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ABSTRACT

The spatio-temporal distribution of prey is one of the main drivers of marine megafauna
dynamics but the lack of prey data is a common limitation in ecological studies. The objective of
this study was to investigate the spatio-temporal distribution of the epipelagic low- and mid-
trophic level biomass in the Azores, using outputs from the ecological model SEPODYM-
LMTL. The spatial distribution and overall biological productivity of three model variables: net
primary production (NPP), zooplankton and micronekton, were analyzed from 1998 to 2023.
Based on these long-term biomass, three categories of productivity zones were defined
(recurrent, occasional and unfavorable) in order to classify the abundance of the preys.
Additionally, the productivity was assessed within the newly established Marine Protected Area
(MPA) network to evaluate whether MPAs were located in areas of high productivity, which
could represent attractive habitat for marine megafauna. The importance of these productivity
zones for cetaceans was also evaluated using the long-term dataset (2001-2015) of sightings
collected by the Azorean Fisheries Observer Program (POPA). Important inter-annual
variabilities were observed for the three model variables, with no global trend in the biomass or
phenology of NPP and zooplankton. The spatial distribution of resources exhibited a strong
latitudinal gradient, with a productive area around the islands and north of 37°N, corresponding
to the Azores Counter Current (AzCC). In the MPA network assessment, fully protected areas
exhibited higher productivity from April to November for the three variables. In contrast, highly
protected areas had similar or lower productivity than unprotected areas. Regarding cetacean
distribution, for the three variables, baleen whales were observed in higher proportions in the
occasional zones, especially in July, and no clear patterns were found for dolphins and deep
divers’ groups. The spatial patterns obtained provided an essential baseline to evaluate the
ecological importance of the new MPA network, as fully protected areas overlapped with more
productive waters. The analysis of cetacean functional groups further illustrated the potential
relevance of these productivity zones for higher trophic levels, although additional
environmental predictors and long-term monitoring will be required to fully assess their

ecological significance.

Keywords: SEAPODYM-LMTL; Low- and mid-trophic levels; productivity zones; marine

protected areas; cetaceans.
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RESUME

La distribution spatio-temporelle des proies est un facteur clé influencant la dynamique
de la mégafaune marine. Toutefois, le manque de données relatives aux proies constitue une
limitation fréquente des études écologiques. Cette étude vise a caractériser la distribution spatio-
temporelle de la biomasse épipélagique des niveaux trophiques bas et intermédiaires aux Agores,
en utilisant les sorties du modéle SEAPODYM-LMTL. Trois variables ont été analysées de
1998 a 2023: la production primaire nette (PPN), le zooplancton et le micronecton, ainsi que
leur distribution spatiale et leur productivité biologique. Trois types de zones de productivité ont
¢té définies (récurrentes, occasionnelles et non favorables) afin de classer I’abondance des
proies. Cette productivité a été évaluée au sein du nouveau réseau d’aires marines protégées
(AMP) pour déterminer si ces AMP correspondaient a des habitats attractifs pour la mégafaune
marine. L'importance de ces zones pour les cétacés a été examinée a 1'aide des observations a
long terme (2001-2015) du programme d'observation des péches des Agores (POPA).
D'importantes variabilités inter-annuelles ont été observées pour les trois variables, sans
tendance globale dans la biomasse ou la phénologie de la PPN et du zooplancton. La distribution
spatiale des ressources présentait un fort gradient latitudinal, avec une zone plus productive
autour des iles ainsi qu’au nord de 37°N, correspondant au contre-courant des Agores (AzCC).
Dans 1'évaluation du réseau d'AMP, les zones entierement protégées ont affiché une productivité
plus ¢élevée d'avril a novembre pour les trois variables tandis que les zones hautement protégées
ont montré une productivité similaire ou inférieure aux zones non protégées. Concernant la
distribution des cétacés, les baleines ont été observées en plus grande proportion dans les zones
occasionnelles, en particulier en juillet, et aucune tendance claire n'a été observée pour les
dauphins et les plongeurs profonds. Ces schémas spatiaux ont fourni une base de référence
essentielle pour évaluer 1'importance écologique du nouveau réseau d'AMP, les aires entierement
protégées chevauchant les eaux productives. L'analyse des groupes fonctionnels de cétacés a
illustré la pertinence potentielle de ces zones de productivité pour les niveaux trophiques
supérieurs, bien que des prédicteurs environnementaux supplémentaires et une surveillance a

long terme soient nécessaires pour en évaluer pleinement 1I’importance.

Mots-clés : SEAPODYM-LMTL; niveaux trophiques bas et intermédiaires; zones de

productivité; zones marines protégées; cétaces.

111



v



ACKNOWLEDGEMENTS

First, I would like to thank Dr. Monica Silva for kindly responding to my request and for putting

me in contact with Dr. Sergi Pérez-Jorge.

My most sincere thanks go to my supervisor, Dr. Sergi Pérez-Jorge. Thank you for your
patience, your availability, and all your helpful advice, which enabled me to successfully
complete this work. It was a real pleasure to work with you, and I truly hope to have the

opportunity to collaborate with you again in the future.

I am also very grateful to Maria Ines for all our discussions, her valuable advice, and the time

she dedicated to me.

A special thanks to Laura, Cécile, and Ines, who have been my breath of fresh air during these
six months. Your presence in difficult times, your support, and your kindness have been truly

invaluable to me.

Finally, I would like to express my deepest gratitude to my parents, my greatest fans. Thank you
for your constant support throughout this work. Above all, thank you for the hundreds of
pictures of Opium that brightened my days, and most importantly, thank you for giving me the

chance, every day, to pursue my dreams.



vi



TABLE OF CONTENTS

ABSTRACT 1
RESUME iii
ACKNOWLEDGEMENTS v
TABLE OF CONTENTS vii
LIST OF FIGURES X
LIST OF TABLE X
LIST OF ACCRONYMS AND ABBREVIATIONS Xi
1. INTRODUCTION 1
1.1. Overview 1
1.2 Low- and mid-trophic levels: phenology and dynamics 1
1.2.1. Phytoplankton 1

1.2.2. Zooplankton 2

1.2.3. Micronekton 3

1.2.4. Ecological model : SEAPODYM 4

1.3. Cetaceans their relationship with low-mid-trophic levels 6
1.4. Case study : The Azores archipelago 7
1.4.1. Characteristics of the archipelago 7

a. Location 7

b. Environmental conditions 8

1.4.2. Cetaceans 10

1.4.3. Marine Protected Area in the Azores 11

1.5. Objectives 13

2. MATERIAL AND METHODS 14
2.1. Study area 14
2.2. SEAPODYM data 14
2.2.1. Biomass data 14

2.2.2. Epipelagic layer data 14

2.2.3. Data processing 16

2.3. Temporal analysis 16
2.3.1. Inter-annual variabilities and anomalies 16

2.3.2. Seasonality 17

2.4. Spatial distribution 17
2.4.1. Climatological 17

2.4.2. Contemporaneous 18

vil



2.4.3. Productivity zones 18

a. Climatological 18

b. Contemporaneous 18

2.5. Marine Protected Areas 19
2.6. Cetaceans 19
2.6.1. Data processing 19

2.6.2. Importance of productivity zones for cetaceans 20

3. RESULTS 22
3.1. Temporal Analysis 22
3.1.1. Inter-annual variabilities 22

3.1.2. Seasonal pattern 23

3.1.3. Peak trend 25

3.1.4. Synchronicity of the peaks 25

3.2. Spatial distribution 26
3.2.1. Climatology 26

a. Annual patterns 26

b. Seasonal patterns 26

3.2.2. Contemporaneous 29

3.2.3. Productivity zones 31

3.3. Marine protected areas 31
3.3.1. MPAs in the Azores 31

3.3.2. NPP, zooplankton and micronekton in the MPA 33

3.3.3. Productivity zones in the MPA 35

3.4. Cetacean 37
3.4.1. Cetaceans functional groups and resources productivity 37

3.4.2. Cetaceans sightings and survey effort within the MPAs 39

4. DISCUSSION 40
4.1. Inter-annual variabilities 40
4.2. Marine protected Areas 42
4.3. Cetaceans 44
4.4. Limitations 46
4.4.1. SEAPODYM 46

4.4.2. Cetaceans 47

5. CONCLUSION AND PERSPECTIVES 49
BIBLIOGRAPHY 50
ANNEX 62

viil



LIST OF FIGURES

« Figure 1: Annual averaged primary production (PP) from 2003-2013 (Richardson &
Bendtsen, 2010 . ... e 2

« Figure 2: Distribution of the predicted zooplankton biomass (0-500m depth), using data
collected between 2008 and 2019 (Drago et al., 2022)........coeiiiiiiiiiiiiiiee e 3

« Figure 3: Repartition of the six functional groups of micronekton as defined in SEAPODYM.
The groups are classified according to their daytime layer and their diel vertical migration.
Adapted from Lambert et al., (2014).....oouiiiiiii e 5

« Figure 4 : Azores Archipelago with bathymetry in background (Tokat et al. 2024).............. 8

 Figure 5 : Main surface currents in the North Atlantic. Gulf Stream (GS), North Atlantic
Current (NAC), Portugal Current (PC), Azores Current (AzC), Azores Counter
Current (AzCC), Canary Current (CC) (Tokat et al., 2024).........covviiiiiiiiiiiiiiieaeas 9

 Figure 6: Map of the Azores marine protected area network. Full dark line : Azores EEZ,
Dashed grey line: Azores 100NM limit; Orange lines: Fully protected areas; Yellow lines:
Highly protected areas. ... ...o.viuiitii it e e et et e e 12

« Figure 7: Biomass present in the epipelagic layer during the night in SEAPODYM-LMTL
model. The primary productivity is represented in green, the meso-zooplankton is in red and
the micronekton is represented by the fishes. The diel vertical migration is represented by the
black arrows. Adapted from Virgili et al. (2021).......cooieiiiiii 15

« Figure 8 : Distribution of cetaceans sightings collected by POPA inside the Azores EEZ with
the representation of the MPA network. Orange: Highly protected areas; Yellow: Fully
protected areas; Grey: TOONM HMit........oo.oiiiiii e 20

« Figure 9: Biomass evolution (1998 - 2023) with LOESS trend and inflection points for NPP
(A), zooplankton (B) and epipelagic micronekton (C). Red: LOESS curve; Green: inflexion

POINES; G7EY: BIOMASS. ...\ttt ettt et e e e 22

« Figure 10 : Temporal variability in biomass anomalies across the three marine trophic levels
(1998-2023). Green: positive anomalies; Red: negative anomalies..................ccoeeevennnn. 24

« Figure 11 : Monthly biomass of NPP (A), zooplankton (B) and micronekton (C) from 1998 to

« Figure 12: Annual latitudinal distribution of epipelagic resource biomass (1998-2023)....... 27
« Figure 13: Distribution of the NPP and zooplankton biomass during their most productive

month (A) and (B) and during their less productive month (C) and (D) over the studied area.
Black 1ine : AZores EEZ.......ooiiii e e e 29

X



« Figure 14 : Biomass distribution of NPP during strong anomalies in term of productivity
Black line: Azores EEZ..........cooiii i 30

