ssm_;t) (23, 24). The 1�ed

tracks data were used to map marine predator hotspots from kernel density es/mates (see

SI Materials and Methods, Text 2).  However, to characterise the environment poten/ally

available  to  individuals,  and  thus  allowing  a  case-control  design  for  habitat  preference

modelling  (25),  we  simulated  random  or  pseudo-tracks.  For  each  observed  track  we

simulated  20  pseudo-tracks  by  1Yng  a  1rst-order  vector  autoregressive  (AR)  model

characterised by the step lengths and turning characteris/cs of  the observed track  (26).

Simulated tracks are therefore random movements constrained by the step length and turn

angle of the observed track loca/ons, and thus represent the space available to an animal if

it had no habitat preferences. The R soKware package availability (27) provides an easy two-

step process for genera/ng these simulated tracks: (i) func/on  surrogateARModel  1ts the
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AR model to each track; and (ii) surrogateAR simulates each new simulated track. Simulated

loca/ons falling on land were rejected and re-sampled. Popula/on-level comparisons of the

simulated tracks (available habitat) and observed tracks (selected habitat) are available in SI

Figures, Fig. S2.

Permuta/on test

We performed a two-sided permuta/on analysis for each predator species to test if  the

probability of a mature ecosystem was signi1cantly di-erent between available predator

habitat (H1) and selected predator habitat (H2). A p-value was es/mated by calcula/ng the

mean probability di-erence (Dobs) between H1 and H2 and permu/ng the probability of a

mature ecosystem for the two treatments (H1,H2) to obtain all possible permuta/ons (ɛ=

1000). The signi1cance threshold was set at 0.05. A sta/s/cally signi1cant value indicted

whether or not the probability of a mature ecosystem in H2 was di-erent to those in H1. The

rela/ve precision of Dobs was represented by its standard error. The same procedure was

repeated for the probability of facilitated prey access.

Results

We start by lis/ng the di-erent uses of the two prey proxies species by species. Marine

predator hotspots were mapped in the Indian sector of the subantarc/c Southern Ocean

and compared to the proxies of prey 1eld and prey ver/cal accessibility (see sec/on xxxx),

that is, the probability of post-bloom waters and probability of presence of the 2C thermal

barrier,  hence  where  prey  is  facilitated  by  being  closer  to  the  surface  (Fig.  1).  Marine
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predators generally encountered mature ecosystems as they migrated east of the Kerguelen

and Crozet Plateaux or south of Crozet (Fig. 1B), whereas areas where prey access could be

facilitated by the 2°C isotherm were located south of the Polar Front (PF) (Fig. 1C). Pinnipeds

and penguins  (swimming predators)  were regularly located south of  the PF where large

areas support facilitated prey access. In contrast,  most albatross (>ying predators)  were

north of the PF where facilitated prey access was negligible. The southern elephant seal was

the marine predator species to migrate the furthest east from the Kerguelen Plateau, where

other  swimming  predators  (king  penguins,  macaroni  penguins  and  Antarc/c  fur  seals)

alterna/vely  used areas close to the shelf  edge.  However,  the distribu/on of  swimming

predators was not only species speci1c, but also depended on the loca/on of their colony.

The king penguins from Crozet, for instance, migrated south of Crozet to the vicinity of the

PF.  However,  king penguins from Kerguelen and Heard remained rela/vely  close to the

south-eastern or southern edge of the Kerguelen Plateau.

We then a�empted to unfold the trophic niches of the di-erent species. This is achieved by

ploYng together a quan/ta/ve analysis of the physical di-erences between selected and

available habitat (see Method). This main result of this analysis is depicted in Fig. 2. This

1gure shows how the use of mature ecosystems and areas of facilitated prey access was

speci1c to species (Fig. 2). Swimming predators were more likely than >ying seabirds to use

mature  ecosystems,  areas  of  facilitated  prey  access,  or  both.  All  but  one  species  of

swimming predator (the macaroni penguin) used mature ecosystems (∆ > 0, p < 0.01), but

only the king penguin used areas of facilitated prey access (∆ > 0, p < 0.01). The southern

elephant seal was the only swimming predator toused areas where prey access was not

facilitated by the 2°C isotherm (∆ < 0, p < 0.01). Interes/ngly, the southern elephant seal,
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which typically migrated furthest from its colony, also used an area close to the eastern

shelf edge of the Kerguelen Plateau that supported a mature ecosystem (Fig 3). Similar to

the macaroni penguin, no >ying predator used mature ecosystems or areas of facilitated

prey access. Instead, the wandering albatross used areas where the ecosystem had not yet

matured (∆ < 0, p < 0.01) and, the dark-mantled albatross included, used areas where prey

access  was  not  facilitated  by the  2°C  isotherm (∆ <  0,  p  <  0.01).  All  values  of  physical

di-erences between selected and available habitat and associated sta/s/cal signi1cances

are provided in SI Figures, Fig S3.

Discussion

Our aim is to iden/fy the trophic niches of di-erent pelagic predators on the basis of the

comparison of  oceanic  physical  features and animal  telemetry.  First,  we use bio-logging

tracks of seven major marine predator species to observe the spa/al structure of the prey

1eld in the subantarc/c. First, we observe advec/on of ageing iron and the 2C isotherm, two

important drivers, which shape and maintain such ecological landscape. Then, we compare

these  proxies  to  the  foraging  grounds  that  we  derive  by  analyzing  the  biologging

trajectories.  We found that they are in remarkable agreement   This conclusion is based on

the observed coincidence between the boundaries of  predator trophic niches and these

physical processes on the /mescale of a planktonic bloom. Lagrangian analysis shows the

advec/on of  iron  can  structure  the  prey  1eld  as  the  bloom’s  ecosystem develops  over

summer.  The same horizontal  transport  of  water modulates  the landscape of  dominant

phytoplankton  types  (d’Ovidio  et  al  2010).  The  upward  force  of  the  2C  isotherm  then

separates mid-trophic prey 1eld based on their accessibility to predators. 
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These observa/ons combined, unfold the trophic niches of the region’s top predators in

away which is remarkably consistent. In regions where produc/vity is limited by bioavailable

iron, an eastward transi/on from young bloom waters to older post-bloom waters appeared

to represent a shiK in the prey 1eld from predominately crustaceans to mid-trophic 1sh.

Elephant seals using high reten/on mesoscale eddies seems to suggest the same thing: old

post-bloom  water  patches  are  where  the  upper  trophic  prey  1eld  is  likely  to  develop

(d’Ovidio et al  2013,  Co�e et al  2015).  Three of the most abundant consumers of mid-

trophic-level myctophid 1sh, including the king penguin (28), southern elephant seal (9, 10)

and Antarc/c fur  seal  (9),  used post-bloom waters,  where we assume enough /me has

passed for iron to pass through the food chain to mid-trophic 1sh. Conversely, macaroni

penguins, which feed predominately on lower trophic level crustaceans  (28, 29), are less

likely  to  use  post-bloom  waters,  including  areas  adjacent  the  iron-enriched  shelf.

Interes/ngly, macaroni penguins from Kerguelen which consume more 1sh than their Crozet

counterparts (30), and were also more likely to use post-bloom waters (Fig. S4). However,

this  is  only  conjecture  as  the  few  track  data  we  have  for  Crozet  (n=4)  makes  this

interpreta/on ambiguous. The squid-based diet of wandering and dark-mantled albatross

(31),  for  instance,  would  let  us  assume  that  they  use  post-bloom  waters.  But  in  fact,

wandering albatross are more likely to use bloom waters north of the SAF (see Fig 1) where

they can rely on olfactory cues from dimethyl sulphide emi�ed by phytoplankton (32, 33) to

locate their squid prey, sugges/ng more complex mechanisms. A similar foraging strategy is

adopted by loggerhead turtles (34).

The 2C isotherms upward forcing e-ect on the ver/cal distribu/on of mid-trophic 1sh can

also play an important role in structuring the prey 1eld of swimming predators (refs in Peron
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et al 2012) (11). The three swimming predators whose diet largely consists of myctophid 1sh

fall into species-speci1c trophic niches according to how they rely on prey access facilitated

by the 2C isotherm. King penguins are the only predator species to use the 2C isotherm to

maximise feeding e;ciency (12, 35). The pinnipeds in this study did not: Elephant seals are

capable of diving far below the 2C isotherm (up to 1500 m, 13, 36) and Antarc/c fur seals,

although limited by their dive capabili/es (up to 250 m, 37), typically feed at night (38, 39)

when  their  prey  migrate  towards  the  surface(40).  If  Antarc/c  fur  seals  did  use  the  2C

isotherm it is more likely to be during daylight hours when prey return to deeper waters

(40), which may explain their use, albeit non-signi1cant, of the 2C isotherm (∆ > 0, p=0.67).

However, as Antarc/c fur seals feed mostly at night (38), this e-ect is expected to be small.

Flying albatross species, incapable of diving more than a few meters below the surface (41,

42), are unlikely to use subsurface isotherms to facilitate access to prey. Instead, wandering

albatross (and possibly dark-mantled albatross) likely hunt live squid or scavenge >oa/ng

squid  carrion  at  the  surface  (43).  Black-browed  albatross,  on  the  other  hand,  forage

predominately in neri/c waters on  the shelf  (31), which may have weaken any sta/s/cal

response to our analysis conducted only in areas o- the shelf. A summary of predator-prey

trophic niches and the underlying ocean physics is presented in Table 3. 

Physical  condi/ons shape trophic niches, but the e-ects of the physical  environment on

predator species are expected to be stronger for those with reduced dispersal capabili/es.