« Figure 15: Biomass distribution of zooplankton during strong anomalies in terms of
productivity. Black line: Azores EEZ ... 31

« Figure 16: Biomass distribution of micronekton during strong anomalies in term of
productivity Black line: Azores EEZ..........c.ooiniiii e 31

« Figure 17: Productivity zones of the three target variables in the study area for climatological
(left) and contemporaneous (right) studies (1998-2023). Black line: Azores EEZ............... 32

« Figure 18 : Proportion of each productivity zone inside the 100NM limits and its MPAs, per
month for the climatology study and contemporaneous...........c.cc.vvvviiiiiiiiiiineeneenennn. 34

« Figure 19: Proportion of each productivity zone for each variable within the 100 NM area, the
vessel effort, and the three functional groups: baleen whales, dolphins, and deep divers. A:
Climatological barplot; B: Contemporaneous barplot.............c.oviuiiiiiiiiiiiiiiiiieieeann, 36

« Figure 20: Proportion of each productivity zone for each variable within the 100 NM area, the
vessel effort, and the three functional groups: baleen whales, dolphins, and deep divers. A:
Climatological barplot; B: Contemporaneous barplot..............covveiiiiiiiiiiiiiiiiiinieann. 38

LIST OF TABLE

« Table 1: Proportion of each productivity zone for each variable within the 100 NM area, the
vessel effort, and the three functional groups: baleen whales, dolphins, and deep divers. A:
Climatological barplot; B: Contemporaneous barplot..........c...ooeviiiiiiiiiiiiiniiiiiiniinn... 15



LIST OF ACCRONYMS AND ABBREVIATIONS

AzC

AzCC

CC

Chl-a
CMEMS
DVM

EEZ

FPA

GAM
gCm-
gCm-2d-1
g.m2

GS

GtCyr1!
HPA

IQR
LOESS
mgC.m-2.d-1
Mnkec_epi
Mnkc_hmlmeso
Mnkc_mumeso
MPA

NM

NAC

NPP

PC

PISCES
POPA
SDM

Azores Current

Azores Counter Current

Canary Current

Chlorophyll a

Copernicus Marine Services

Diel Vertical Migrations

Exclusive Economic Zone

Fully Protected Areas

Generalized Additive Model

Grams of carbon per square meter

Grams of carbon per square meter per day

Grams per square meter

Gulf Stream

Gigatonnes of Carbon per year

Highly Protected Areas

Interquartile Range

Locally Estimated Scatterplot Smoothing

milligrams of carbon per square meter per day

mass content of epipelagic micronekton

mass content of highly migrant lower mesopelagic micronekton
mass content of migrant upper mesopelagic micronekton
Marine Protected Area

Nautical miles

North Atlantic Current

Net Primary Production

Portugal Current

Pelagic Interactions Scheme for Carbon and Ecosystem Studies
Azorean Fisheries Observer Programme

Species Distribution Model

xi



SEAPODYM Spatial Ecosystem and Population Dynamics Model
SEAPODYM-LMTL | Spatial Ecosystem and Population Dynamics Model Low and Mid

Trophic Level Component

SST Sea Surface Temperature
VGPM Vertically Generalized Production Model
zeu euphotic layer depth

Zooc concentration of zooplankton

xii



xiil



Xiv



1. INTRODUCTION

1.1. Overview

The oceans represent 70% of the Earth's surface and are home to complex ecosystems
based on dynamic food webs. Within these webs, energy flows from primary producers to top
predators, passing through a series of intermediate actors. Phytoplankton represents the main
source of primary production in the oceans, its distribution and abundance depend on several
factors, including water temperature, light levels, and nutrient availability (Lewis et al., 1988;
Polovina et al., 2001; Young et al., 2015). Phytoplankton is consumed by zooplankton, which is
itself predated by micronekton. The latter, composed of small fish, crustaceans, and
cephalopods, is heterogeneously distributed along vertical and horizontal gradients and acts as
an essential intermediary between lower trophic levels and higher predators (Conchon, 2016).
The top of the food chain is occupied by apex predators such as tuna, seabirds, sharks, and
cetaceans. They feed in diverse environments, including coastal and pelagic waters, at the
surface as well as in the deep ocean. Hence, the distribution of marine megafauna is strongly
influenced by the spatiotemporal distribution of their prey, which in turn is influenced by
physical environmental factors, such as temperature, currents and ocean fronts (Young et al.,

2015).

1.2 Low- and mid-trophic levels: phenology and dynamics

1.2.1. Phytoplankton

Phytoplankton is responsible for almost half of global primary production on Earth
(i.e., approximately 46 GtCyr!; Uitz et al., 2010; Marafiéon et al., 2012). Its biomass is
heterogeneously distributed both vertically and horizontally, depending mainly on light, water
temperature, and nutrient availability (Lewis et al., 1988; Falkowski et al., 1992; Polovina et al.,
2001; Raymont, 2014; Egorova, 2023, Figure 1). Primary producers are located in the euphotic
zone, which extends from the ocean surface to approximately 200 meters depth. In this zone,
sufficient light penetrates to allow photosynthesis to take place (Sigman & Hain, 2012). Not
only light is limiting the phytoplankton biomass but also temperature and nutrients (Falkowski

et al., 1992).
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Figure 1: Annual averaged primary production (PP) from 2003— 2013 (Richardson &
Bendtsen, 2019).

The distribution of phytoplankton biomass has a strong seasonal pattern within the
latitudes between 50°N and 40°S, associated with an increase in a spring bloom around April/
May (0.8 gCm-d-1) in the northern hemisphere and December in the southern hemisphere
(Behrenfeld et al., 2005; Uitz et al., 2010). This first bloom can be followed by a second
biomass peak in autumn, around September-October for the northern hemisphere, with lower
productivity than for the first bloom (0.4 gCm—2d-!; Uitz et al., 2010). The most productive areas
are those subject to coastal upwelling, where primary productivity can reach up to 3 gCm=2d-1,
due to the influx of colder, nutrient-rich water that feeds phytoplankton (Uitz et al., 2010). Over
the last decades, the advancements on remote sensing have allowed to estimate global primary
production across almost all seas and oceans with relatively high accuracy (Uitz et al., 2010;

Bailey & Werdell, 2006; Lobanova et al., 2018).

1.2.2. Zooplankton

Zooplankton play a key role in marine ecosystems, acting as a crucial link between
primary producers and higher trophic levels, including fish or even large marine predators
(Steinberg & Landry, 2017). Their distribution is closely tied to that of primary producers, the
latter being the energy source for zooplankton (Martin & Christiansen, 2009; Thompson et al.,
2013; Feng et al., 2014). Globally, the highest concentrations of zooplankton are located around
60°N and 55°S, whereas the lowest biomass is found around 80°N and oceanic gyres (Drago et

al., 2022; Figure 2). In the North Atlantic Ocean, zooplankton exhibits strong seasonality, with a
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Figure 2: Distribution of the predicted zooplankton biomass (0-500m depth), unsing data
collected between 2008 and 2019 (Drago et al., 2022).

pronounced spring bloom around May/June, followed by a second and weaker bloom in autumn,
around October (O’Brien et al., 2011; Feng et al., 2014). Zooplankton biomass is generally
higher in regions of upwelling, where nutrient enrichment promotes phytoplankton growth and
supports productive food webs (Bode et al., 1998; Steinberg & Landry, 2017). Beyond this
seasonal variability, zooplankton distribution is also strongly influenced by oceanographic
conditions, such as currents, eddies, fronts, as well as by topography structures, such as
seamounts (Villarino et al., 2015). These physical processes create convergence zones that can
lead to an aggregation of low and mid trophic levels of organisms and act as foraging hotspots
for predators. In addition to their trophic importance, zooplankton contribute significantly to the
biological carbon pump (Martin & Christiansen, 2009; Thompson et al., 2013). Indeed, by
realizing diel vertical migration (DVM), zooplankton actively transport organic matter from the
surface layer during the night to the deeper layers during the day, and back (Lampert, 1989).
This migration strategy allows zooplankton to feed efficiently at night in a productive surface
layer while reducing the risk of predation (Lampert, 1989; Hays, 2003). Indeed, zooplankton

play a crucial role by linking primary producers to higher trophic levels, such as micronekton.

1.2.3. Micronekton

Micronekton is composed of small organisms, ranging from 2 to 20 centimeters with a
limited horizontal swimming capacity, mainly composed of crustaceans, cephalopods and fish
(Garcia-Seoane et al., 2023). Many marine ecosystems are dominated by few abundant mid-

trophic species (usually pelagic schooling fish), and represent an important prey group for top



predators, such as sea turtles, seabirds, tunas and marine mammals (Frederiksen et al., 2006;
Kloser et al., 2009; Santora et al., 2012). Micronekton also display DVM, from the lower
mesopelagic layer to the surface layer, following their main prey, the zooplankton and avoiding
predation at the same time (Ariza et al., 2015; Romero-Romero et al., 2019).

Micronekton biomass is commonly estimated using techniques such as net sampling and
sound-scattering, however, both methods have limitations (Ressler, 2002; Kloser et al., 2009).
Concerning the net sampling, some species are able to avoid the net, such as some fish and
crustaceans. Although a higher proportion of gelatinous species remains in the net, leading to
over-estimation of these species and underestimation of avoiding species (Proud et al., 2017;
Lehodey & Senina, 2009). On the other hand, the sound-scattering is a methodology based on
the difference between water density and body parts density. Indeed, gas inclusions, hard chitin
or even swimbladders, produced a distinct echo when backscattered (Proud et al., 2017; Cascao
et al.,, 2019). However, some organisms such as siphonophores, exhibit resonance scattering
effects, which can lead to over-estimating the micronekton biomass (Conchon, 2016). Hence, to
estimate the global micronekton distribution and its dynamics, researchers started to develop an
ecological model that was based on net sampling data and sound scattering, called Spatial

Ecosystem and Population Dynamics Model (SEAPODYM; Lehodey et al., 2008; 2010).

1.2.4. Ecological model : SEAPODYM

In the 1990s, the SEAPODYM model was developed as part of the Oceanic Fisheries
Program of the Secretariat General of the Pacific Community, and subsequently as part of
several European development projects (Lehodey & Senina, 2009). The SEAPODYM model is
divided into two models, one focusing on the spatiotemporal dynamics of a species population
(SEAPODYM-MASS) and the other on the dynamics of zooplankton and micronekton
functional groups (SEAPODYM-LMTL) (Lehodey & Senina, 2009). The SEAPODYM-LMTL
(Lower and Mid-Trophic Level) sub-model describes the dynamics of zooplankton and six
micronekton functional groups (Figure 3). These functional groups are formed according to the
position occupied by organisms in the water column during the day and the night. Three groups
systematically occupy the same layer, while the other three groups perform vertical migration
through the water column. In this model, the water column is divided into three zones, the

epipelagic, upper mesopelagic and lower mesopelagic layers (Lehodey et al., 2010; Conchon,

2016).
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Figure 3: Repartition of the six functional groups of micronekton as defined in SEAPODYM.
The groups are classified according to their daytime layer and their diel vertical migration.
Adapted from Lambert et al., (2014).