In summer, breeding constraint is a major factor that in>uences predator distribu/on and

which physical condi/ons they will encounter. Stronger e-ects on income breeders.
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 Elephant seals obtain all resources necessary to provision their o-spring during one very long trip at

sea the previous winter (capital breeders) (Costa 1993) and are therefore capable of ranging over vast

spa/al scales. Penguins and fur seals, however, must frequently return to provision their o-spring and

are therefore limited to short trips of 1-2 weeks and a few hundred kilometres from the breeding

colony (income breeders) (Costa 1993, Trillmich and Weissing 2006, Houston et al 2007, Costa and

Sha-er 2012, Ludynia et al 2013). Furthermore, there is a premium on maximising energy gain while

minimising  /me spent  foraging,  so  these  predators  typically  occur  in  produc/ve  oceanic  regions

(Costa and Sha-er 2012). …

 Environmental forcing agents have greater e-ect on income breeders that depend on predictable and

pro1table  habitat  –  e.g.  cold  water  tongue on the eastern  shelf  edge used  by king  penguins.  …

circula/on and bathymetry interac/on OR stable PF

Emphasis importance of isotherm in SO (physically and biologically)

We use speci1c parameters to demonstrate importance of two major physical processes

(age  of  iron  and  isotherm),  but  could  modify  parameters  to  examine  speci1c  predator

response  -  We  expect  predator  species  will  respond  to  di-erent  varia/ons  of  the  two

parameters used in this study. A hypothe/cal analysis, for example, could test how each

predator  species  responds  to  the  probability  of  an  immature  ecosystem  dominated  by

crustaceans (iron-enriched water parcels < 60 d) and the probability of a di-erent isotherm

(e.g.  the  3.5°C isotherm in  the  upper  100 m surface  layer  likely  modulates  the ver/cal

distribu/on of crustacean (44)).. In this scenario we may expect to 1nd macaroni penguins

respond signi1cantly to these two altered physical parameters, while many other predator

species will not.
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Our results provide an objec/ve demonstra/on of how (sub)mesoscale physics structures

the marine ecosystem, and hence, trophic interac/ons. That two physical ocean processes

can reveal trophic pa�erns consistent with diverse foraging ecologies of marine vertebrates

is remarkable. Such informa/on is fundamental for ecological spa/al planning, as we were

able  to  iden/fy  the  boundaries  of  ecologically-signi1cant  areas  in  the  open  ocean.  For

example,  dynamic  /me-area  MPAs  could  trace  regions  of  ageing  iron-rich  waters  and

likelihood of a surface mixed layer that support trophic niches of interest to king penguins; a

species likely facing increasing anthropogenic pressures over the next 50 years  (12, 45).

Predic/ng these provinces by key physical drivers will be important for op/mizing climate

models and designing future management solu/ons.Changing evalua/on of climate change

e-ect on marine environemnt.

The sensibility of our results to the 60-day threshold is discussed in the Conclusions

Open  ocean  habitat  outside  of  management  zones  (Fig  S5  –  Sara  Sergi).  Detec/on  of

ecologically relevant ocean structures obtained with the integra/on of animal telemetry and

mul/satellite analysis has been proposed as a tool to support the design of pelagic marine

protected areas (Scales et al 2014, Della Penna et al 2017). 

The literature exempli1es innumerable cases of species in terrestrial systems using di-erent

strategies  to  exploit  a  niche  to  avoid  overlap  with  compe/tors  (Silvertown  2004  TEE,

Amarasekare 2003 + more refs). The principle physical drivers in this study could likely be

the same for other open ocean areas.  1nd evidence of trophic niches formed by ecosystem

development and facilitated access to prey, which holds true for mul/ple predator species

foraging in the Indian sector of the open Southern Ocean. Habitat selected by a diverse

array  of  predator  species  –  including  swimming  and  >ying  predators,  are  described  by
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various  combina/ons  of  ecosystem  maturity  and  facilitated  prey  access.  Region  well

understood by past campaigns run over the past two decades (MYCTO, MEOP2, tagging

programs). A summary of predator-prey trophic niches and the underlying ocean physics is

presented in Table 3. 
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Table 1. Instrumenta/on of seven marine predator species in the Southern Indian Ocean. Deployments were
made on Crozet (C), Kerguelen (K) and Heard Island (H) during the breeding season (Oct – Mar). References
detail instrumenta/on of telemetry devices.

species
colony
(no. of tracks)

deployment years
(references)

Antarc/c fur seal 
Arctocephalus gazelle

K (52), H (65) 1998-2001; 2004; 2006-2008; 2012 (39, 46)

Southern elephant seal
Mirounga leonina

K (236) 2002; 2004-2016 (47)

King penguin
Aptenodytes patagonicus

C (38) ,K (48), H (67) 1998-2004; 2006; 2011-2016 (12, 48, 49)

Macaroni penguin
Eudyptes chrysolophus

C (4), K (10), H (28) 2004; 2009-2011; 2014-2015 (29, 50)

Black-browed albatross
Thalassarche melanophris

K (18), H (28) 1995; 1999; 2003-2004 (49, 51, 52)

Dark-mantled albatross
Phoebetria fusca

C (42) 2007-2009 (53)

Wandering albatross
Diomedea exulans

C (161), K (24) 1989; 1990-1992; 1994; 1998-2003; 2007-2010 (52, 54)

Table 2. Physical ocean climatology used as proxies for ecosystem process in the subantarc/c ocean.

physical ocean climatology
source of physical ocean

climatology
biological relevance of ocean

physics
ecosystem

process

Trace iron-enriched water
parcels that originate from
shelf waters (< 750 m).

Lagrangian  model  based  on
al/meter  products  produced
by  CLS/AVISO,  with  support
from  CNES;  h�p://www.avi-

so.al/metry.fr/duacs/(20)

Water  parcels  enriched  by
iron more than 60 days ago
represent  an  ecosystem  in
the  late  bloom  phase;
depleted  in  phytoplankton,
but increasingly  rich  in mid-
trophic biomass.

Probability
of  a  mature
ecosystem

2°C  isotherm  is  the
thermal  discon/nuity
between  the  Surface
Mixed  Layer  (SML)  and
Winter Water (WW) 

Copernicus  model  based  on
the  temperature  product
‘GLOBAL_REANALYSIS_PHY_0
01_025-TDS’  (h�p://marine.c-
opernicus.eu)

The  2°C isotherm is likely to
modulate  the  ver/cal
distribu/on  of  mid-trophic
organisms.

Probability
of facilitated
prey access
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Table 3. Summary descrip/on of trophic niches and their underlying physical environment. Prey are based on 

summer diet of each predator (list of predators in Fig 1).

Trophic niche Underlying physical environment

Predator
Prey

(trophic
level)

Use mature ecosystem? Use facilitated prey access?

crustacean
(lower)

No. Use young bloom waters that
support zooplankton stock.

No.  Find  prey  within  the  100  m
surface layer.

1sh (mid)
Yes.  Use  old  post-bloom  waters
that support mid-trophic prey.

Maybe.  More  likely  to  access
resources  at  night  when  prey
migrate towards the surface.

1sh (mid)
Yes.  Use  old  post-bloom  waters
that support mid-trophic prey.

Yes.  2°C  isotherm  facilitates  prey
accessibility.

1sh (mid)
Yes.  Use  old  post-bloom  waters
that support mid-trophic prey.

No.  Capable  of  reaching  deep-sea
prey without using the 2°C isotherm
(dive up to 1500 m).

1sh (mid)

No  preference.  Feed
predominately in shelf  waters and
only  some/mes  feed  in  pelagic
waters.

No. Unable to use the 2°C isotherm
(limited to dives < 10 m). Known to
target neri/c prey, presumably near
the surface.

squid
(higher)

No.  Use  bloom  waters.  Predator
likely  uses  olfactory  cues  from
phytoplankton blooms north of the
ACC to 1nd higher-trophic prey.

No. Unable to use the 2°C isotherm
(limited to dives < 2 m). Target prey
near the surface.

squid
(higher)

No. Likely use a strategy similar to
wandering albatross (i.e.  1nd prey
using  olfactory  cues from bloom).
Also  feed  on  terrestrial  bird
carrion.

No. Unable to use the 2°C isotherm
(limited to dives < 5 m). Target prey
near the surface.
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Fig 1. Predator hotspots (A) and climatology for probability of mature ecosystems (B) and facilitated prey
access (C). Predator hotspots include king penguins (salmon), macaroni penguin (orange), Antarc/c fur seal
(blue), southern elephant seal (dark blue), dark-mantled albatross (light green), wandering albatross (green)
and black-browed albatross (dark green). Antarc/c Circumpolar Current fronts include the sub-Antarc/c Front
(SAF), Polar Front (PF) and southern Antarc/c Circumpolar Current Front (SACCF). Red dots represent predator
colonies  (north  to  south)  Crozet,  Kerguelen  and  Heard.  Shelf  beak  (1000  m  bathymetric  contour)  is
represented by a solid black line. Predator hotspots generated from kernel density values (see SI Text 2).
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Fig 2. Trophic niche posi/ons as driven by ecosystem maturity and presence of facilitated prey access. Each
trophic niche is represented by the habitat use of a speci1c predator species (see Table 3). The use (or not) of
mature  ecosystems and facilitated prey access  is  represented by the  sta/s/cal  di-erence  in  probabili/es
between available and selected habitat (> 0 indicates use). Signi1cant values (p < 0.05) are indicated by bold
standard error bars.
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Fig 3. Insert from 1gure 1 of climatology for probability of a mature ecosystem superimposed by predator
hotspots. Note the recirculated water (i.e. mature ecosystem) close to the eastern shelf break superimposed
by a southern elephant seal hotspot (dark blue).
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Fig 4. Schema/c of the physical processes driving trophic niches of three swimming predator species, including
macaroni penguins (orange), king penguins (red) and southern elephant seals (blue). Ecosystem development
evolves downstream of the ini/al bloom site: from a crustacean-dominated system in bloom waters (dashed
green)  to  a  1sh-dominated  system  in  post-bloom  waters  (dashed  blue).  The  ver/cal  distribu/on  of
stenothermal 1sh (e.g.  myctophid) is modulated by the upward force of the 2°C isotherm and downward
pressure from air-breathing predators. King penguins use the 2°C isotherm in the upper 500 m surface layer to
access deep-sea 1sh prey. The southern elephant seal is a deep-diving predator (up to 1500 m) and can access
1sh prey without the aid of the 2°C isotherm.
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Appendix C

Appendix C: Ecoregionalisation of

the Kerguelen and Crozet islands

oceanic zone Part I: Introduction

and Kerguelen oceanic zone

This appendix constitutes the technical report titled Ecoregionalisation of the Kerguelen

and Crozet islands oceanic zone Part I: Introduction and Kerguelen oceanic zone written

by P. Koubbi, A. Baudena et al. in 2016, and used for the extension of the marine

protected area of Kerguelen and Crozet.
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ABSTRACT 
A workshop was held in Paris from June 6 to 9th 2016. It was convened by Philippe Koubbi and 

Christophe Guinet. The main aim was to determine ecoregions in the Kerguelen oceanic zones to give 
orientations for extending the actual coastal natural reserve managed by the Terres Australes and 
Antarctiques Françaises. The workshop listed general conservation objectives to evaluate boundaries of 
ecoregions based on abiotic (geography, geomorphology and oceanography) and biotic features such as 
pelagic, benthic (including demersal ichthyofauna) and top predators species or assemblages. As 
biodiversity is not only species diversity, the workshop also considered the functional diversity (trophic 
web, essential habitats, life history traits,…). 

This report is a summary of the conclusions based on expert knowledge. It is divided into three 
parts: 

- A summary of the ecological characteristics of the Kerguelen oceanic zone; 

- The ecoregionalisation of the pelagic realm, the benthic realm and the top predators; 

- A final ecoregionalisation and recommendations for future works. 

The workshop determined 12 main pelagic ecoregions based on oceanographic processes, 
pelagic assemblages and on keystone species distribution such as mesopelagic fish. Four Important areas 
for top predators were defined and 8 benthic ecoregions were drawn from the coast to the limit of the 
Kerguelen EEZ. 