Zooplankton occupy the epipelagic layer, while the six groups of micronekton are
distributed throughout the three layers of the water column. Epipelagic, upper mesopelagic and
lower mesopelagic micronekton are non-migratory organisms occupying the epipelagic, upper
mesopelagic and lower mesopelagic layers respectively (Figure 3). The migrant upper
mesopelagic micronekton migrates from the upper mesopelagic layer during the day to the
epipelagic zone at night. The migrant lower mesopelagic micronekton occupies the lower
mesopelagic layer during the day and migrates to the upper mesopelagic layer at night. Finally,
the highly migrant lower mesopelagic micronekton occupies the lower mesopelagic layer during
the day and migrates to the epipelagic layer at night (Lehodey et al., 2010; Conchon, 2016;
Titaud et al., 2024a and 2024b).

The model is forced by physical variables, water temperature, ocean currents,
biogeochemical variables, net primary productivity and euphotic depth. Ocean currents are

responsible for transporting organisms, while temperature influences their development and

5



mortality. Primary productivity acts as a source of biomass, and the euphotic zone controls the
positions of organisms in the water column (Lehodey & Senina, 2009; Lehodey et al., 2010).
The depth of each layer depends on the depth of the euphotic layer (Zeu). The epipelagic layer
extends from the surface to 1.5 times the euphotic zone, mostly between 100 and 200 meters
depending on local conditions. The upper mesopelagic layer extends from 1.5 Zeu to 4.5 Zeu,
i.e., from 200 to 400 meters. Finally, the lower mesopelagic layer lies between 4.5 Zeu and 10.5
Zeu, i.e., between 400 and a maximum of 1000 meters depth (Lehodey & Senina, 2009;
Lehodey et al., 2010; Conchon, 2016).

This model has already been used for various purposes, such as studying the
population dynamics of different species of tuna and swordfish (Lehodey et al., 2010; Abecassis
et al., 2011), predicting turtle habitats and movements (Abecassis et al., 2013), and studying
cetacean habitats and movements (Lambert et al., 2014; Romagosa et al., 2020; Virgili et al.,

2021; Pérez-Jorge et al., 2020).

1.3. Cetaceans their relationship with low-mid-trophic levels

Worldwide, approximately 94 species of cetaceans have been identified, although this
exact number may vary depending on taxonomic revisions. In total, it represents 15 species of
Mysticeti and 79 species of Odontoceti (Committee on Taxonomy, 2025). They have a wide
range of prey and diverse diet, depending on the species or functional group. The Mysticety, also
called baleen whales, are filter feeders and feed mainly on low trophic levels, such as
zooplankton (mainly krill) and small fishes (Visser et al., 2011; Goldbogen et al., 2017). Most
baleen whales depend on the seasonal availability of low-trophic level resources and, therefore,
undertake north-south migration to follow these seasonal blooms (Nemoto, 1970; Friedlaender
et al., 2006; Visser et al., 2011; Abrahms et al., 2019; Pérez-Jorge et al., 2020). In the Northern
hemisphere, baleen whales are usually feeding in mid- high latitudes during the summer time
and breeding in sub-tropical regions in winter (Kellogg, 1929).

Odontoceti, also called toothed whales, includes dolphins, porpoises, beaked whales, and
sperm whales, their diet is more diverse than baleen whales diet. They feed primarily on
micronekton organisms, mainly cephalopods and fish, but can also target crustaceans or even
other marine mammals (Sekiguchi et al., 1992; Berta & Lanzetti, 2020; Xiong et al., 2024).
Delphinids, such as common dolphins and Atlantic spotted dolphins, target mainly epi- and

mesopelagic schooling fish and squid. On the other hand, deep divers, such as sperm-whale and
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beaked whales feed almost exclusively on meso- and bathypelagic prey, including giant squid
(Architeuthis dux) (Kawakami, 1980; Clarke et al., 1993; Guerra et al., 2004; Xiong et al.,
2024). Some species of toothed whales can also undertake seasonal migration (Kasuya, 1971;
Lockyer & Brown, 1981; Hooker, 2018; Abrahms et al., 2019). Toothed whales can be year-
round residents, such as sperm whales in Reunion Island, where females stay the entire year
with the juveniles while males exhibit long-latitudinal distance migrations (Whitehead, 2003;
Giorli & Pinkerton, 2023). For other year-round resident species, male and female can remain in
the same area when prey abundance is sufficient, like bottlenose dolphins in Florida (Barros
&Wells, 1998; Berens McCabe et al., 2010). Finally, some cetacean species migrate depending
on their prey availability or environmental conditions, such as Atlantic spotted dolphins that
migrates in function of the sea surface temperature or orcas that can migrate in function of the
distribution of their prey (Learmonth et al., 2006; Taylor et al., 2016; Quick et al., 2017; da Silva
et al., 2025).

Overall, the distribution and population dynamics of cetacean species are closely driven
by the abundance and spatio-temporal variability of low-mid-trophic level organisms.
Consequently, a better understanding of these trophic patterns is essential to elucidate cetacean
ecology and to the low-mid trophic level patterns would help to better understand cetaceans

dynamic and improve their conservation strategies.

1.4. Case study : The Azores archipelago
1.4.1. Characteristics of the archipelago

a. Location

The Azores is a Portuguese archipelago of nine volcanic islands located in the North
Atlantic Ocean from 36° to 43°N and 25° to 31°W, and crossing the Mid-Atlantic Ridge. These
nine islands are clustered into three groups: the oriental group (Santa Maria and Sao Miguel),
the central group (Pico, Terceira, Faial, Graciosa and Sao Jorge) and the occidental group
(Flores and Corvo) (Figure 4).

Azores archipelago is the most isolated archipelago in the Atlantic Ocean, located 1,400
km west of Portugal and 3,500 km east of North America (Morton & Frias Martins, 2019). It
extends over 600 kilometers and has 790 kilometers of coastline (Menezes et al., 2006). The
archipelago is situated at the junction of three tectonic plates (Eurasian, African, and North

American) which results in significant volcanic activity due to the presence of a hotspot and its
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Figure 4 : Azores Archipelago with bathymetry in background (Tokat et al. 2024).

crossing of the Mid-Atlantic Ridge. The archipelago exhibits a highly irregular seabed
associated with narrow and steeply sloping plateaus. The depth inside the Exclusive Economic
Zone (EEZ) ranges between 0 to 5000 meters, with an average depth of 3 000 meters, only 1%
of the EEZ is located above 600 meters (Amorim et al., 2017). This limit represents the
environment that is exploitable by the majority of fish species and some cetaceans’ species
(Menezes et al., 2006).

b. Environmental conditions

The North Atlantic Ocean hosts one of the five great oceanic gyres, the North Atlantic
Gyre, which is made up of several currents and eddies that transport water and organic matter
over long distances in a clockwise direction (Figure 5). The western part of this gyre is formed
by the Gulf Stream (GS) current, which originates off the coast of Florida and transports warm
waters along the East coast of the United States, bringing warmth to higher latitudes in the
North (Menezes et al., 2006; Caldeira & Reis, 2017; Morton & de Frias Martins, 2019). When
this current reaches 40°N, it splits into two branches, giving rise to the North Atlantic Current
(NAC) and the Azores Current (AC; Martins et al., 2007; Morton & de Frias Martins, 2019).
The North Atlantic Current (NAC) continues towards Europe, where it splits, with one-part
flowing towards the British Island to the North and the other part heading south to become the
Canary Current (CC), which transport cold water along Portugal, Morocco and Mauritania
(Martins et al., 2007; Caldeira & Reis, 2017; Morton & de Frias Martins, 2019; Figure 5).
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Figure 5 : Main surface currents in the North Atlantic. Gulf Stream (GS), North Atlantic
Current (NAC), Portugal Current (PC), Azores Current (AzC), Azores Counter
Current (AzCC), Canary Current (CC) (Tokat et al., 2024).

Eddies and filaments generated by the GS and the Azores Current converge near the
archipelago, where they interact, influencing the western and Eastern Islands respectively
(Amorim et al., 2017; Caldeira & Reis, 2017). The North Atlantic Drift and the Azores Current
brings warm water to the Azores archipelago, resulting in relatively stable annual sea surface
temperatures around the area (Klein & Siedler, 1989; Lafon et al., 2004; Caldeira & Reis, 2017;
Morton & Frias Martins, 2019).

Those currents lead to complex and dynamic oceanographic conditions that influence the
sea surface temperatures as well as net primary productivity. Indeed, in summer and autumn, the
archipelago is subject to inputs of warmer subtropical waters, between 22°C and 24°C, which
allows waters to be 2 to 3°C warmer than the seasonal average. Similarly, in winter and spring,
seasonal averages are below the seasonal average (3 to 4°C) due to an input of colder temperate
waters, varying from 17°C to 18°C. In general, the islands in the eastern group are more subject
to inputs of cold waters and the islands in the western group are more subject to inputs of
warmer waters (Amorim et al., 2017; Martins et al., 2017; Caldeira & Reis, 2017; Tokat et al.,
2024).

The concentration of Chl-a reaches its minimum concentration in September and
maximum in April/May, with values of 0.09 to 0.43 mg.m-3 respectively (Martins et al., 2007).
Concerning NPP, it reaches its maximum in May with 812.7 mgC m=2 day! and minimum is

reached in December with 284.2 mgC m~2 day! (Amorim et al., 2017; Caldeira & Reis, 2017).



Sobrinho-Gongalves & Isidro (2001) highlighted significant seasonal variation in zooplankton
biomass, with a spring bloom occurring in May. Zooplankton abundance and biomass are
relatively low in the Azores waters due to the region's oligotrophic environment. However, a
significant increase in zooplankton biomass has been observed at the Azores Front and the Great
Meteor seamount around May (Huskin et al., 2001). Regarding micronekton, few studies have
been conducted in the Azores, the main one focusing on the impact of seamounts on
micronekton distribution (Cascao et al., 2017). The acoustic surveys conducted during this study
highlighted the influence of seamounts on the spatiotemporal distribution of micronekton up to
7 km away. However, it is important to emphasize that seamounts represent unique ecosystems
with very specific environmental, physical, and biological conditions. Thus, a considerable lack

of data persists regarding the low and mid-trophic levels in the Azores.

1.4.2. Cetaceans

The Azores archipelago is a hotspot of biodiversity due to its location, topography and
hydrodynamic features. A wide range of oceanic marine predators are present, including
seabirds (Amorim et al., 2009), elasmobranchs (Das & Afonso, 2017), sea turtles (Vandeperre et
al., 2019) and cetaceans (Silva et al., 2014). It is well established that these predators tend to
prefer the areas with a high prey density to maximize the energy intake (Afonso et al., 2020;
Cascao et al., 2020).

The archipelago boasts a high biodiversity of cetaceans, with a total of 27 species,
including 6 species of Mysticete and 18 species of Odontocete (6 species from the Ziphiidae
family, 11 species of Delphinidae, 2 species of Kogiidae, the sperm whale (Physeter
macrocephalus) and 6 species of Ziphiidae (Silva et al., 2014). Some of these species are
resident (bottlenose and Risso’s dolphins), others are present year-round (sperm whales and
common dolphins), while some are seasonal visitors (baleen whales and Atlantic spotted
dolphin; Borges et al., 2010; Afonso et al., 2020; Silva et al., 2013). These patterns of residency
or seasonality depend on the ecological needs and life history of each species.