The experts found relevant to combine the pelagic and benthic ecoregions to obtain a global 
ecoregional map of 18 ecoregions based mainly on: 

- Habitat characteristics (bathymetry, oceanography, primary production, biogeochemical 
parameters, …), 

- Types of species assemblages with consideration of endemicity and conservation status, 

- Functionality (essential habitats such as spawning grounds, nursery grounds or foraging habitats, 
areas of high primary and secondary production or, structure of the habitat by benthic 
species,…). 

In this process, the workshop verified the superposition of the ecoregional synthetic map with 
specific habitats of species (birds and mammals distribution, essential fish habitats,...). It corrected some 
of the boundaries of ecoregions with these ecological parameters so that some essential species habitats 
are mainly within one region. For each of the final ecoregions, the workshop summarized the essential 
characteristics that support the creation of the ecoregion and estimated its ecological importance. 

To conclude, the workshop indicated the need to continue research and monitoring over this 
vast area and to identify special research zones such as observatories to: 

-       Study the impacts of global change, 

-       Minimize knowledge gaps in ecology and environment, 

-       Consider natural variability, 

-       Study the resistance and resilience towards potential human impacts. 
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1 Introduction 
A workshop was held in Paris from June 6 to 9th 2016 at the Université Pierre et Marie Curie with 

29 persons. The workshop was convened by Philippe Koubbi, professor at UPMC (UMR BOREA) and 
Christophe Guinet, Director of Research at CNRS (CEBC). 

The main aim of the week was to work on ecoregional process to: 
- Give orientations for extending the actual coastal natural reserve of Terres Australes Françaises 

(CCAMLR-XXVI/BG/21, 2007), 

- Evaluate if the process should be extended in the CCAMLR area in the planning domains 5 and 6. 

1.1 Background of the workshop 
Pr. Koubbi presented to the workshop the objectives of CCAMLR for defining a representative 

system of Marine Protected Areas in the Southern Ocean and recall paper SC-CAMLR-XXIX/13 (2010): 
“Contribution by France to work on bioregionalisation aimed at establishing marine protected areas in 
the CCAMLR area”. Following this paper, different actions were held by French scientists to contribute to 
CCAMLR objectives concerning MPAs in the subantarctic area. The first initiative was to co-organize the 
CCAMLR workshop on MPAs in 2011 in Brest (France) where different papers were presented on the 
Kerguelen and Crozet areas: 

- Améziane et al. (2011a). Estimating the biodiversity and distribution of the northern part of the 
Kerguelen Islands slope, shelf and shelf-break for ecoregionalisation: benthos and demersal fish. 
WS-PA11/09. 

- Améziane et al. (2011b). Biodiversity of the benthos off Kerguelen Islands: overview and 
perspectives. WS-MPA-11/P03. 

- Delord et al. (2011). Estimating the biodiversity of the subantarctic Indian part for the 
ecoregionalisation of CCAMLR areas 58.5.1 and 58.6: Part II. foraging habitats of top predators 
from French Antarctic Territories – areas of ecological significance in the Southern Ocean. WS-
MPA-11/08. 

- Duhamel et al. (2011a). Major fishery events in Kerguelen Islands: Notothenia rossii, 
Champsocephalus gunnari, Dissostichus eleginoides – current distribution and status of stocks. 
WS-MPA-11/P04. 

- Koubbi et al. (2011). Estimating the biodiversity of the subantarctic Indian part for 
ecoregionalisation: Part I. Pelagic realm of CCAMLR areas 58.5.1 and 58.6. WS-MPA-11/10. 

- Pruvost et al. (2011). PECHEKER-SIMPA – A tool for fisheries management and ecosystem 
modelling. WS-MPA-11/P02. 
The second initiative was the organization with South Africa in 2012 in St-Pierre (La Réunion 

islands, France) of the CCAMLR workshop on Planning Domain 5 (Koubbi et al., 2012 WG-EMM-12/33 
Rev.1) which gathered scientists from different countries. 

From 2009 to 2011, a research project was carried out to collect all scientific data to summarize 
the ecology of Kerguelen and Crozet areas. This project was held with the financial support of the French 
Marine Protected Areas agency and the National Natural Reserve of TAF. The data used for this project 
came from different international and French database including results from French national polar 
projects supported by IPEV, the French Polar Institute, or from the fisheries researches.  

Some of these data were transferred to biodiversity.aq and contributed to different chapters of 
the biogeographic atlas of the Southern Ocean (de Broyer et al., 2014). One of this chapter is the 
synthesis of Duhamel et al. (2014) on Fish. 
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1.2 Objectives of the workshop 
The workshop held in June 2016 is based on the « best available science » for these subantarctic 

areas considering data quality and publications of the participants. The workshop evaluated as in the 
Census of Marine Life what is “known, unknown and unknowable” for achieving its task on 
ecoregionalisation. 

The main objective was to determine ecoregions in both sectors. Ecoregions are the 
“assemblages of flora, fauna and the supporting geophysical environment contained within distinct but 
dynamic spatial boundaries” (Vierros et al., 2008). The result is a set of regions of distinct environmental 
conditions and species assemblages (Grant et al., 2006; Vierros et al., 2008; Koubbi et al., 2011). 

For achieving this task, we used criteria of the CBD as the first step for identifying priority areas 
for future MPAs. These criteria were: 

- Uniqueness / rarity; 

- Special for life history of species; 

- Importance for threatened, endangered or declining species / habitats; 

- Vulnerability, fragility, sensitivity or slow recovery; 

- Biological productivity; 

- Biological diversity; 

- Naturalness. 

The workshop considered research and monitoring for identifying “special research zones” for 
long term ecological studies to understand impacts of climate change. 

The workshop listed general conservation objectives to evaluate boundaries of ecoregions based 
on abiotic (geography, geomorphology and oceanography) and biotic features such as pelagic, benthic 
(including demersal ichthyofauna) and top predators species or assemblages. As biodiversity is not only 
species diversity, the workshop also considered the functional diversity (trophic web, essential habitats, 
life history traits,…).  

The following general objectives for the workshop were to: 

- Define representative ecoregions from: 

x Biogeochemical and oceanographic provinces, frontal zones, retention areas,  
x Pelagic and benthic spatial distribution of species assemblages, 

- Identify species and habitats that are fragile, vulnerable or in danger, 

- Identify key habitats (important bird areas IBAs, spawning habitats, nursery grounds, areas of 
high productivity, …), 

- Identity special research zones for studying potential impacts of climate change and human 
activities. 

The first document (Part I) is a summary of the conclusions of the workshop on the Kerguelen 
oceanic zone based on expert knowledge. It is divided into three parts: 

- A summary of the ecological characteristics of the Kerguelen oceanic zone, 

- The ecoregionalisation based on expert knowledge of the pelagic realm, the benthic realm and 
the top predators, 

- A final ecoregionalisation and recommendations for future works.  

 The second document (Part II) is on the Crozet oceanic zone. 
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2 Ecological characteristics of the Kerguelen Islands oceanic zone 
The abiotic and species diversity of the Kerguelen areas were described for the CCAMLR 

workshop on MPAs in 2011 for the benthic realm and demersal fish (Améziane et al., 2011a WS-
MPA11/09 and 2011 b WS-MPA-11/P03; Duhamel et al., 2011a WS-MPA-11/P04), the pelagic realm 
(Koubbi et al., 2011 WS-MPA-11/10) and the top predators (Delord et al., 2011 WS-MPA-11/08). A new 
synthesis on top predators was published (Delord et al., 2013, background paper submitted to WG EMM, 
2016). Additional information can be found in the special volume of the 1st international Science 
Symposium on the Kerguelen Plateau (Duhamel and Welsford, 2011).   

2.1 Abiotic factors 
2.1.1 Bathymetry and geomorphology 

The Kerguelen Plateau separates the Enderby Basin and the Australian Antarctic Basin. It is one 
of the largest submarine mountain in the Southern Ocean and extends from 46°S to 62°S. It is divided 
into two parts by the Fawn Trough (sill depth: 2600 m; 56°S, 78°E). Further South, it is separated from 
the Antarctic continental shelf by the Princess Elizabeth Trough (sill depth: 3600 m; 64°S, 84°E) (Roquet 
et al., 2009). North of the Fawn Trough, the Plateau is subdivided into two main parts, the Kerguelen 
Islands shelf and the Heard islands shelf. 

The marine geography of the Kerguelen and Heard EEZ differs from the other subantarctic 
islands. Both islands shelves are the largest ones of the Indian part of the Southern Ocean. The Kerguelen 
islands shelf represent 20% of the Kerguelen EEZ which is larger than Heard (10% of its EEZ) and the 
other subantarctic islands such as Crozet, Marion and Prince Edward (less than 3%). Importantly, 70% of 
the bathymetric range from 0 to 500 m of the Kerguelen-Heard Plateau is within the Kerguelen EEZ, it 
also includes the vast seamount of Skiff which is located in the west of the Kerguelen islands shelf. 

The area between 500 and 1500 m represents 20% of the Kerguelen EEZ (Figure 1) which is also a 
large figure compared to other oceanic islands where this depth range represents only 5%. The deeper 
zone (> 1500 m) represents an area of 60% for Kerguelen towards, 65% for Heard and 95% for other 
subantarctic islands. 

 
Figure 1: Bathymetry of the Kerguelen Exclusive Economic zone (EEZ). 

2.1.2 Oceanography 

The Kerguelen Plateau influences the position of the major frontal zones. Oceanographic 
features are characterized by a well-developed horizontal spatial gradient with a succession of frontal 
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zones from the north to the south that were summarized by Park et al (2008) and Koubbi et al. (2011). 
The following fronts are observed: 

- The Subtropical Front (STF) which marks the northern limit of the Southern Ocean, 

- The Subantarctic Front (SAF), 

- The Antarctic Polar Front (PF) which is characterized by the northernmost position of the 
subsurface (200 m) temperature colder than 2 °C (Park et al., 1991, 1993; Orsi et al., 1995).  Park 
et al. (1998) showed a meandering of this front in the Kerguelen area. 

Between these fronts, large oceanographic regions are observed (Koubbi et al., 2011): 

- The subantarctic zone lies between the STF and the SAF but this region is very limited in the 
Kerguelen EEZ and is more spread in the rest of the 58.5.1 CCAMLR area. There is a narrow band 
of approximately 2 ° of latitude caused by the juxtaposition of the STF and the SAF (Gambéroni et 
al. 1982; Charriaud and Gamberoni 1987; Park et al., 1991 and 1993). This unusual hydrological 
region is named the Transition Frontal Zone (TFZ), 

-  The Polar Frontal Zone (PFZ) lies between the PF and the SAF. The PF is closer to the TFZ in the 
Kerguelen shelf area than it is in the Crozet area, 

- The Antarctic zone is located between the APF and the Southern Boundary of the Antarctic 
Circumpolar Current (ACC). It is at its largest extent south of Kerguelen with more than 15° in 
latitude, while in other sectors it extends only on few degrees.  

The Kerguelen plateau is a major barrier to the eastward circulation of the ACC (Roquet et al., 
2009). Most of the ACC transport in the region occurs either north of the Plateau along the SAF or 
through the Fawn Trough (close to Heard), but two other secondary branches cross the plateau (Figure 
2). The first branch follows the PF and flows through a passage between the Kerguelen and Heard islands 
shelf (just south of the Kerguelen Island shelf). It continues south eastwardly in the oceanic zone to a 
permanent meander constrained northerly by the Gallieni Spur. The second branch transports colder and 
saltier water, passing south of the Heard shelf before curling northwest along the eastern edge of the 
Plateau and then joining the other branch at the meander of the PF. These two secondary branches bring 
the High Nutrient Low Chlorophyll (HNLC) water to the east of Kerguelen where they are in contact with 
iron sources of the plateau. This allows recurrent phytoplankton bloom to occur during springtime. This 
bloom allows productive hotspots over both the northern and Southern shelves and in the open ocean 
with a dynamical area which extends east along the ACC to approximately up to 90E.  

 
Figure 2: Circulation and position of the PF in the northern part of the Kerguelen Plateau (from 

d’Ovidio et al. 2015, adapted from Park et al. 2014). 
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Figure 3: Average retention of eddy cores present in the region (in days) (d’Ovidio et al., 2013). 

The springtime distribution of bioavailable iron, the main limiting factor for primary production, 
is heavily preconditioned by this current system and retention (Figure 3). It is very low west of the 
Plateau, high over the Plateau, and then decreases monotonically eastward with the exception of an iron 
moderate low area in the middle of the permanent meander of the PF (d’Ovidio et al., 2015). 

2.2 Pelagic realm 
2.2.1 Primary production 
The Southern Ocean, South of the SAF is the largest HNLC area. This paradox is mainly due to the 

limitation of primary production by the low availability of micro-nutrients in Antarctic Surface Waters 
(notably dissolved iron) because of the distance from ice-free continents (Martin et al., 1990; Tagliabue 
et al., 2012). The Kerguelen region is one of the major exception, due to the input of iron and other trace 
metals from the island and from the shelf (Quéroué et al., 2015; van der Merwe, 2015). This induces a 
natural fertilization of Antarctic Surface Waters that promotes an important development of 
phytoplankton above the shelf and downstream (to the east) (Figure 4).  

 

Figure 4: Chlorophyll-a concentration (mg/m3) proxy for primary production) around the 
Kerguelen shelf (from d’Ovidio et al., 2015). 
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The fertilization of surface waters around Kerguelen is highly constrained by ocean dynamics 
(d’Ovidio et al., 2015). The waters to the north and to the west (upstream) of the shelf are generally poor 
in iron and chlorophyll-a. The western part of the shelf being fed by these HNLC waters, it is also 
characterized by a low primary production (with the exception of coastal waters). On the contrary, the 
eastern part of the shelf shows higher chlorophyll-a concentrations, notably northeast of Kerguelen 
Island (possibly due to enhanced terrestrial inputs in Hillsborough Bay). An intense bloom is also 
observed every year above the deep passage between Kerguelen and Heard, probably due to the 
resuspension of sediments forced by internal waves (Park et al., 2008). These waters enriched with iron 
are transported offshore to the east by the ACC, thus fertilizing a vast region downstream of the 
Kerguelen Plateau. The complex recirculation pattern east of the Kerguelen Plateau, generates 
heterogeneity in the distribution of iron, which structures the phytoplanktonic bloom in this region 
(d’Ovidio et al., 2015). Waters trapped in the center of the recirculation region (within the PF meander) 
are characterized by relatively low primary production (due to reduced iron availability), whereas the jets 
associated with the PF (notably north of the meander) allow for a fast delivery of iron downstream, thus 
limiting the loss of iron by scavenging during the transit. 

The phytoplanktonic bloom associated with the Kerguelen Plateau is observed every year in 
November and December (growing phase), and persists to a lower extent in January and February 
(declining phase) (Mongin et al., 2008). The duration of the bloom largely depends on ocean 
stratification in spring (caused by reduced winds and sea surface warming), and the availability of iron 
and silicate during summer. Brief events of destratification of the water column during summer (notably 
in response to summer storms) could also have a positive impact on primary production since it allows 
for the resupply of nutrients to the surface layer (including micro-nutrients recycled from biogenic 
matter synthesized during the growing season). The depletion of silicate and iron in surface waters, 
which characterises the decline of the bloom, is associated to a modification in the structure of the 
phytoplanktonic ecosystem (Mosseri et al., 2008 ; Lasbleiz et al., 2014) : during the growing phase, the 
bloom is dominated by heavily silicified diatoms, while smaller cells dominate the declining phase (small 
diatoms and nanoflagellates). The decline phase of the bloom is also associated with an increase in the 
abundance of grazers, which could be explain by linked to the quality of the phytoplanktonic resource 
since small organisms are more vulnerable to grazing than the large diatoms (Carlotti et al., 2015). 

2.2.2 Plankton and pelagic fish 

The biogeographic atlas of the Southern Ocean (de Broyer et al., 2014) gave synthesis on the 
presence of marine species including plankton (Kouwenberg et al., 2014 for copepods; Cuzin et al., 2014 
for Euphausiids, …), fish (Duhamel et al., 2014) or cephalopods (Rodhouse et al., 2014). The large scale 
biogeographic patterns of these groups are linked to the latitudinal zonation due to the position of the 
major frontal zones (Koubbi et al., 2014).  

In this context, the geographic position of the Kerguelen Islands in relation to these fronts 
induces high changes in pelagic assemblages over short distances. These assemblages are subtropical, 
linked to the Transition Frontal Zone, the Polar Frontal Zone or the Antarctic zone, respectively. The 
transition is not only latitudinal, it differs longitudinally because of the meandering of the PF around the 
Kerguelen island shelf. The spatial segregation of assemblages is also complex because of the 
juxtaposition of the SAF, the STF and in the eastern part the PF. Importantly, these fronts are at their 
most northern position in this area of the Indian part of the Southern Ocean. There is a pelagic diversity 
gradient that is observed for plankton (Koubbi et al., 2011), fish larvae (Koubbi et al. 1991; Koubbi, 1993) 
or pelagic fish (Duhamel et al., 1998 and 2014). We have demonstrated that the SAF is the main 
biogeographic barrier of Southern Ocean species whereas the PF is the main barrier to the subtropical 
fauna (Duhamel et al., 2014; Koubbi et al., 2014). This latitudinal pattern is not unique. There are also 
differences in species assemblages between subantarctic islands as these ones are located differently 
towards each major front. Crozet, for example, is well separated from the PF.  
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2.2.2.1 Plankton 

There are neritic and oceanic assemblages (Figure 5) but also differences between the northern 
and southeastern part where waters are colder. 

 
Figure 5: Proportion of copepods from the SKALP surveys (1987-88) in the oceanic zone of 

Kerguelen (Koubbi et al., 2011). 

The neritic zone of Kerguelen is characterized by the presence of the endemic copepod species, 
Drepanopus pectinatus, which is also observed around Crozet. In the coastal zone, this species is the 
most abundant, especially in the Morbihan Bay, the largest inner bay of the archipelago which is open to 
the ocean the east by the Royal Passage. In this area, D. pectinatus dominates at more than 99% the 
copepods. This species has four generations per year and supports foraging of planktivorous species in 
the coastal zone.  

The Kerguelen coastal zone is quite unique as there are a high numbers of bays of different sizes 
and fjords where other pelagic assemblages are observed. There are high seasonality in the plankton or 
the ichthyoplanktonic assemblages within the Morbihan Bay or in the other coastal areas (Koubbi, 1992; 
Koubbi et al., 2001) 

The amphipod Themisto gaudichaudii or the euphausiid Euphausia vallentini are also distributed 
in the coastal zone and the oceanic zone where they can be very abundant as shown by recent results 
with the continuous plankton recorder (Figure 6). They are keystone species as they are the main preys 
of planktivorous species including seabird and fish. 

 
Figure 6: Abundance of Euphausiids collected by the CPR during summers 2013, 2014 and 2015 

from the R/V “Marion Dufresne”. 
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2.2.2.2 Mesopelagic fish 

Myctophid fish larvae dominated the oceanic zone with mainly Krefftichthys anderssoni, 
Gymnoscopelus sp. and Protomyctophum sp. larvae (Koubbi et al., 1991). Nototheniids larvae occur over 
the island shelves whereas myctophid larvae are mainly found in the oceanic zone but also over the 
shelf.  The larval taxonomic richness increased to the north in the TFZ and is greatest in the Agulhas 
Front region (Koubbi, 1993; Koubbi et al, 2011).  

K. anderssoni larvae were the most abundant in the epipelagic zone, and are present throughout 
the year with maximal abundances observed during winter (Koubbi et al., 1991). Koubbi et al. (2003) 
showed that distribution is age dependent. The small larvae distribution might indicate an essential 
habitat (either hatching area and/or nursery area) in the meander of the PF in the east of the Kerguelen 
shelf. 

In terms of their species richness, biomass and abundance, lantern fishes (family Myctophidae) 
are the dominant Fish in the mesopelagic and bathypelagic zones of the subantarctic Indian Ocean 
(Duhamel & Hulley, 1993; Duhamel et al., 2005).  Adult specimens generally occur offshore of the 200m 
continental shelf-break around the island systems. With the exception of K. anderssoni and the 
bathypelagic species Gymnoscopelus opisthopterus and Nannobrachium achirus, all mesopelagic 
myctophids undertake diel vertical migration (Duhamel et al., 2014; Koubbi et al., 2011).  About 26 
species of lantern Fish are now known from the Crozet and Kerguelen regions (Hulley, 1990; Duhamel 
and Hulley, 1993).  There are no endemic or rare species of lantern Fish either at Crozet or at Kerguelen.  
Here, the myctophid ichthyofauna is dominated by Antarctic (66%) and subantarctic species (34%), but 
convergence and bi-temperate species do occur (Koubbi et al., 2011). Habitat modelling showed the 
Kerguelen area host one of the most northern extent of Antarctic species such as E. antarctica (Figures 7 
and 8). This is specially observed in the meander of the PF east of the shelf. Recent samplings realized in 
this region reported a high diversity of Fish, particularly myctophids, in the PF area. 

 
Figure 7: Potential habitat of Electrona antarctica estimated with Boosted Regression Trees 

(adapted from Duhamel et al., 2014). 
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Figure 8: Modelled abundances of Electrona antarctica in the Kerguelen oceanic zone showing 

areas of high concentration (in dark brown) in the eastern part of the area in the oceanic zone. This 
species does not occur over shelves (yellow) (Loots et al., 2007). 