In the Azores, the diet of the cetacean inhabiting these waters is poorly studied, with only
few studies, mainly focused on sperm whale (Clarke et al., 1993), some species of delphinids
(Doksaeter et al., 2008; Lebon et al., 2025) and baleen whales (Fiedler et al., 1998). This diet

limitation and the lack of prey information from the region has led to several studies to use the
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prey variables of the SEAPODYM model to investigate the distribution of cetaceans. These
studies combined SEAPODYM variables with sightings data and found, for example, that the
presence of delphinids and sperm whales was influenced by water productivity and
environmental conditions (Romagosa et al., 2020). Indeed, delphinids and sperm whales
appeared to prefer productive waters, especially at night, feeding on migrant micronekton.
Furthermore, the use of SEAPODYM variables combined with Generalized Additive Models
(GAMs) revealed that NPP, zooplankton biomass and temperature were good predictor of baleen
whales (Pérez-Jorge et al., 2017) and some delphinids species (da Silva et al., 2025) spatial
distribution. Indeed, results suggested that baleen whales tend to be associated with productive
waters around the Azores as well as during their migration (Pérez-Jorge et al., 2017), while for
other species the main driver of their distribution was the sea surface temperature (da Silva et

al., 2025).

1.4.3. Marine Protected Area in the Azores

Over the last decade, the establishment of marine protected areas (MPAs) has grown
significantly in response to the growing pressure of human activities on the marine environment.
MPAs are a widely used conservation tool for protecting fragile ecosystems and their associated
species by limiting anthropogenic pressures (Sciberras et al., 2013). To do so, different types of
restrictions can be put in place depending on the degree of protection of the MPA. In general,
fishing activities are regulated or even prohibited, but other activities such as diving, mining and
aquaculture are also banned (Nikitine et al., 2018; Zhang et al., 2024). Other activities may be
authorized but are subject to strict regulations, such as underwater fishing, whale watching and
boat anchoring (Sciberras et al., 2013).

Currently, a global initiative is underway with the aim of protecting 30% of the oceans
through a network of MPAs by 2030, known as the ‘30 by 30’ initiative (Convention of
Biological Diversity, 2022). It is within this framework that in 2021 the Azores government
committed to increasing conservation efforts in its Exclusive Economic Zone (EEZ). Recently, a
total of 23 MPAs have been added to the existing Azores MPA network, combining two levels of
protection, Fully and Highly protected areas. The main goal for these new MPAs was to ban
extractive activities, such as bottom fishing and mining, in vulnerable marine ecosystems, with a
particular focus on deep-sea ecosystems like hydrothermal vents and seamounts (Abecasis et al.,

2015; Blue Azores, 2023). The distribution and threats of highly mobile species, such as marine
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megafauna species, were not taken into account on the designation of these new MPAs (Blue
Azores, 2023). Within these MPAs, aquaculture, sinking, subsea energy systems and
infrastructure, prospecting and extraction of mineral and fossil resources, geological carbon
storage, dumping and transport of hazardous materials are formally prohibited. In addition, for
fully protected areas, no extraction activities may take place, including fishing and mining (Blue
Azores, 2023; Figure 6). For highly protected MPAs, certain fishing activities are permitted,
except for bottom-set and drifting longlines targeting black scabbard-fish, bottom trawling,
fishing traps, purse seine and lift-net fishing. In total, there are nine fully protected MPAs and 14
highly protected distributed within the Azores EEZ. Their size ranges from approximately 99
km?2 for the smallest to 157 987 km2 for the largest, the latter being characterized as a Large-
Scale Marine Protected Area (LSMPAs; Nikitine et al., 2018; Blue Azores, 2023).
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Figure 6: Map of the Azores marine protected area network. Full dark line : Azores EEZ,
Dashed grey line: Azores 100NM limit; Orange lines: Fully protected areas; Yellow lines:
Highly protected areas.



1.5. Objectives

In this study, the main objective was to investigate the spatio-temporal distribution of
low- and mid-trophic level biomass in the Azores, using outputs from the ecological model
SEPODYM-LMTL. The long-term biomass of net primary production (NPP), zooplankton and
micronekton was analyzed from 1998 to 2023, along with their spatial distribution and overall
biological production. Based on these data, three categories of ecosystem conditions were
defined based on their long-term productivity. In addition, the productivity was also evaluated
throughout the newly MPA network, taking into account the different levels of protection. Since
the new network of Fully and Highly protected areas has not been established yet, it was not
currently possible to evaluate their ecological impact. The objective of this study is therefore to
assess whether MPAs are located in areas of high productivity, which could represent an
attractive environment for marine megafauna. Analyses were conducted on both MPAs (fully
and highly protected) and unprotected areas, considering either the entire EEZ or only the
100NM zone, depending on the scope of the study. Finally, the importance of the productivity
zones for cetaceans was assessed using the long-term dataset (2001-2015) of sightings collected

by the Azorean Fisheries Observer Program (POPA).
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2. MATERIAL AND METHODS

2.1. Study area

This study focused on the Exclusive Economic Zone (EEZ) of the Azores located
between 33° and 44°N and 36° and 20°W and covering about 1 million km? (Amorim et al.,

2009; Morton & Frias Martins, 2019).

2.2. SEAPODYM data
2.2.1. Biomass data

In this thesis, daily SEAPODYM data was analyzed covering the period from January to
December from 1998 to 2023, with a grid resolution of 1/12 degrees. SEAPODYM data were
obtained from Copernicus Marine Environment Monitoring Services portal (CMEMS,
GLOBAL MULTIYEAR BGC 001 033 product). Each daily file contained nine variables
distributed across three vertical dimensions (Figure 3). These variables were: the euphotic zone
depth, net primary productivity, meso-zooplankton, and six variables for micronekton
(epipelagic, upper mesopelagic, lower mesopelagic, migrant lower mesopelagic and highly
migrant lower mesopelagic). NPP and associated euphotic depth (Zeu) were derived from
satellite ocean color data using the Vertically Generalized Production Model (VGPM) developed
by Behrenfeld and Falkowski (1997).

2.2.2. Epipelagic layer data

To characterize micronekton biomass of the epipelagic layer, the daily biomass of the
micronekton groups undergoing diel vertical migration into this layer at night were summed,
therefore, only five variables were kept for this study (Table 1; Figure 7). The three groups of
micronekton aggregated on the epipelagic layer were: the epipelagic micronekton (mnkc epi),
that is resident in the epipelagic layer, the migrant upper-mesopelagic micronekton
(mnkc_mumeso) and the highly migrant mesopelagic micronekton (mnkc hmlmeso), which
both migrate from the upper and lower mesopelagic layer to the epipelagic layer, respectively.
Given that no additional micronekton data will be considered in this study, the term “epipelagic
micronekton” will be used by default to refer to micronekton occurring within the epipelagic

layer.
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Table 1: List of selected variables extracted from SEAPODYM-LMTL used for this study.
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Sea surface epipelagic layer  mesopelagic group mesopelagic Group
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Figure 7: Biomass present in the epipelagic layer during the night in SEAPODYM-LMTL
model. The primary productivity is represented in green, the meso-zooplankton is in red and
the micronekton is represented by the fishes. The diel vertical migration is represented by the
black arrows. Adapted from Virgili et al. (2021).
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2.2.3. Data processing

The daily NetCDF files of the variables (NPP, Zooc, Mnkc epi, Mnkc_mumeso, and
Mnkc hmlmeso) were downloaded from CMEMS and stacked into RasterStack objects. Rasters

were cropped to the study area defined around the Azores region, spanning from 36°W to 20°W
and 33°N to 44°N.

2.3. Temporal analysis

The daily median and Interquartile Range (IQR), which represent respectively the
estimation of the daily biomass and variability, were calculated for each raster layer in order to

study the inter-annual variabilities and the seasonality.

2.3.1. Inter-annual variabilities and anomalies

To investigate inter-annual variability, the LOESS (Locally Estimated Scatterplot
Smoothing) method was applied to annual NPP, zooplankton and micronekton biomass. This
non-parametric method is widely used to reveal major trends in noisy datasets without making
assumptions on the correlation of the variables (Sharma et al., 2015). The smoothness of the
curve can be modulated by the span parameter. A higher span produces a smoother curve, while
a lower span follows short-term fluctuations more closely (Mabhlstein et al., 2015). The optimal
span was selected through visual comparison of several smoothing degrees (Figure A.1). By
adjusting the span, short-term variability, such as seasonal effects, was attenuated and
highlighted the underlying long-term trends. Once the span defined, the first derivative of the
LOESS curves was calculated for each variable, allowing to identify inflection points. These
inflection points represent the dates when the global biomass trend changed.

The second part of the inter-annual variability analysis was to calculate the annual
anomalies. To do so, monthly rasters were created from the daily layers. For micronekton, which
does not have a strong seasonal pattern, anomalies were computed by comparing each monthly
median to the overall median across the 26 years (Uitz et al., 2010; Racault et al., 2012; Amorim
et al., 2017). In contrast, as NPP and zooplankton exhibited a strong seasonality, anomalies were
computed using inter-annual monthly medians as references rather than the overall median
(Racault et al., 2013). This approach allowed to remove the seasonal component and to detect

whether a given month was more or less productive than its seasonal baseline.
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2.3.2. Seasonality

For monthly analyses, the data were aggregated to obtain a median value and spatial IQR
for each month of each year. The seasonality analyses were conducted in two stages. First, an
analysis of monthly biomass was performed for the three target variables. Based on the results
of this first step, the second stage consisted of an assessment of the phenology of NPP and
zooplankton, as these variables were subject to strong seasonal variability. As the assumption of
normality was not met for the three variables, even after transformations, the non-parametric
Kruskal-Wallis test was applied to compare monthly biomass. Regarding the phenology of NPP
and zooplankton, the variation in biomass during the peak and the timing of the peak were
evaluated (Racault et al., 2012). To identify peak dates during NPP and zooplankton blooms, the
daily spatial median and IQR were calculated from each raster over the 26 year period
(1998-2023). A linear regression model was then used to assess temporal trends in NPP and
zooplankton peak biomass, as well as in the timing of the peaks. The linear model was centered
on the year 1998 to facilitate interpretation of the results. Finally, a LOESS smoothing curve

was applied to reveal finer inter-annual variations.

2.4. Spatial distribution
2.4.1. Climatological

In order to represent the general trend in the spatial distribution of each target variable,
the average of the daily median was calculated for each pixel over the 26 years period (Uitz et
al., 2010). In addition, the IQR was calculated for each pixel to assess temporal variability,
thereby identifying areas where the distribution was yearly stable or, conversely, subject to
fluctuations. Hovmoller diagrams were also generated to capture the temporal-latitudinal
dynamics of the variables. For each day of the year, all corresponding daily rasters across the 26
years period were averaged to obtain mean daily average biomass. This approach allowed a
clear visualization of the seasonal progression of the productivity along the latitudinal gradient
and to identify high- or low- productive areas.

For the analysis of seasonal distribution, all rasters corresponding to the same month
across the 26 years period were aggregated and the median of each pixel was calculated. This

method provided a representation of the distribution of the resources across the month (Figure

A2).
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2.4.2. Contemporaneous

Unlike a climatological approach, a contemporarneous analysis focuses on the
distribution of resources over a specific period. In this study, the results from the anomalies
study were used to identify years with exceptionally high or low productivity compared to the
long-term median. Thus, for each selected year, the median and IQR were calculated pixel by
pixel from the daily rasters. The results were then mapped to visualize the spatial dynamics of

resources during periods of extreme low or high productivity.

2.4.3. Productivity zones

a. Climatological

To identify productivity zones in the study areas, three levels of productivity were
defined based on the median and IQR (Louzao et al., 2011; Pérez-Jorge et al., 2015). All rasters
corresponding to the same month across the 26 years period were aggregated, and the median
value of each pixel was computed. For each month, the overall monthly median and IQR were
calculated. Then, the median and IQR of each pixel were compared to these overall monthly
values to classify the productivity zones.

Recurrent zones corresponded to areas of high biomass with low variability (pixel
median above the overall median and pixel IQR below the overall IQR). Occasional zones
corresponded to areas of high biomass and high variability (pixel median and IQR above the
overall monthly values). Finally, unfavourable zones were areas of low productivity (pixel
median below the overall monthly median). This methodology provided the spatial and temporal

variations in the productivity of the three target variables (NPP, zooplankton and micronekton).

b. Contemporaneous

In this section, the methodology applied was the same as section 2.4.3.a, except that the
overall median and IQR were calculated for each month of each year. This approach allowed to
define ‘real-time’ productivity zones, specific to each month of each year in the study period.
The classification of zones followed the same criteria as in the climatological study. This
methodology generated a time series of monthly maps that captured both the inter-annual and

spatial dynamics of productivity. To facilitate the interpretation, the most frequently observed
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zone in each pixel was identified, resulting from 12 monthly maps summarizing the typical

spatial distribution of productivity.

2.5. Marine Protected Areas

To assess productivity within the MPAs, daily rasters of NPP, zooplankton and
micronekton were used. For the annual and monthly assessments, the yearly and monthly
medians and IQRs, respectively, were computed for each target variable and extracted for each
type of MPA including the non protected waters.

Since two fully protected MPAs were located within a highly protected MPA, a priority
hierarchy was established: any pixel or sighting located within both, fully and highly protected
areas, was only counted in the fully protected MPA category. Consequently, each pixel was
assigned to a single category: fully protected, highly protected, or unprotected.

To identify significant differences in productivity for each type of area, the non-
parametric Kruskal-Wallis test was performed on the monthly and annual result, both in the
entire EEZ or within the 100NM limit. Finally, a productivity analysis was carried out by
extracting the productivity zones identified in the climatological and contemporaneous study,

evaluating their monthly presence in each type of area (protected and unprotected).

2.6. Cetaceans

2.6.1. Data processing

The cetacean sightings data were collected by the Azorean Fisheries Observer
Program (POPA), from May to September between 2001 and 2015 (Figure 8). This program
was established in 1998 with the objective of ensuring “dolphin safe” tuna fisheries and
products within the Azores EEZ. Trained observers were placed on the tuna fishing vessels to
monitor fishery operations and to record data on marine megafauna such as cetaceans, sea
turtles, seabirds and pelagic fishes (Silva et al., 2002; Quérouil et al., 2008; Silva et al., 2014;
Vandeperre et al., 2019). These observers were on the ship’s flying bridge (8 m above the water)
searching for marine megafauna by naked eye and using binoculars. For each sighting, the
observers recorded information regarding the time, sea state conditions, location (longitude and

latitude), species, number of individuals and behavior. In this study, only sightings with an
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Figure 8 : Distribution of cetaceans sightings collected by POPA inside the Azores EEZ with
the representation of the MPA network. Orange: Highly protected areas; Yellow: Fully
protected areas; Grey: 100NM limit.

identification score of three and a Beaufort lower than three were included in the analysis (Silva

etal., 2014).

2.6.2. Importance of productivity zones for cetaceans

For the climatological and contemporaneous studies, cetacean sightings were overlapped
on the productivity maps corresponding to (1) the month of observation for the climatological
study and (2) the month and year for the contemporaneous study. In order to ensure the
reliability of the study, only species with more than 30 sightings for each month studied were
included in the analysis and 100 monthly sightings for each functional group (Virgili et al.,

2018). The analyses were carried out both at the species level and at the functional group level:

* Baleen whales : Balaenoptera borealis, Balaenoptera musculus, Balaenoptera physalus
e Dolphins : Delphinus delphis, Stenella coeruleoalba, Tursiops truncatus, Stenella frontalis
* Deep divers : Globicephala macrorhynchus, Grampus griseus, Mesoplodon sp, Physeter

macrocephalus, Ziphius cavirostris
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Due to the difficulty of identifying and observing beaked whales of the genus
Mesoplodon, almost all observations (344 out of 391) were limited to the genus rather than the

species. This is why Mesoplodon sp was the only genus appearing in this study.
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3. RESULTS

3.1. Temporal Analysis

3.1.1. Inter-annual variabilities

In the inter-annual variability analysis, the selected LOESS spans were 0.7 for NPP
and 0.5 for zooplankton and micronekton. Given the strong amplitude of the seasonal variability

of NPP, a higher span was applied in order to smooth out intra-annual fluctuations (Figure 9).
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Figure 9: Biomass evolution (1998 - 2023) with LOESS trend and inflection points for NPP
(A), zooplankton (B) and epipelagic micronekton (C). Red: LOESS curve; Green: inflexion
points; Grey: Biomass.

The LOESS curves revealed two inflection points for NPP biomass, the first in August
1999 and the second in September 2008. For zooplankton and micronekton in the epipelagic
layer, three inflection points were identified: June 2000, May 2006 and February 2014 for
zooplankton, and February 2001, July 2006 and December 2015 for micronekton. The trends
observed for zooplankton were similar to those for NPP, the latter being a forcing variable that

defines zooplankton growth. For epipelagic micronekton, more pronounced trends were
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observed. There were two periods when micronekton biomass was increasing, from 1998 to
2001 and from 2007 to 2016. Then, during 2001 to 2006 and 2016 to 2023, biomass decreased.
The year 2006 was the year with the lowest micronekton biomass, while 2002 was the year with
the highest biomass.

A similar pattern was observed on the temporal anomalies for the three variables
(Figure 10). Positive anomalies were detected from 1999 to 2002 and 2014 to 2017, this last
one being stronger for micronekton biomass. On the other hand, the period covering 2005 to

2011 was characterized by negative anomalies reflecting a low biomass productivity.
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Figure 10 : Temporal variability in biomass anomalies across the three marine trophic levels
(1998-2023). Green: positive anomalies; Red: negative anomalies.

3.1.2. Seasonal pattern
Seasonal analyses revealed significant differences in monthly biomass for each
variable (Kruskal-Wallis test, p < 2.2e—16). Those tests showed marked seasonal patterns in
NPP and zooplankton, and weaker patterns in micronekton (Figure 11). NPP reached its
maximum biomass in April and May, and its minimum biomass in August and September.

Zooplankton followed the same pattern but with a one-month delay, with its highest biomass in
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May and lowest in September. A marked inter-monthly variability was found for NPP biomass,
with few statistically similar months (March-April and January-May), suggesting a single and
intense peak of productivity in the spring. In contrast, zooplankton showed more extensive
groups of similar months (March—-May and August—October), reflecting a smoother seasonal
dynamic, with a more prolonged peak in biomass and a more spread-out trough. For
micronekton, the biomass remained stable from January to April, then gradually increased until
it reached its maximum in August and September. However, the seasonal amplitude of biomass
was lower for micronekton, whose minimum and maximum values remained close (Figure 11).
In contrast, the biomass of NPP and zooplankton doubles or even triples between the least
productive (239.11 mgC.m=2.d-! for NPP and 0.41 gC.m-2 for zooplankton) and most productive
months (470.43 mgC.m2.d-1 for NPP and 1.19 gC.m2 for zooplankton).
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3.1.3. Peak trend

Along the period 1998-2023, the peaks of NPP biomass ranged from 543.11
mgC.m=2.d1to 1066.83 mgC.m=2.d-1, with a median of 649.08 + 137.51 mgC.m=2.d-! and a mean
of 699.80 + 137.51 mgC.m=2.d-1. For zooplankton biomass, the peaks varied from 1.089 gC.m-2
to 2.30 gC.m=2, with a median of 1.33 + 0.34 gC.m2 and a mean of 1.42 = 0.29 gC.m*2. The
linear model applied on the NPP peak data showed a slight decreasing trend of -5.3 mgC.m2.d-!
per year, but this was not statistically significant (p = 0.141). Similarly, the zooplankton biomass
also showed non-significant (p = 0.128) decreasing trend of - 0.012 gC.m per year.

For the NPP, the peak occurred on average around the 86th & 20th day of the year, with a
median of 84 + 18th day of the year, which represents the 24th and 26th March respectively. The
earliest peak was on 26 February (day 57) and the latest on 9 May (day 130). For zooplankton,
the average peak was around the 16th of April (day 106 = 16) with a median on the 20th of April
(111 £ 26). The earliest peak occurred on the 12th of March (day 72) and the latest peak on the
15th of May (day 136). The linear models revealed no significant trend in the phenology of the
phytoplankton and zooplankton over the 26 years. The results show that for the NPP there was a
non-significant peak advance of 0.09 days/year and 0.15 days/year for zooplankton (p = 0.862
and 0.727 respectively).

3.1.4. Synchronicity of the peaks

The average difference between the peak NPP biomass and the peak zooplankton
biomass was 20.3 £ 18.8 days (mean + standard deviation) over the period 1998-2023. The
minimum difference observed between the two peaks was 2 days on 29-30 March 2019. The
maximum difference observed was 61 days in 2020, with the bloom occurring on 26 February
for NPP and 27 April for zooplankton (Figure A.2). The linear regression analysis revealed no
significant temporal trend in the lag time between the two peaks over the past 26 years (p =

0.907).