2.2.2.3 Secondary production 
Synoptic views of the secondary pelagic production at the large regional scale of Kerguelen EEZ 

can be explored through ecosystem modelling. One model of lower and mid-trophic functional groups of 
the ocean ecosystem (Lehodey et al 2010; 2015) provides predicted distributions of biomass for one 
group of zooplankton and 6 groups of micronektonic organisms (~1-20 cm in size) defined according to 
their nycthemeral vertical behaviour between surface and ~1000 m depth. The vertical dimension is 
simplified with three layers: the epipelagic layer (~0-150m), and the upper- (~150-400m) and lower- 
(~400-1000 m) mesopelagic layers. The model is forced by water temperature, horizontal currents and 
primary production (based on satellite ocean colour data). It provides hindcast simulations at resolution 
of ¼ to 1/12°. The dynamics is based on functional relationships between the time of development of the 
organisms and their ambient temperature.  During their development the organisms are redistributed by 
the currents and a diffusion coefficient representing their own random movements.  

The differences in temperature and circulation combined with these times of developments 
produce quite different biomass distributions according to the layer and group considered (Figure 9). 
Following the spring bloom of productivity in the eastern Kerguelen EEZ region, the zooplankton peak of 
productivity is predicted to occur in Dec-Mar period in the eastern region also. However the dynamics is 
quite different for the deep micronekton group that is less impacted by seasonality due to a longer 
lifespan and show high concentration on the western edge of the plateau. If the model predictions 
capture the key patterns of the small pelagic organisms dynamics, they should match predators overall 
distributions according to their targeted prey. It is for instance interesting to note that the distribution of 
observed sperm whales around Kerguelen (see section below) shows higher density along the west coast 
coinciding with high predicted biomass of deep potential prey species. 
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 Figure 9: Predicted monthly biomass distribution (g of wet weight per m2) of zooplankton and 
the lower mesopelagic micronekton group in the Kerguelen region from Model Seapodym (Lehodey, 
pers. comm).  

2.3 Seabirds and marine mammals 
The Kerguelen archipelago hosts one of the diverse and abundant marine birds and mammals 

populations of the Indian sector of the Southern Ocean. The Kerguelen Islands is the site of reproduction 
of 29 seabird with several of them classified as vulnerable or near threatened by IUCN. Some species are 
strictly endemic to the Kerguelen Islands. Three species of pinnipeds, the subantarctic fur seal and the 
Southern elephant seal reproduce at Kerguelen. The marine area of these islands is essential for all these 
species as it provides essential foraging areas especially during the reproductive period. However, some 
species forage all year long in the coastal zone (Kerguelen shag, gentoo penguin, kelp gull Larus 
dominicanus judithae and the Kerguelen tern Sterna virgata).  

The seabird and pinnipeds community of Kerguelen constitutes, after South Georgia, the second 
consuming biomass of the Southern ocean in terms of prey caught per year. The waters off Kerguelen 
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are also the foraging habitat of different species of cetaceans (odontoceti : sperm whale, killer whale, 
long-finned pilot whale, Commerson dolphin, southern right whale dolphin, Hourglass dolphin and 
beaked whale) and mysticeti (humpback whale, fin whale, blue whale (pygmy), fin whale, southern right 
whale).  Historically, the waters of Kerguelen were an important area of foraging of cetaceans which 
were exploited at the whaling station of Port Jeanne d’Arc in the Morbihan Bay and afterwards from 
whaling vessels until the middle of the 1970’s. This has considerably reduced their number and these 
species were threatened of extinction in the area. Similarly, the king penguins and subantarctic fur seals 
populations were also heavily exploited during the 19th century and almost disappeared from the area, 
but the population have recovered since then. 

Most of these species exploit a vast at-sea gradient of habitats from the coastal zone to the 
oceanic province, from the surface to the deep oceanic zones. The marine birds and mammals 
communities have various trophic niches characterized by crustaceans, mesopelagic and benthic fish and 
calmar (with various proportions of these different preys in their diet). 

Information on the at-sea distribution of these species are from two sources. First, the telemetric 
tagging realised by CEBC-CNRS over the past 20 years, these data are accessible in the database of the 
UMS PELAGIS. The tracking allows the determination of the movements of different species between the 
colonies and the feeding zones, and thus to identify and characterize preferential foraging habitats 
(Figures 10 to 12). However, these data are biased as only individuals of some colonies are tracked and 
mostly during the breeding season. The second source of information is from at-sea observations from 
fishing vessels (database PêcheKer-MNHN) and from observations conducted from the R/V « Marion 
Dufresne » (at-sea survey database from CEBC-UMS-PELAGIS) (Figures 10 and 11). The third source of 
information is from the staff of the national natural reserve, especially in the Morbihan Bay. Observation 
data do not allow to know the origin of the birds and marine mammals that are observed but give a 
comprehensive synoptic vision of the distribution of these species for sectors that are regularly visited by 
vessels.  

 
Figure 10: Standardised time spent per square from Wandering albatross Diomedea exulans 

tracking data. Contours of the Kerguelen/Heard Plateau, colony (green point), exclusive economic zones 
(solid lines) and fronts (PF Polar Front, SAF SubAntarctic Front, STSF southern Subtropical Front) (dashed 
lines) are represented (Thiers et al. 2016). Their at sea distribution shows that they are selecting the 
slopes of the Plateau and the PF meander. 
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Figure 11: Standardized time spent per square for King penguins from the Ratmanoff colony in 

the eastern part of Kerguelen. Their at-sea distribution shows that they are selecting the PF meander and 
the cold water coming from the Fawn Trough (Thiers et al. 2016, Bost et al.2009). 

Important at-sea habitat 

The identification of important marine mammals habitats is either linked to one of these various 
types of information (at sea observations for cetaceans) or a combination of information of them 
(wandering albatross, black-browed albatross, white-chinned petrel) (Figures 12 to 14). 

 
Figure 12: Standardised time spent per square from Antarctic fur seal Arctocephalus gazella 

tracking data. Contours of the Kerguelen/Heard Plateau, colonies (green dots), exclusive economic zones 
(solid lines) and fronts (PF Polar Front, SAF Subantarctic Front, STSF southern Subtropical Front) (dashed 
lines) are represented (Thiers et al. 2016). Their at -sea distribution shows that they are selecting the PF 
meander and the cold water coming from the Fawn Trough. 
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Figure 13: Mean number (on a 0.2° grid basis) of subantarctic fur seals by observation made by 

observer on board fishing vessels (PecheKer database). 

 
Figure 14: Mean number (on a 0.2° grid basis) of sperm whales by observation made by observer 

on board fishing vessels (PecheKer database). 

 

This information allows identifying important habitats for a great number of species within the 
Kerguelen EEZ but also outside in the CCAMLR and in the subtropical areas (Figure 15) (Delord et al. 
2013, 2014). Some species forage all year long in the Kerguelen EEZ, others forage only during part of the 
year (during the reproductive period) and some only partially.  

 
Figure 15: Map of locations in Indian Ocean of breeding and non-breeding seabirds (green: 

albatrosses and petrels, skuas; orange: seals; blue: penguins). The CCAMLR (Commission for the 
Conservation of Antarctic Marine Living Resources) statistical divisions (blue lines) and EEZs (red lines) 
are shown (Delord et al. 2013, CEBC-CNRS database). 
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The criteria for characterizing important habitats were also linked to other factors such as 
endemism (mainly the coastal and neritic zone), multispecific use of an area, the vulnerability of species 
and the diversity of ecological habitats that are used by marine birds and mammals.  

2.4 Benthic realm 
2.4.1 Littoral and nearshore areas 
The coastal benthic zone is here considered between the supratidal domain and 100 m depth. It 

includes various patchy habitats and ecosystems, which are unique to the Kerguelen Islands in this part 
of the ocean (e.g. deep and blocking mussel-beds) but also globally (numerous fjords with entrance sills). 
Since 2011, the IPEV program n° 1044 PROTEKER, carried out thanks to a partnership with the TAF 
national natural reserve, aims at setting up a nearshore long-term sub-marine observatory for the 
inventory of the Kerguelen Islands coastal marine species and ecosystems and the monitoring of coastal 
biodiversity facing the impacts of environmental changes related to global warming. For this purpose, 
nine different stations were defined in contrasting areas, which are representative of the diversity of 
coastal habitats: kelp forest zones, habitats with sponges and fjords. These sites were also instrumented 
with temperature recorders and colonisation plates to study benthic assemblage dynamics.  

2.4.2 Neritic zone and shelf break – VME indicators 
The benthic Kerguelen populations can be characterized spatially following the distribution of 

indicator taxa of vulnerable marine ecosystems (VME) (Figure 16). These taxa were defined according to 
the CCAMLR VME’s protocol with consideration of the patrimonial aspect, the role in structuring the 
habitat, if the taxon is a bioindicator of the existence of a remarkable benthic ecosystem or if the taxon is 
sensitive to human pressure.  

Over the Kerguelen shelf, the geographic distribution of sampled VME indicator taxa by the 
POKER surveys were used for modelling potential habitats of these taxa by using ecological niche 
modelling based on catch data POKER campaigns. These distributions highlight contrasting and 
complementary patterns. The study area can thus be divided into sectors that can be attached specific 
conservation issues that will be described in chapter 3. 

 

Figure 16: Some distributions of vulnerable marine ecosystems (VME) benthic taxa used for our 
analysis. 



Page 18 

2.4.3 Demersal fish 
Our knowledge on demersal fish of the Kerguelen Islands shelf and the surrounding deep areas is 

based on historic dataset among which: 

- Oceanographic surveys on the R/V « Marion-Dufresne » MD03 and MD04 during the 70’, 
- Coastal surveys with “La Japonaise” and “La Curieuse” during the 80’ and the 90’, 
- Fisheries surveys in the neritic zone (SKALP in 1987/1988, Poker 1 in 2006, POKER 2 in 2011, 

POKER 3 in 2013 and PIGE in 2015) restricted to the 100-1000 m bathymetric range, 
- Our knowledge of the bathyal domain is mainly derived from fisheries monitoring (dataset 

PECHEKER).  
Duhamel (1987), Koubbi (1992), Duhamel et al. (2005), Koubbi et al. (2000, 2001 and 2009) 

described the life cycles of the main fish species of the coastal and neritic zone. These studies identify 
functional areas such as position of spawning grounds, larval concentrations or nursery grounds which 
are important to consider for conservation. Life stages spatial segregations are observed for some 
species with ontogenic migrations from the spawning grounds to the nursery areas. The species trophic 
level needs to be particularly considered throughout the life stages of Fish underlining the strong 
zooplanktonic dependence of many neritic shelf species. 