25



3.2. Spatial distribution
3.2.1. Climatology

a. Annual patterns

For NPP, a marked seasonal pattern was observed, with a productivity peak that began
around day 80 (late March) and ended shortly before day 180 (late June), located at latitudes
between 38°N and 44°N (Figure 12). Once spring was over, productivity became low
throughout the study area, with a decreasing gradient from north (44°N) to south (33°N) of the
study area. Zooplankton showed the same seasonal pattern as NPP with a slight time lag,
ranging from day 110 (mid-April) to around 200 (mid-July). The spatial distribution was also
similar to that of NPP, with a peak located slightly higher in latitude than for NPP, and the same
decreasing productivity gradient observable at the same latitudes but later in the year. The
spatiotemporal distribution of micronekton did not show any clear seasonal pattern. A slight
increase in micronekton biomass was observed around days 250-300 (September-October)
between 42 and 44°N. Throughout the year, a marked productivity gradient was observed, with
low-productivity areas between 33 and 36°N and medium-productivity areas between 36 and

40°N.

b. Seasonal patterns

During periods of high NPP productivity (March), highest concentrations were found
near the central and oriental island groups (Figure 13). However, during periods of low
productivity (October), highest concentrations were found between 42°N and 44°N. For the
zooplankton, during the bloom (April, Figure 13), the productivity was spread toward the north,
with a latitudinal effect from 35°N to 44°N, with some hotspot around the central groups and the
north-west part of the area (44°N-20°W). During this month (April), the latitudes below 36°N
remained poorly productive. In September, the lowest productive month, the highest biomass
was found in the north-west part of the area (above 42°N-25°W). Concerning micronekton, no
seasonal pattern was identified in previous analyses. The distribution of micronekton biomass
was fairly uniform across the entire study area. The area below 36°N was generally poorly
productive, and the highest concentrations of micronekton was found in the north-western part

of the area (Figure 13).
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Figure 12: Annual latitudinal distribution of epipelagic resource biomass (1998-2023).
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Figure 13: Distribution of the NPP, zooplankton and micronekton biomass during their most
productive month (A), (B) and (C) and during their less productive month (D), (E) and (F)
over the studied area. Black line: Azores EEZ.
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3.2.2. Contemporaneous

For NPP, in highly productive years, biomass was mainly concentrated around the
islands, extending northward up to 44°N, while remaining very low south of 35°N. In contrast,
during low-productivity years, maximum biomass occurred in the northwestern quadrant of the
study area (above 40°N and 23°W), whereas the vicinity of the islands showed minimal
productivity. Furthermore, low-productivity years were characterized by lower spatial
variability, resulting in lower but more stable productivity (Figure 14). Zooplankton exhibited a
broadly similar distribution pattern, with higher biomass around the islands during years
exceeding the long-term median. Variability decreased during less productive years, but the
northern part of the study area, beyond 40°N, consistently remained a highly productive area
subject to strong variabilities (Figure 15). Finally, the spatial distribution of micronekton
remained relatively stable regardless of interannual productivity. Biomass remained scattered
throughout the study area, with persistently low values south of 36°N, as previously described

(Figure 16).
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Figure 14: Biomass distribution of NPP during strong anomalies in term of productivity. Black
line: Azores EEZ.
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Figure 15: Biomass distribution of zooplankton during strong anomalies in term of productivity.
Black line: Azores EEZ.
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3.2.3. Productivity zones

Climatological and contemporaneous, gave broadly similar productivity maps, with
larger extent of productivity in the climatological study (Figure 17).

Overall, productivity was mainly concentrated in the northern part of the study area,
above 36°N. However, the analyses also revealed a southern area (33-37°N) that was more
productive and stable than the monthly average for NPP between December and March. During
this winter period, the northern part, beyond 39°N, remained unfavourable. April and May
corresponded to a phase of high productivity with marked variability. After these months, zones
of high and stable productivity NPP biomass were located around the islands from June to
September. For zooplankton, the spatial distribution of productivity zones was less variable than
for NPP. From January to March, productive areas were mostly located in the north-western
quadrant and were subject to high variability. From April onwards, two distinct zones emerged,
an occasional zone in the north and an unfavorable zone in the south. The northern occasional
zone expanded southward from 35°N in March to 38°N in August. In contrast to NPP, recurrent
zones for zooplankton were more scattered and less consistently concentrated around the
islands. Finally, the spatial distribution of micronekton remained relatively stable throughout the
year. An occasional zone persisted in the north-western quadrant, whereas latitudes below 37°N
remained poorly productive. The climatological analysis also revealed a persistent unfavorable
zone in the north-eastern quadrant, between 30°-32°W. A similar pattern was observed for
zooplankton, but only during December-March period. As with zooplankton, recurrent zones

were widely scattered with no clear spatial pattern.

3.3. Marine protected areas
3.3.1. MPAs in the Azores
At the EEZ level, fully and highly protected MPAs represent 18.18% and 12.78%,
respectively, of the total EEZ area. The 100 NM zone represents 39.13% off the Azores EEZ.
Within this 100 NM zone, fully and highly protected MPAs represent 11.27% and 12.78%,

respectively.
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Figure 17: Productivity zones of the three target variables in the study area for climatological
(left) and contemporaneous (right) studies (1998-2023). Black line: Azores EEZ.
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3.3.2. NPP, zooplankton and micronekton in the MPA

For the entire EEZ, when considering all month together, the Kruskal-Wallis test
revealed a significant difference in NPP biomass among the three levels of protection (fully,
highly and non protected; p-value = 1.322e-05), except in March (Figure 18). For monthly
comparative analysis, all the zones showed significant differences along the year, with fully
protected areas being significantly more productive from April to November. Highly protected
areas were less productive than non-protected areas from March to October. For zooplankton,
Kruskal-Wallis test also showed a significant difference between the biomass in function of each
zone (p-value < 2.2e-16), the same trend was found as for NPP. Finally, for micronekton,
monthly analysis revealed significant differences in biomass among zones (p-value < 2.2e-16).
The fully protected areas were significantly more productive along the year, followed by the non
protected areas which were statistically more productive than highly protected areas.

In the 100NM zone, the differences between the biomass of fully protected areas and
highly-unprotected areas were less pronounced due to an increase in the biomass present inside
the highly and non protected areas. For the NPP, the Kruskal-Wallis test did not reveal a
significant difference in biomass among zones (p-value = 0.079). However, when monthly
comparative analysis were performed, significant differences were found for all months except
March (p-value = 0.282) and November (p-value = 0.528). From April to October, the fully
protected areas were statistically more productive than the two other areas. During all the year,
the non protected areas were statistically more productive than the highly protected areas except
in August (p-value = 3.80e-3). For zooplankton, the Kruskal-Wallis test revealed significant
differences between the biomass in function of each zone (p-value = 2.299e-06). Monthly
comparative analysis showed significant differences concerning the biomass of each zone for all
the month except for March (p-value = 0.384). From February to April, and November to
December, the biomass of the three zones were not significantly different. In between, the fully
protected area remained the most productive, followed by non protected and highly protected
areas, the last one being the least productive. For micronekton, the Kruskal-Wallis test revealed
significant differences concerning the biomass of the zones (p = 2.2e-16). The monthly
comparative analysis exhibited significant differences from August to March. Fully protected
areas remained systematically more productive than highly and non-protected areas during this

time period. From August to March, highly protected areas and non protected areas did not
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exhibit significant differences in terms of biomass. Finally, from March to July, the productivity

was similar for the three zones.

3.3.3. Productivity zones in the MPA

The productivity patterns between MPA within the EEZ and the 100NM were highly
similar for the climatological and the contemporaneous studies (the 100NM figure was shown
on the main text, while the EEZ figure was available in Figure A.3 and Table A.1). The
climatological study revealed a higher proportion of occasional zones for NPP and zooplankton
in fully protected areas from April to November (81.24% and 79.86% respectively; Figure 19;
Table A.2). Highly protected areas, in contrast, were mostly characterized by unfavorables
zones between May and October for these variables (61.37% for NPP and 79.59% for
zooplankton), following the same productivity pattern as the 100NM limit. However, from
December to March, fully protected areas had more unfavorable zones (60.75% for NPP and
22.45% for zooplankton) than highly protected areas (6.42% for NPP and 9.51% for
zooplankton) and 100NM limit (16.29% for NPP and 18.87% for zooplankton). Regarding the
micronekton, fully protected areas were the most productive from August to February (from
49.80% to 76.49% of occasional zones). Highly protected areas and 100NM limit displayed a
similar productivity pattern from August to March. Between April and July, highly protected
areas had a higher proportion of recurrent (37.85%) and occasional (44.65%) zones than 100NM
limit (17.58% of recurrent and 54.72% of occasional zones).

In the contemporaneous study, highly protected areas within the 100NM exhibited a
similar pattern of productivity for the three variables over the months. The highly protected
areas showed a strong different pattern for NPP and zooplankton. Indeed, from December to
March, productivity was lower in these areas, with 59.94% of unfavorable zones in fully
protected areas, 24.33% in the 100NM limit and 17.73% in highly protected areas. On the other
hand, from April to November, fully protected areas were the most productive with 30.88% of
recurrent, 50.23% of occasional and 19.03% of unfavorable zones. During the same period,
highly protected areas exhibited respectively 21.47%, 20.36% and 58.17% of recurrent,
occasional and unfavorable zones; while the 100NM limit had 24.72% of recurrent, 31.99% of
occasional and 52.14% of unfavorable zones (Figure 19). Concerning zooplankton, the same

pattern of productivity was observed with highly protected areas and the 100NM limit, both
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Figure 19 : Proportion of each productivity zone inside the 100NM limits and its MPAs, per
month for the climatology and contemporaneous study.
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being more productive than fully protected areas from January to March. After this period, fully
protected areas became the most productives with only 26.64% of unfavorable zones (73.93%
for highly protected areas and 62.47% for the 100NM limit). For micronekton, the 100NM limit
as well as the fully and highly protected areas exhibited the same productivity pattern with a
slight increase of occasional zones for fully protected areas from August to December.

Finally, as mentioned previously, MPAs located within either the 100NM or the EEZ
exhibited similar productivity patterns. However, within the EEZ, the productivity gap between
fully protected areas and the two others (highly and unprotected areas) was more pronounced.
Indeed, highly protected and unprotected areas showed lower productivity in the EEZ than in the

100NM zone for both climatological and contemporaneous study.

3.4. Cetacean
3.4.1. Cetaceans functional groups and resources productivity

From 2001-2015, a total of 13 777 sightings were recorded by POPA and 13 638 were
retained for analysis after data processing. Concerning the survey effort, 33 221 centroids were
located within the EEZ and included in this study. The study of the distribution of cetaceans
functional groups across different productivity zones revealed contrasting patterns during
climatological and contemporaneous study, for both, functional groups and resource types
(Figure 20; Table A.3). For climatological study, concerning the NPP, the survey effort
exhibited higher proportions of recurrent zones (39.41%) than the 100NM limit (18.52%) from
May to September and higher proportion of occasional zones for August and September
(41.16% for survey effort and 23.61% for the 100NM limit). Concerning the proportion of NPP
productivity zones for dolphins and deep divers functional groups, the patterns were similar to
the one of the survey efforts. On the other hand, the baleen whale functional group exhibited a
higher proportion of occasional zones (38.84%) compared to both survey effort (22.5%) and the
100NM limit (30.35%). Concerning the zooplankton and micronekton, survey effort and the
100NM limit showed a similar pattern of productivity over the months. The functional groups
also exhibited the same pattern as the 100NM limit and the survey effort productivity except for
whales in July. Indeed, this functional group had higher proportion of occasional zones for
zooplankton (33.33%) and micronekton (81.98%) compared to the survey effort (19.52% for
zooplankton, 63.26% for micronekton) and the 100NM limit (22.84% for zooplankton, 54.61%

for micronekton).
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Figure 20: Proportion of each productivity zone for each variable within the 100 NM area, the
vessel effort, and the three functional groups: baleen whales, dolphins, and deep divers. A:
Climatological barplot; B: Contemporaneous barplot.
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In the contemporaneous study, the survey effort and the 100NM zones exhibited the
same patterns as for climatological study. Indeed, for NPP in August and September, the survey
effort showed a higher proportion of occasional zones (average of 55.52%) compared to the
100NM limit (average of 29.18%). From May to September for zooplankton and micronekton,
survey efforts exhibited the same pattern of productivity as the 100NM limit. Concerning the
functional groups, dolphins and deep divers showed the same productivity patterns as the survey
effort from May to September for NPP, while the baleen whales exhibited a higher proportion of
occasional zones in July (%) compared to the survey effort (%). For zooplankton and
micronekton, the three functional groups showed similar productivity patterns as the 100NM
limit and the survey effort with a slight increase of occasional zones for baleen whales in June
and July.

3.4.2. Cetaceans sightings and survey effort within the MPAs

The cetaceans’ sightings and survey effort were unevenly distributed across the EEZ.
Indeed, 98.38% of cetacean sightings and 98.04% of vessel effort occur within the 100 NM
zone, hence the inclusion of the 100 NM zone as a separate area in the MPA productivity
analysis. Only 0.87% of sightings occur in the fully protected areas in the EEZ and 2.61% in the
100 NM zone. The highly protected areas contain 0.39% of the sightings in the EEZ and 3.39%
in the 100NM zone. The pattern was the same for the survey effort, 92% were outside of the
MPA in the EEZ (3.37% in fully protected and 4.63% in highly protected) and 92.25% outside
of the MPAs in the 100NM (3.44% in fully protected and 4.31% in highly protected).
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4. DISCUSSION

The lack of prey data is a common limitation in ecological studies, especially those
investigating the distribution of marine megafauna. In this context, the aim of this study was
therefore to improve the understanding of low- and mid-trophic level resources distribution
across the Azores EEZ, using the ecological model SEAPODYM-LMTL. Consistent with
previous studies, no global trend was detected concerning the biomass and the phenology.
Instead, the spatial distribution of the resources exhibited a strong latitudinal gradient, with a
productive area north of 37°N and a less productive area south of this latitude. Building on this
general overview, productivity was examined within the future MPAs, finding a higher
productivity in the fully protected areas located inside the 100NM. Finally, by combining these
results with a complementary analysis of the relationship between productivity zones and
cetacean occurrence, this study provides a first assessment of the importance of these future

MPAs for cetaceans.

4.1. Inter-annual variabilities

The long-term analyses revealed no significant trends in the productivity and phenology
of the resources. Long-term NPP and zooplankton biomass remained relatively stable
throughout the 26 years (198-2023) compared to micronekton that exhibited strong fluctuations.
Indeed, it was observed years during which micronekton biomass was increasing (1998-2001
and 2006-2016) and years with decreasing trend in terms of biomass (2001-2006 and
2016-2023). These increasing and decreasing trends could have been masked by the strong
seasonal variations for NPP and zooplankton. Moreover, as NPP is a forcing variable to predict
zooplankton biomass, the absence of long-term trend in zooplankton biomass might be induced
by this parameter. Concerning the phenology, NPP raised its maximum around the end of March
(£ 649.08 mgC.m=2.d") and zooplankton in mid-April (£ 1.42 gC.m-2), similar to previous
studies carried out in the region (Carmo et al., 2013; Macedo et al., 2000; Viegas, 2022). The
synchronicity of NPP and zooplankton bloom did not reveal significant long-term changes,
either for their biomass or phenology. NPP and zooplankton exhibited a gap lag of 20.3 + 18.8
days between NPP and zooplankton bloom. This result was slightly lower than that reported by

Viegas (2022), which found one month gap lag, but remained within the same time range.
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However, Viegas (2022) conducted their study only for 2018, which was characterized by strong
negative productivity anomalies for both, NPP and zooplankton.

Pronounced interannual anomalies were found for the three variables. Negative
anomalies were found from 2003 to 2009, consistent with Racault et al (2012), who reported a
reduction in the duration of the phytoplankton growth period in the North Atlantic Ocean
between 2003 and 2007. These anomalies were associated with strong positive Sea Surface
Temperature (SST) anomalies between 2004 and 2009, which led to a decrease of phytoplankton
biomass and NPP, as described by Amorim et al., (2017). Additionally, the positive anomalies
from 2009 to 2011 observed in this study matched with the negative SST anomalies found in
Amorim et al., (2017) in the same period. This master thesis, confirmed the interannual patter
reported in previous work, while extending the analysis to a longer period and providing
complementary insights into NPP and zooplankton temporal productivity.

The spatial distribution of productivity revealed a consistent latitudinal gradient, in both
the climatological and contemporaneous analyses, particularly from April to December. This
gradient delineated a productive zone north of 37°N and a less productive zone south of this
latitude, as previously observed (Lafon et al., 2004; Silva et al., 2013; Amorim et al., 2017). In
addition, a previous study identified three main Chl-a transition regions that include the
Southern, central and Northern transition region (Martins et al., 2007). This spatial boundary
corresponds to the AzCC, which separates the cooler and less saline Northern waters from the
warmer and more saline Southern waters, generating enhanced productivity in the Northern part
of the region (Angel, 1989; Onken, 1993; Martins et al., 2007, Silva et al., 2013; Amorim et al.,
2017; Caldeira & Reis, 2017). The contemporaneous analyses showed less recurrent areas than
the climatological study, which was expected given their greater sensitivity to interannual
variability. This variability increased the interquartile range, leading to higher biomass being
classified as “occasional” rather than “recurrent”. A seasonal pattern was also evident with
higher NPP biomass along the coasts during summer, likely due to local upwellings, events that
increase the local productivity (Lafon et al., 2004; Silva et al., 2014; Amorim et al., 2017). A
southward expansion of the occasional areas was observed in April, October and November,
which corresponds to the spring and autumn phytoplankton blooms associated with a southward
shift of the AzCC (Uitz et al., 2010). From May to November, zooplankton followed a trend
similar to NPP, but with more dispersed recurrent zones between 38°N and 42°N, rather than

aggregated around the islands. A comparable spatial analysis of zooplankton was conducted for
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2018 only, showing a similar distribution pattern (Viegas, 2022). The productivity of
micronekton remained stable throughout the study period (1998-2023), and its spatial
distribution showed almost any monthly variation. In the absence of complementary field
studies on micronekton biomass, it remained difficult to assess the accuracy of SEAPODYM
biomass estimates for this variable in the Azores. Indeed, as SEAPODYM-LMTL micronekton
biomass is mainly driven by environmental forcing variables, it might be underestimated or
spatially biased, particularly in the Azores, where complex topography and oceanic features can

influence local productivity.

4.2. Marine protected Areas

The MPA network in the Azores was primarily designed to protect deep-sea habitats and
seamount ecosystems, with limited consideration for highly migrant megafauna (Blue Azores,
2023). The effectiveness of an MPA network depends on multiple factors, including its size,
location and number of MPAs (D1 Cintio., 2023). In the Azores, MPA size varies widely, from
99 km? to 157 987 km? but it is well known that larger MPAs are generally associated with
higher conservation success (Moffitt et al., 2011; Di Cintio., 2023). This study also assessed the
temporal variability of productivity within these MPAs to evaluate whether they could represent
important foraging areas for cetaceans. Results showed that fully protected areas generally had
higher biomass for all resources compared to other areas across the EEZ, while differences were
less pronounced within the 100NM zone. This pattern was largely driven by the only Large-
Scale Marine Protected Area in the Azores EEZ, located in the northern sector, which
consistently displayed the highest productivity for all the resource variables. In contrast, highly
protected areas tended to be less productive than non-protected areas within the 100NM zone.
Fully protected areas also displayed the highest proportion of recurrent and occasional
productivity zones for the three variables, indicating that these MPAs, may indeed, represent
attractive foraging areas for cetaceans and marine megafauna inside the EEZ and the 100NM.
Conversely, highly protected areas generally exhibited a similar or even lower proportion of
productive zones than non-protected areas, particularly for NPP and zooplankton in the
climatological study, and only for zooplankton in the contemporaneous study of the 100NM.

Overall, fully protected areas could attract cetaceans due to higher productivity, whereas highly
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protected areas did not provide any clear productivity advantage and may even be less
productive than surrounding waters, especially at the EEZ scale.

However, the usage of a MPA by marine predators does not depend only on its
productivity but also on broader environmental and anthropogenic conditions, such as boat
traffic and noise pollution. Indeed, in the Azores, the main threats for cetaceans remain ship
strikes and noise pollution (Silva et al., 2021). Because current MPAs do not restrict maritime
traffic, the risk of collision will remain high unless associated with speed reduction zones
(Vanderlaan et al., 2007). The habitat characteristics covered by the MPAs also play an
important role for their effectiveness. Here in the Azores, the MPA network overlaps a large
amount of hydrothermal vents and seamounts. It is known that seamounts and changes in
bathymetry from deep to shallow water can, depending on local conditions, induce an increase
in foraging activity in cetaceans, but this is not systematic (Romagosa et al., 2020). Thus,
although these MPAs encompass hydrothermal vents and seamounts, this overlap does not
automatically imply ecological benefits for cetaceans. Long-term monitoring will be required to
assess their ecological relevance for highly mobile species. Indeed, previous studies have shown
that around 10 years are needed to evaluate whether an MPA has achieved its conservation
goals, which represent the time needed for most fish species to show an abundance increase
(Kaplan et al., 2019).

Conducting dedicated cetaceans’ studies would enable adaptive management, including
adjustment of MPA size, location or regulations to better align with biodiversity needs (Gormley
et al., 2012). Indeed, in the last decade, the number of MPA had drastically increased but it has
been estimated that, potentially, more than 70% of those MPA had partially or completely failed
to achieve their conservation goals (Di Cintio., 2023). In fact, beyond size, location, and
number, the engagement of stakeholders from the design to the implementation and
management is critical to avoid MPAs becoming paper parks.