About 20 demersal species from the neritic to the deep zone are included in the 
ecoregionalisation process. It includes commercial species (Mackerel Icefish Champsocephalus gunnari, 
Grey Notothen Lepidonotothen squamifrons, Marbled Notothen Notothenia rossii, Patagonian Toothfish 
Dissostichus eleginoides, Bigeye Grenadier Macrourus carinatus and Skates Bathyraja spp.). Potential 
habitats of these species were calculated using Boosted Regression Trees (Duhamel et al., 2014).  

3 Ecoregionalisation 

3.1 Pelagic ecoregions  

 
Figure 17: Map of the pelagic ecoregions. 
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The workshop determined 12 main pelagic ecoregions (P1 to P12) based on expert knowledge on 
oceanographic processes, pelagic assemblages and on keystone species distribution such as mesopelagic 
fish (Figure 17). The main conclusions are:  

1.    The Kerguelen EEZ lays south of the SAF. 

There is only a small area north of the Kerguelen EEZ that is subantarctic (P1). Even if it is 
unique, the subantarctic area will be more representative in the rest of the CCAMLR 58.5.1. 
rectangle. The SAF is known to be a biogeographic barrier for pelagic faunas and the 
subantarctic zone is where Antarctic, subantarctic and subtropical faunas (plankton and 
mesopelagic fish) can be found. 

However, the oceanic zone north of the island shelf break (P2) is important because it is 
characterised by the maximal intensity of the ACC which brings high energy in this area. The 
ACC also influence the northern shelf break. 

This northern area is low in silicates. 

2.    The Polar Front and its meander 

The main feature explaining the pelagic regionalisation of this zone is the PF. In the 
Kerguelen oceanic area, this front is constrained by the topography of the Kerguelen shelf. 
The PF seems more spatially stable in this area than in other sectors of the Southern Ocean. 
It is associated with a jet which transports water through a canyon located in the 
southwestern part of the deep passage between the islands shelves of Kerguelen and Heard 
(P12). After running along the southern Kerguelen shelf break, the PF is continuing along the 
eastern shelf break and meanders afterwards following the Gallieni Spur. The meander 
creates a retention of waters in subsurface which favours pelagic productivity and 
subsequently provides favourable foraging areas to marine birds and mammals (P6). One has 
to notice that the PF is not constrained by the topography in the southeastern part of the 
area meaning that it can fluctuates spatially according mesoscale activity and cannot be 
considered as a fixed boundary. For the ecoregionalisation process, the PF in the 
southwestern area is included in one region (P5) because of its possible variability and is the 
boundary between regions in the rest of the area where it is constrained by topography. 

In the ecoregionalisation process, the area (P6) where the PF meander is an area of average 
production. High concentrations of larvae and juveniles are observed (mesopelagic fish, 
Muraenolepididae, …). It is a unique zone of recirculation which has a key role for the life 
cycle of different fish. K. anderssoni, a myctophid has high young larvae concentrations 
indicating a possible spawning in this area. This area is also an Area of Ecological Significance 
because of the northernmost extent of cold waters. 

3.       Iron enrichment 

A west/east axis is observed. The waters coming from the southwest are limited in iron, they 
get enriched with arriving towards the Plateau and crossing the passage between the island 
shelves of Kerguelen and Heard (P12 and P8). It is the reason why the P8 area gets richer in 
iron which favours planktonic production and, ultimately, concentration of marine birds and 
mammals. 

4.    Areas of high biological productivity. 

The northeastern shelf off the Baleiniers Gulf (P7) is a possible retention zone for pelagic 
organisms and is one of the most regularly productive zone in the area. Different fish have 
their larval development in this area among which C. gunnari as this species spawns in the 
canyon of the Baleiniers Gulf or L. squamifrons for which this area is a nursery ground. 

The other highly productive area is the southern Plateau south of the Kerguelen Island shelf 
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(P8) with parts over the Heard islands shelf. It is one of the most productive area of the 
POOZ (Permanent Open Ocean Zone) of the Indian part of the Southern Ocean. 

The third area (P9) is located just south of the meander where cold waters are brought 
towards the subsurface, structuring mid- to high trophic organisms and their interactions, 
i.e. favours the accessibility of mesopelagic fish for top predators such as the King penguins. 

5.       South and western shelf areas 

The southern shelf area is between the Pf and the coast (P10). P11 lies in the western part of 
the shelf. 

6.       Skiff bank (P4) 

There is a bank effect linked to the presence of this large seamount with the PF at its 
southern limit. Fish larvae are very abundant. 

6.    HNLC and western oceanic zone 

Most of the western oceanic zone beside the Skiff bank is influenced by Antarctic waters and 
are considered being HNLC (High Nutrient Low Chlorophyll) areas (P3). The biological 
production is slow because the waters are limited in iron. 

3.2 Top predators ecoregionalisation  

 
Figure 18: Important bird areas (in dotted lines) overlaid on the pelagic ecoregions. 

Among the different species of top predators occurring in the oceanic zone of the Kerguelen 
Islands, not all of them have the same level of conservation (status of conservation, rarity, vulnerability 
…). One should consider the responsibility of the Kerguelen EEZ in maintaining these populations of 
marine birds and mammals. 

Among all species, species requesting priorities are procellariiforms: wandering albatross, black-
browed albatross, white-chinned petrel and grey petrel (vulnerability criteria and importance of the 
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Kerguelen population relatively to the world population). Then we find rockhopper and macaroni 
penguins because of their IUCN status of consideration. The Commerson dolphin is another example 
because it is endemic. Elephant seals appeared to be very important in terms of number of individuals 
compared to the world population.  

The Important areas for top predators (TP 1 to 4, Figure 18) can be determined as following: 

1.       PF meander (TP1) 

This area has a horseshoe shape and is a highly important area for the foraging of various 
species. Penguins forage in this area because of the accessibility and abundance of preys 
and also because of predictable trophic resources. It is the case of the macaroni and 
rockhopper penguins, species with a high patrimonial value in Kerguelen but also the King 
penguin. The wandering albatross also have a high patrimonial value for Kerguelen; 
individuals for the Courbet colony in the eastern part of the islands are using this PF 
meander. The black-browed albatross is also observed. 

This area is also where there is a high concentration of sperm whales along the eastern part 
of the archipelago. Fur seals which reproduce in the Courbet peninsula also forage 
preferentially in this area. Historically, fur seals colonies were the most important in the NE 
sector of the Courbet Peninsula because of their proximity with this sector. 

2.       NW and north shelf break (TP2) 

This region gathers high concentrations of teutophageous species. The wandering albatross 
coming from Crozet occur in this area such as the black-browed albatross, sperm whales 
which also forage on Patagonian toothfish and pilot whale. 

3.    West shelf break and northern Skiff seamounts (TP3) 

This area, over the northern part, has the same ecological function as the NW and western 
part of the shelf; the same species are found. The southern edge of the area is influenced by 
the PF which attracts fur seals. 

4.    SW passage of the Plateau (TP4) 

This area is located between the island shelves of Kerguelen and Heard. High concentrations 
of fur seals are observed such as diving petrels and black-browed albatross along the 
external border of the shelf. An important concentration of males of elephant seals is 
observed. They forage on benthic preys. This area is probably important for the feeding of 
Macaroni penguins and white-chinned petrel which are two species with a high patrimonial 
value for Kerguelen. 

5.       Coastal zone (TP5) 

We observe an assemblage of species that are strictly dependant of the coastal zone. Most 
of them are ichthyophagous (Kerguelen shag, gentoo penguin, Commerson dolphin present 
all year long) but some are planctophagous like Prion sp. which occurs in the area only 
seasonally. Historically, this zone had high concentrations of whales (humpback and southern 
right whales). 
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3.3 Benthic and demersal fish ecoregionalisation 

 
Figure 19: Map of the benthic ecoregions. 

The ecoregionalisation of the benthic realm (Figure 19) is linked to depth and nature of 
substrate, which are the dominant factors controlling benthic biodiversity patterns. Benthic ecoregions 
(B1 to B8) were defined from the coast to the limit of the Kerguelen EEZ. Some of these areas were 
subdivided to represent main benthic and demersal fish assemblages. 

1.    The coastal zone (B1) 

It is located from the shoreline to 100 m depth and includes high water wracks made up of 
marine debris (mostly kelp), the intertidal zone, kelp forests (subdivided into the Durvillea 
antarctica sub-zone and the Macrocystis pyrifera sub-zone), fjords (occurrence of entrance 
sills towards the open sea), several open bays and an emblematic large basin with an 
entrance sill (the Morbihan Bay) (Arnaud 1974, Delépine 1976). The Kerguelen archipelago is 
characterized by numerous islands and islets of various sizes. For this report, there is no 
geographic subdivision of the area as a specific working group will meet soon. The identified 
coastal habitats are very patchy and diversified within the archipelago; they are differently 
exposed to the diverse influences of the open sea (swell, winds and storms) and of the land 
(water runoff from rivers and melting glaciers). The coastal zone hosts different species, 
some of them being endemic as for some benthic invertebrates and fish, and plays a major 
functional role in the life cycle of different species. One example is the critical ecological part 
the macroalgae Macrocystis pyrifera plays for numerous invertebrates, fish and mammals 
(e.g. Commerson’s dolphin). Another emblematic example is provided by L. squamifrons, a 
fish which has one spawning ground in the northern fjord and possibly another one in one 
fjord of the Morbihan bay beside the ones observed in the southern shelf break or in the 
Kerguelen-Heard seamounts. 
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2.       The shelf (100 to 200m)  

It is divided into three zones: the northeastern shelf (B3), the southwestern shelf (B4) and 
the southern shelf (B2). The NE and SW shelves are very different in their topography and 
present specific benthic assemblages of VME taxa. The NE shelf presents high abundances of 
benthos and demersal fish. The abundances in the SW shelf seem less important but it 
gathers the highest diversity of VMEs (red corals and Euryalidae (ophiuroids). The southern 
shelf is less specific compared to the other ones. 

3.    The shelf break (200 to 500m) (B5) 

There is less information on this area which is known to be important for commercial species 
as different spawning grounds are observed. 

4.    The deep zone (500 to 2000m) (B6) 

There is an important change of fauna at 500 m, depth where deep fish were observed such 
as grenadier and antimora. There are very few information on this large area for benthos and 
cephalopods for which we assume high concentrations in the western part because of the 
importance of top predators feeding on them. 

5.    Abyssal zone 

These areas are not known and need to be investigated. 

6.    Skiff Seamount (B7) 

It is the only seamount disconnected from the shelf. It is very important biogeographically as 
it indicates potential connectivity between islands shelves like for the lithod Paralomis 
aculeata. Benthic abundances are lower than over the NE shelf but the species diversity is 
larger. Spawning grounds are observed for two fish, C. gunnari over the seamount and 
Patagonian toothfish in the deeper zone. However, there is no specific fish assemblage over 
this seamount. 

7.    Kerguelen-Heard seamounts (B8) 

This area is less known. There is a spawning ground of L. squamifrons. 

The shelf and the shelf break can be considered as important areas for different demersal fish 
species with high abundances over the NE shelf. They are spawning grounds for Channichthys 
rhinoceratus, Zanchlorhynchus spinifer, C. gunnari with one of its major spawning ground in the 
Baleiniers Gulf. L. squamifrons and N. rossii also have spawning grounds in the southern and eastern 
shelf break respectively. In the deeper zone, in the west of the shelf, we find the unique spawning 
ground of Patagonian toothfish of the Kerguelen Plateau. This one seems to be quite spread in depths 
ranging from 800 to 1100m and seems to surround the Skiff seamounts. 

4 Synthesis and recommendations 
Synthetic maps were produced by different experts of the workshop on the pelagic environment, 

the benthic environment including demersal fish and invertebrates and for the birds and marine 
mammals. These maps show several ecoregions identified by major characteristics and specificities 
compared to the rest of the Indian part of the Southern Ocean (Indian side). 

The experts found relevant to combine the pelagic and benthic ecoregions to obtain a global 
ecoregional map (Figure 20) with 18 ecoregions (E1 to 18) based mainly on: 

-        Habitat characteristics (bathymetry, oceanography, primary production …), 

-        Types of species assemblages with consideration of endemicity and conservation status, 

-   Functionality (essential habitats such as spawning grounds, nursery grounds or foraging 
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habitats, areas of high primary and secondary production or, structure of the habitat by 
benthic species,…). 

 
Figure 20: Ecoregional map combining the benthic, pelagic and top predators regionalisation. 

In this process, the workshop verified the superposition of the ecoregional synthetic map (Figure 
20) with specific habitats of species (birds and mammals distribution, essential fish habitats ...)(Figures 
18 and 21). It corrected some of the boundaries of ecoregions with these ecological parameters so that 
some essential species habitats are mainly within one region. For example, the northern region was 
modified to better integrate top predators distribution and was mainly limited to the shelf break. 

 
Figure 21: Essential Fish Habitats (spawning grounds and nursery areas) of the most dominant 

neritic species. 



Page 25 

For the coastal zone, the workshop proposed to include the entire coastal area to the limit of the 
100 m isobaths. Differentiation of coastal areas depending on kelp forest distribution, hydrology and 
geographic features (bays, inner shelf canyons and fjords) will complete this approach. 

For each of the main final ecoregions, the workshop summarized the essential characteristics 
that support the creation of the ecoregion and estimated the ecological importance of it with a grade 
from 0 (non particular), 1 for low importance to 3 high ecological value (Figure 22). 

The workshop consider that region 16 should be looked at a broader scale by combining the 
oceanography of the area which shows high numbers of eddies with top predator distribution such as 
elephant seals. 

The process of extending the national natural reserve off the 12 nautical miles in the Kerguelen 
EEZ will now add to this approach the analysis of fisheries and other human activities. 

The workshop indicated the need to continue research and monitoring over this vast area and to 
identify special research zones such as observatories to: 

-          Study the impacts of global change; 

-          Minimize knowledge gaps in ecology and environment; 

-          Consider natural variability; 

-          Study the resistance and resilience towards potential human impacts. 

 
Figure 22: Priority areas based on ecological particularities. 0 (yellow): non particular, 1 (light 

orange): low, 2 (orange): medium and 3 (red): high ecological value. 
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Ecoregion Essential characteristic of the ecoregion Ecological Importance 
0 non particular 

1 low, 2 medium, 3 high 
ecological value 

E1. Northern 
shelf-break 

It is the northernmost area of the Indian part of the 
Southern Ocean and for CCAMLR. It is south of the 
SAF with high intensity of the ACC. A retention 
zone is observed in the central part of the 
ecoregion. 
The north western and south-eastern parts of the 
ecoregion are areas of high abundance and 
biodiversity for birds and marine mammals that 
rely on the available squids. 
It is also an area of high diversity and abundance of 
demersal fish including endemic species found over 
the shelf break. 
This area gathers species with high heritage issues. 

3 

E2. Western 
oceanic zone 

This area is outside the island shelf over the 
Kerguelen Plateau. 

0 

E3. Skiff bank This ecoregion includes the Skiff bank and the 
surrounding southern oceanic zone to gather the 
entire bathymetric gradient from the top of the 
bank to the deep areas. The Skiff bank is the largest 
bank in the area. 
The Skiff bank is an essential area for fish with a 
spawning ground for icefish. It is important for 
Patagonian toothfish. This ecoregion extends to 
include part of the PF in its southern part. 
There is a high diversity of indicator taxa that are 
specific to VMEs. 

3 

E4. South West 
oceanic zone 

This area is very deep and outside the island shelf. 0 

E5. Polar Front 
meander 

It is the northernmost area of the PF in the Indian 
part of the Southern Ocean and also the 
northernmost distribution of species assemblages 
with Antarctic affinity. Iron fertilization is observed. 
It is the major region of foraging activity of marine 
birds and mammals consuming mesopelagic 
resources. 
The western part of the area is very stable from 
one year to another promoting foreseeable fishing 
habitat for top predators. 
Historic hunting of the pygmy blue whale occurred. 

3 
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Ecoregion Essential characteristic of the ecoregion Ecological Importance 
0 non particular 

1 low, 2 medium, 3 high 
ecological value 

E6. Cold water 
incursion 

It is the northernmost distribution of Antarctic 
waters in subsurface, structuring the vertical 
distribution of micronekton and making 
mesopelagic preys more accessible to top 
predators. 
Historic hunting of the pygmy blue whale occurred. 

3 

E7. North 
western shelf 
and western 
shelf-break 

Neritic zone with the particularity of the presence 
of a spawning ground for Z. spinifer. 

1 

E8. North Eastern 
Shelf Productive 
area 

This area is characterised by the high 
phytoplanktonic biomass. 
There is a high biomass and diversity of VME 
indicators taxa. 
The Commerson's dolphins are present and 
macaroni penguins rely on this habitat in summer. 

2 

E9. North neritic 
zone 

Neritic area. 0 

E10. Western 
shelf 

This ecoregion shows high taxa diversity of VME 
indicators. 
It is a spawning ground of G. acuta. 

2 

E11. Southern 
shelf 

Neritic area. 1 

E12. Coastal zone The coastal environment is characterized by 
various habitats such as fjords, bays of various sizes 
and kelp forests. The coastal zone is highly 
influenced by freshwater runoff from rivers. 
Among these areas, the Morbihan Bay is one of the 
largest bay with numerous islands and islets. It is 
also the coastal marine area with the best scientific 
knowledge due to long term studies and also a key 
breeding and feeding area for many seabird  
The northern areas are characterized by the 
presence of fjords, bays and islands of various sizes. 
The bay of Baleiniers is a nursery ground for larval 
fish. Some fjords show spawning grounds for L. 
squamifrons. 
 

3 
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Ecoregion Essential characteristic of the ecoregion Ecological Importance 
0 non particular 

1 low, 2 medium, 3 high 
ecological value 

 All the coastal area is a spawning ground for coastal 
fish, some of them being endemic. They also are 
nurseries for neritic fish such as N. rossii. 
Commerson dolphin occurs; they are in high 
concentration in the Morbihan Bay. 
The coastal zone shows presence of VME taxa. 
Coastal zones are historic areas showing high 
concentration of humpback whales. 

 

E13. Kerguelen-
Heard passage 

Deep zone between the Kerguelen island shelf and 
Heard island shelf. 

0 

E14. Productive 
Southern area 

This area between the Kerguelen and Heard island 
shelf show high phytoplankton production. It is a 
fishing area for fur seals and king-macaroni 
penguins. 

1 

E15. Kerguelen-
Heard 
seamounts 

This area gathers the Kerguelen-Heard seamounts 
and is at the border with the Australian EEZ. It is 
facing some of the HIMI MPA. 
These habitats are covered with mud. 
It also covers the prime foraging habitat of juvenile 
males of elephant seals. 
L. squamifrons has one of its spawning grounds 
over one of the seamount. 

3 

E16. Eastern 
oceanic zone 

This area extent largely in 58.5.1. It is a highly 
dynamic productive area linked to the Kerguelen 
panache. It is an important zone for elephant seals, 
rockhopper penguins and petrels. 

3 

E17. Southern 
shelf break 

It is a spawning of L. squamifrons and N. rossii. 3 

E18. Northern 
oceanic zone 

It is the oceanic area between the shelf break and 
the SAF. 

0 
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[Bost et al., 2015] Bost, C.A., Cotté, C., Terray, P., Barbraud, C., Bon, C., Delord,

K., Gimenez, O., Handrich, Y., Naito, Y., Guinet, C., et al., 2015. Large-scale

climatic anomalies a↵ect marine predator foraging behaviour and demography.

Nature communications, 6. doi:10.1038/ncomms9220.

[Bou↵ard et al., 2014] Bou↵ard, J., Nencioli, F., Escudier, R., Doglioli, A.M., Petrenko,

A.A., Pascual, A., Poulain, P.M., Elhmaidi, D., 2014. Lagrangian analysis of

satellite-derived currents: Application to the NorthWestern Mediterranean coastal

dynamics. Advances in Space Research, 53:788 – 801. doi:https://doi.org/10.1016/

j.asr.2013.12.020.

[Boyd and Murray, 2001] Boyd, I.L., Murray, A.W.A., 2001. Monitoring a marine

ecosystem using responses of upper trophic level predators. Journal of Animal

Ecology, 70:747–760. doi:10.1046/j.0021-8790.2001.00534.x.



Bibliography 171

[Boyd et al., 2012] Boyd, P.W., Arrigo, K.R., Strzepek, R., Dijken, G.L., 2012. Mapping

phytoplankton iron utilization: Insights into Southern Ocean supply mechanisms.

Journal of Geophysical Research: Oceans, 117. doi:10.1029/2011JC007726.

[Boyd et al., 2007] Boyd, P.W., Jickells, T., Law, C.S., Blain, S., Boyle, E.A., Bues-

seler, K.O., Coale, K.H., Cullen, J.J., de Baar, H.J.W., Follows, M., Harvey, M.,

Lancelot, C., Levasseur, M., Owens, N.P.J., Pollard, R., Rivkin, R.B., Sarmiento,

J., Schoemann, V., Smetacek, V., Takeda, S., Tsuda, A., Turner, S., Watson, A.J.,

2007. Mesoscale Iron Enrichment Experiments 1993-2005: Synthesis and Future

Directions. Science, 315:612–617. doi:10.1126/science.1131669.

[Bradbury et al., 2008] Bradbury, I.R., Laurel, B., Snelgrove, P.V., Bentzen, P., Cam-

pana, S.E., 2008. Global patterns in marine dispersal estimates: the influence of

geography, taxonomic category and life history. Proceedings of the Royal Society

of London B: Biological Sciences, 275:1803–1809. doi:10.1098/rspb.2008.0216.