Finally, the design of effective MPA networks is challenging due to the high mobility of
marine megafauna across MPA boundaries (Moffitt et al., 2011). To enhance protection in the
Azores EEZ, additional regulations could be considered, such as slow down areas for maritime
traffic within MPAs (Vanderlaan et al., 2007; Schoeman et al., 2020). These types of measures
would help increase the functional protection of highly mobile megafauna and improve the long-

term ecological effectiveness of the Azorean MPA network (Sequeira et al., 2025).
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4.3. Cetaceans

Few studies have been conducted in the Azores concerning cetacean diet and their
trophic positions. Recently, Lebon et al. (2025) identified four trophic guilds structuring
cetacean communities based on trophic position. The first trophic guilds identified by Lebon et
al. (2025) included B. borealis, B. musculus and B. physalus, which feed on low trophic level
prey such as zooplankton (mainly euphausiids and copepods) and small schooling fishes. The
second trophic guild was represented by Megaptera novaeangliae, the only baleen whale in the
region that feeds on the mid-trophic level, mainly small schooling fish. This trophic level also
included D. delphis and S. frontalis, two generalist predators feeding on a wide range of prey,
including not only epipelagic, mesopelagic and benthic fishes but also squid and invertebrates.
The third trophic guild comprised S. coeruleoalba, T. truncatus, G. macrorhynchus, Mesoplodon
bidens and the sperm whale (P. macrocephalus). They feed on a high trophic level, targeting
mostly mesopelagic fish (M. bidens and S. coeruleoalba), and cephalopods (S. coeruleoalba, G.
macrorhynchus, P. macrocephalus). T. truncatus, however, is known to be more opportunistic,
targeting both pelagic and benthic prey. The last trophic guild was composed only by Pseudorca
crassidens that feed on higher trophic levels, including squid, fish and smaller delphinids.
However, the species included in the functional groups of this master thesis were not all present
in Lebon et al. (2025). The three baleen whale species forming the first trophic guild were used
to create the baleen whale functional group. The dolphins and deep divers’ groups could not be
based solely on Lebon et al. (2025) results, as the present thesis did not include M.
novaeangliae, M. bidens, or P. crassidens. Hence, it was decided to represent Odontoceti species
in two separate functional groups, dolphins and deep divers, based on their main prey:
mesopelagic fish or cephalopods. This approach also helped reduce potential biases induced by
SEAPODYM, which does not adequately represent deep-sea cephalopods, as it exclude species
larger than 20cm. The dolphin functional group included D. delphis, S. coeruleoalba, T.
truncatus and S. frontalis, which target mainly mesopelagic fish. These species share similar
diets, with some species-specific preferences. D. delphis has a more varied diet and exhibits
more opportunistic feeding behavior than the others. Overall, they primarily target epipelagic
and mesopelagic fish, and to a lesser extent, deeper mesopelagic prey such as cephalopods
(Doksater et al, 2008; Syme et al., 2021; Lebon et al., 2025). For the deep diver group, the two

species of the Globicephalinae subfamily (G. Macrorhynchus and G. griseus), the sperm whale
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(P macrocephalus) and the beaked whales (genus Mesoplodon and Z. cavirostris) were
included. All these species are teutophageous deep divers, mainly feeding on deep-sea
cephalopods (Fernandez et al., 2009; Zahn et al., 2022; Lebon et al., 2025).

Climatological and contemporaneous studies revealed that the proportion of each
productivity zone was similar between the baleen whale functional group and the survey effort,
with a stronger pattern in July for the NPP variable. In July, the baleen whale functional group
included only B. physalus, as other species had already started their migrations. Baleen whale
migration is known to be based on phytoplankton phenology and biomass, which are therefore
good indicators of their distribution (Visser et al., 2011; Abrahms et al., 2019; Romagosa et al.,
2021). For zooplankton and micronekton, the proportion of each productivity zone was similar
among functional groups, survey effort, and the 100NM limit, in both climatological and
contemporaneous studies. A higher proportion of occasional zones were also observed for baleen
whales for both zooplankton and micronekton, particularly in July. These results suggest that
baleen whales seem to be more often encountered in productive waters, where NPP, zooplankton
and micronekton biomass are high. This aligned with previous studies showing that baleen
whale timing in the Azores waters is highly correlated with the onset of the spring bloom rather
than the calendar date (Pérez-Jorge et al., 2020). Indeed, the spring bloom ensures productive
water, with zooplankton peak occurring some weeks after phytoplankton peak biomass (Lambert
et al., 2014). Such predictors are assumed to be good indicators of the distribution of lower
trophic levels and subsequently of the entire food web. In the Azores, baleen whales primarily
feed on Northern krill (Meganyctiphanes norvegica) with a size preference for some baleen
whale species (Fiedler et al., 1998). The development and spawning of M. norvegica are
dependent on phytoplankton bloom, providing favorable feeding conditions for larvae and
juveniles (Visser et al., 2011). Additionally, baleen whale distribution is strongly influenced by
mesoscale fronts and eddies, which aggregate zooplankton and micronekton (Cotté et al., 2011;
Roberts et al., 2016; Pérez-Jorge et al., 2020). However, these oceanographic dynamics were
poorly represented in SEAPODYM (discussed in detail in section 4.4.1), which may affect the
quality of the results. As shown in Figure 17, waters around the islands in June and July had the
highest productivity for NPP and zooplankton. Hence, the results obtained for baleen whales
productivity zones within the 100NM cannot be extrapolated for the entire EEZ. Furthermore,
the use of SEAPODYM to study the distribution of baleen whales in the different productivity

zones was limited by the monitoring period. Baleen whale species are mainly present from
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March to June, but the cetacean sightings from the Fisheries observers only covered May and
June (Visser et al., 2011; Gonzalez Garcia et al., 2014). Extending the monitoring to cover their
entire residence period would likely provide more robust results regarding the link between their
distribution and water productivity.

Concerning dolphins and deep divers, productivity analysis did not reveal any clear
pattern in either climatological or contemporaneous analyses. This absence of pattern may be
due to a limited representation of dolphins and deep divers’ diets, especially in the epipelagic
layer. Indeed, SEAPODYM-LMTL represents micronekton as broad functional groups, without
species-level resolution. Thus, this functional group definition may not adequately represent
Odontoceti diet, especially for teutophageous species. Deep divers also forage on preys bigger
than 20cm, which were not modelled in SEAPODYM-LMTL (Lambert et al., 2014).
Aggregating the three functional groups to represent total epipelagic layer biomass may have
reduced the precision needed to assess fine-scale trophic relationships. Analyzing each
micronekton functional group separately could provide a more accurate assessment of cetacean
foraging ecology.

Finally, other parameters can also influence cetaceans distribution. Indeed, it is now well
known that SST, depth, slope and distance to the coast are usually the most important covariates
while computing GAM model to study cetacean distribution (Doksater et al., 2008; Pérez-Jorge
et al., 2017; da Silva et al., 2025). It is therefore likely that using prey alone is insufficient to
explain the link between cetaceans’ presence and surrounding productivity. Cetaceans require a
combination of environmental factors to be present in a given area. For instance, productivity

alone may not fully explain their occurrence if other conditions are not met.

4.4. Limitations
4.4.1. SEAPODYM
SEAPODYM-LMTL was initially developed to model tuna population dynamics in the
Pacific Ocean. Consequently, its validation in the North Atlantic Ocean relies on limited in-situ
sampling data, which may lead to local over- or underestimation of biomass (Lehodey & Senina,
2009). Furthermore, previous studies have shown that SEAPODYM tends to overestimate

biomass in the Pacific Ocean, where it was originally calibrated (Lehodey & Senina, 2009).
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In low-topography environments, such as coastal areas or seamounts, the model
performs poorly. Indeed, when bathymetry is lower than 1000 meters, the biomass normally
present in the lower mesopelagic layer is redistributed across the two upper layers, leading to
artificially high and highly variable biomass estimates (Titaud et al., 2024). This bias was
observed in the productivity mapping, where occasional zones with high variabilities appeared
around the islands, whereas surrounding areas were exclusively recurrent zones. To limit this
effect, a one pixel crop was applied around the islands, representing 0.05% of the total area (155
pixels cropped for a total of 271 336 pixels in the EEZ).

Additionally, SEAPODYM-LMTL does not account for the influence of eddies or
topographic features on micronekton aggregation, even though seamounts were known to
enhance local biomass leading sometimes to foraging hotspots (Romagosa et al., 2020). Indeed,
Cascao et al.,, (2017) showed that these geological structures induce an aggregation of
micronekton above their summit, regardless of the season and time of day. Moreover, they found
that seamounts have a significant impact on the vertical migration of micronekton and highlight
the existence of a resident micronekton community associated with seamounts.

Finally, this model does not incorporate the impacts of anthropogenic pressures on
micronekton biomass, such as climate change and the effect of intensive fisheries on predator
populations, which could indirectly cause variations in micronekton biomass. Moreover,
because micronekton is represented only by functional groups, the model cannot capture
climate-driven changes in species composition. However, it has been demonstrated that climate
change not only affects micronekton biomass but also its community composition, favoring the
development of some organisms or species in detriment of others (Brodeur et al., 2019). By
ignoring these compositional shifts, the model may poorly represent cetaceans’ prey. Therefore,
complementary field studies in the Azores are essential to validate and refine the model’s

performance for this archipelago.

4.4.2. Cetaceans

For this study, cetacean sighting data were obtained from the Azores Fisheries Observers
Program (POPA). These surveys were primarily designed for fisheries monitoring rather than for
dedicated cetacean surveys, resulting in an uneven and non-random spatial coverage. Moreover,

although POPA observers receive standardized and intensive training, individual variability in
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detection skills may still introduce bias. In addition, POPA surveys are conducted only from
May to September, which limits the temporal coverage and the range of species observed, as
some species are occasional or seasonal visitors. Collecting complementary data outside POPA
program would help fill temporal gaps and improve the representativeness of cetacean
observations in the Azores.

Regarding the data selection, a minimum threshold of 30 sightings per species and per
month was chosen for species-level analyses, following Virgili et al (2018), who determined the
minimum sample size required to develop distribution models for rare species. Species
distribution models, such as Generalized Additive Models (GAM) are particularly sensitive
sample sizes. Although such models were not implemented in this thesis, this threshold was
retained as a reference in absence of other specific recommendations in the literature. For
functional group analysis, a more lenient threshold of 100 sightings per group and per month
was adopted. This threshold allowed a certain reliability in the analyses while keeping the
baleen whales in July and deep divers in September (113 and 119 observations, respectively).

Grouping cetaceans into functional groups was challenging due to the broad dietary
range of some species. The classification was limited to three functional groups to increase
sample sizes, thereby improving the robustness of the analyses, although at the cost of
introducing potential dietary mismatches. Indeed, for baleen whales, as the POPA survey period
does not fully cover the seasonal occurrence of all baleen whales, such as B. musculus and B.
borealis, these species were merged them into the same group as B. physalus despite their
partially different feeding habits (Lebon et al., 2025). These methodological constraints and

potential biases were carefully considered when interpreting the results.
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5. CONCLUSION AND PERSPECTIVES

This study provided the first long-term Assessment of the spatio-temporal distribution of
low- and mid-trophic level resources in the Azores, using SEAPODYM-LMTL. The results, in
line with previous studies (Martins et al., 2007; Amorim et al., 2017), showed a strong
latitudinal gradient, with higher productivity north of 35°N-37°N and around the islands, while
no global trend was detected for the biomass and the phenology of NPP and zooplankton. Fully
protected areas were found to overlap with more productive waters, particularly from April to
November, suggesting that their location could enhance the protection of habitat with ecological
importance. In contrast, highly protected areas did not exhibit higher productivity compared to
unprotected zones. Baleen whales were sighted more often in zones of high prductivity
(recurrent and occasional), whereas no clear patterns emerged for dolphins and deep divers,
reflecting the complexity of prey-predator interactions. These findings were Limited by the data
availablity and the constrains of the SEAPODYM-LMTL model. Future research should
therefore focus on long-term monitoring of both, prey and top predators, ideally combining
model outputs and Field observations to validate and improve the predictions in the Azores.
Incorporating additional Environmental predictors, such as Oceanographic fronts, seamounts
productivity or prey aggregation process, would also help to better understand the resource
distribution. In term of MPA managment, continued monitoring will be required to asses
whether the spatial protection of productive habitats translates into conservation benefits for

cetaceans and other highly migrants species.
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