[Bras et al., 2017] Bras, Y.L., Jouma’a, J., Guinet, C., 2017. Three-dimensional space

use during the bottom phase of southern elephant seal dives. Movement Ecology,

5:18. doi:10.1186/s40462-017-0108-y.

[Bray et al., 2017] Bray, L., Kassis, D., Hall-Spencer, J., 2017. Assessing larval connec-

tivity for marine spatial planning in the Adriatic. Marine Environmental Research,

125:73 – 81. doi:https://doi.org/10.1016/j.marenvres.2017.01.006.

[Breder, 1967] Breder, C., 1967. On the survival value of fish schools. Zoologica, 52:25–

40.

[Brodeur and Yamamura, 2005] Brodeur, R., Yamamura, O., 2005. Micronekton of the

North Pacific. PICES Scientific Report, 30:1–115.

[Brophy et al., 2009] Brophy, J., Murphy, S., Rogan, E., 2009. The diet and feeding

ecology of the short-beaked common dolphin (Delphinus delphis) in the northeast

Atlantic. International Whaling Commission Scientific Committee, 18.

[Bryce et al., 1999] Bryce, S.A., Omernik, J.M., Larsen, D.P., 1999. Environmental

Review: Ecoregions: A Geographic Framework to Guide Risk Characterization

and Ecosystem Management. Environmental Practice, 1:141–155. doi:10.1017/

S1466046600000582.
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M.E., Virtanen, R., Wardle, D.A., 2011. Trophic Downgrading of Planet Earth.

Science, 333:301–306. doi:10.1126/science.1205106.

[Ewing et al., 2014] Ewing, G., Lyle, J., Mapleston, A., 2014. Developing a low-cost

monitoring regime to assess relative abundance and population characteristics of

Sand Flathead. Institute for Marine and Antarctic Studies Report.

[Fach et al., 2002] Fach, B.A., Hofmann, E.E., Murphy, E.J., 2002. Modeling studies of

Antarctic krill Euphausia superba survival during transport across the Scotia Sea.

Marine Ecology Progress Series, 231:187–203. doi:10.3354/meps231187.

[Fach and Klinck, 2006] Fach, B.A., Klinck, J.M., 2006. Transport of Antarctic krill

(Euphausia superba) across the Scotia Sea. Part I: Circulation and particle track-

ing simulations. Deep Sea Research Part I: Oceanographic Research Papers, 53:987

– 1010. doi:https://doi.org/10.1016/j.dsr.2006.03.006.



Bibliography 180

[Faunce et al., 2015] Faunce, C.H., Cahalan, J., Bonney, J., Swanson, R., 2015. Can

observer sampling validate industry catch reports from trawl fisheries? Fisheries

Research, 172:34 – 43. doi:https://doi.org/10.1016/j.fishres.2015.06.007.

[Ferrari and Wunsch, 2009] Ferrari, R., Wunsch, C., 2009. Ocean Circulation Kinetic

Energy: Reservoirs, Sources, and Sinks. Annual Review of Fluid Mechanics,

41:253–282. doi:10.1146/annurev.fluid.40.111406.102139.

[Figueroa and Mo↵at, 2000] Figueroa, D., Mo↵at, C., 2000. On the influence of topog-

raphy in the induction of coastal upwelling along the Chilean Coast. Geophysical

Research Letters, 27:3905–3908. doi:10.1029/1999GL011302.
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Y.H., Pondaven, P., Quéguiner, B., Razouls, S., Shauer, B., Tréguer, P., 1998.
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in fishes. Fish and fisheries, 4:289–347.

[Kern and Coyle, 2000] Kern, J.W., Coyle, K.O., 2000. Global block kriging to estimate

biomass from acoustic surveys for zooplankton in the western Aleutian Islands.

Canadian Journal of Fisheries and Aquatic Sciences, 57:2112–2121. doi:10.1139/

f00-152.
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Lampitt, R.S., Sanders, R., Barnett, B.A., Smetacek, V., Naqvi, S.W.A., 2013.

Iron fertilization enhanced net community production but not downward particle

flux during the Southern Ocean iron fertilization experiment LOHAFEX. Global

Biogeochemical Cycles, 27:871–881. doi:10.1002/gbc.20077.

[McAdam and van Sebille, 2018] McAdam, R., van Sebille, E., 2018. Surface Connec-

tivity and Inter-ocean Exchanges From Drifter-Based Transition Matrices. Journal

of Geophysical Research: Oceans, pages n/a–n/a. doi:10.1002/2017JC013363.

[McGillicuddy Jr, 2016] McGillicuddy Jr, D.J., 2016. Mechanisms of physical-biological-

biogeochemical interaction at the oceanic mesoscale. Annual Review of Marine

Science, 8:125–159.

[McGillicuddy Jr et al., 1998] McGillicuddy Jr, D.J., Robinson, A., Siegel, D., Jan-

nasch, H., Johnson, R., Dickey, T., McNeil, J., Michaels, A., Knap, A., 1998.

Influence of mesoscale eddies on new production in the Sargasso Sea. Nature,

394:263. doi:10.1038/28367.

[McGowan, 1974] McGowan, J.A., 1974. The nature of oceanic ecosystems. Biology of

the Ocean Pacific.

[McLachlan, 1996] McLachlan, A., 1996. Physical factors in benthic ecology: e↵ects

of changing sand particle size on beach fauna. Marine Ecology Progress Series,

131:205–217. doi:10.3354/meps131205.



Bibliography 194

[McManus and Woodson, 2012] McManus, M.A., Woodson, C.B., 2012. Plankton dis-

tribution and ocean dispersal. Journal of Experimental Biology, 215:1008–1016.

doi:10.1242/jeb.059014.

[Melià et al., 2016] Melià, P., Schiavina, M., Rossetto, M., Gatto, M., Fraschetti, S.,

Casagrandi, R., 2016. Looking for hotspots of marine metacommunity connectiv-

ity: a methodological framework. Scientific Reports, 6:23705.

[Mengerink et al., 2014] Mengerink, K.J., Van Dover, C.L., Ardron, J., Baker, M.,

Escobar-Briones, E., Gjerde, K., Koslow, J.A., Ramirez-Llodra, E., Lara-Lopez,

A., Squires, D., Sutton, T., Sweetman, A.K., Levin, L.A., 2014. A Call for Deep-

Ocean Stewardship. Science, 344:696–698. doi:10.1126/science.1251458.

[Miron et al., 2017] Miron, P., Beron-Vera, F.J., Olascoaga, M.J., Sheinbaum, J., Pérez-
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[Rodŕıguez-Méndez et al., 2017] Rodŕıguez-Méndez, V., Ser-Giacomi, E., Hernández-
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T.M., Zanasca, P., Molcard, A., Borghini, M., Poulain, P.M., Gerin, R., Zam-

bianchi, E., Falco, P., Trees, C., 2012. Targeted Lagrangian sampling of subme-

soscale dispersion at a coastal frontal zone. Geophysical Research Letters, 39.

doi:10.1029/2012GL051879.

[Ser-Giacomi et al., 2017] Ser-Giacomi, E., Rodŕıguez-Méndez, V., López, C.,
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E., López, C., 2015c. Dominant transport pathways in an atmospheric blocking

event. Chaos: An Interdisciplinary Journal of Nonlinear Science, 25:087413. doi:

10.1063/1.4928704.

[Sfakiotakis et al., 1999] Sfakiotakis, M., Lane, D.M., Davies, J.B.C., 1999. Review of

fish swimming modes for aquatic locomotion. Oceanic Engineering, IEEE Journal

of, 24:237–252.

[Shadden et al., 2005] Shadden, S.C., Lekien, F., Marsden, J.E., 2005. Definition and

properties of lagrangian coherent structures from finite-time lyapunov exponents in

two-dimensional aperiodic flows. Physica D: Nonlinear Phenomena, 212:271–304.

doi:10.1016/j.physd.2005.10.007.

[Shanks, 2009] Shanks, A.L., 2009. Pelagic Larval Duration and Dispersal Distance

Revisited. The Biological Bulletin, 216:373–385. doi:10.1086/BBLv216n3p373.

PMID: 19556601.

[Shannon et al., 2000] Shannon, L.J., Cury, P.M., Jarre, A., 2000. Modelling e↵ects

of fishing in the Southern Benguela ecosystem. ICES Journal of Marine Science,

57:720–722. doi:10.1006/jmsc.2000.0716.



Bibliography 204

[Shaw and Sachs, 1967] Shaw, E., Sachs, B.D., 1967. Development of the optomotor

response in the schooling fish, menidia menidia. Journal of comparative and phys-

iological psychology, 63:385.

[Shephard et al., 2012] Shephard, S., Fung, T., Houle, J.E., Farnsworth, K.D., Reid,

D.G., Rossberg, A.G., 2012. Size-selective fishing drives species composition in

the Celtic Sea. ICES Journal of Marine Science, 69:223–234. doi:10.1093/icesjms/

fsr200.

[Shraiman and Siggia, 2000] Shraiman, B.I., Siggia, E.D., 2000. Scalar turbulence. Na-

ture, 405:639. doi:10.1038/35015000.

[Shreeve et al., 2009] Shreeve, R.S., Collins, M.A., Tarling, G.A., Main, C.E., Ward, P.,

Johnston, N.M., 2009. Feeding ecology of myctophid fishes in the northern Scotia

Sea. Marine Ecology Progress Series, 386:221–236.

[Sibert et al., 1999] Sibert, J.R., Hampton, J., Fournier, D.A., Bills, P.J., 1999. An ad-

vection–di↵usion–reaction model for the estimation of fish movement parameters

from tagging data, with application to skipjack tuna (Katsuwonus pelamis). Cana-

dian Journal of Fisheries and Aquatic Sciences, 56:925–938. doi:10.1139/f99-017.

[Siegel et al., 2008] Siegel, D.A., Mitarai, S., Costello, C.J., Gaines, S.D., Kendall, B.E.,

Warner, R.R., Winters, K.B., 2008. The stochastic nature of larval connectivity

among nearshore marine populations. Proceedings of the National Academy of

Sciences. doi:10.1073/pnas.0802544105.

[Simard and Lavoie, 1999] Simard, Y., Lavoie, D., 1999. The rich krill aggregation of the

Saguenay - St. Lawrence Marine Park: hydroacoustic and geostatistical biomass

estimates, structure, variability, and significance for whales. Canadian Journal of

Fisheries and Aquatic Sciences, 56:1182–1197. doi:10.1139/f99-063.

[Smetacek et al., 2004] Smetacek, V., Assmy, P., Henjes, J., 2004. The role of grazing in

structuring Southern Ocean pelagic ecosystems and biogeochemical cycles. Antarc-
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