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Resumo

Pensa-se que as alteragdes climaticas aumentam a expansdo vertical e horizontal das
zonas de oxigénio minimo, quer comprimindo o habitat vertical dos peixes pelagicos,
quer provocando uma mudanga na sua distribui¢do. Contudo, ndo ¢ claro como estes
afectam o seu comportamento forrageiro e as interac¢des presas-predadores. Este estudo
fornece informacao de alta qualidade sobre 0 movimento, comportamento e preferéncias
de habitat de tubardes azuis (Prionace glauca) e tubardes-anequim (Isurus oxyrinchus)
para zonas de oxigénio minimo, utilizando etiquetas de satélite (PSATs) e modelos
ambientais, bem como dados in situ no norte central e leste do Atlantico tropical. A
comparacdo entre os dados modelados de oxigénio e os dados in situ ndo mostrou
diferenca significativa (p=0,07) na ETA-OMZ. Em contraste, as concentracdes de
oxigénio de ambos os conjuntos de dados no Atlantico Norte e Sul mostraram diferencas
significativas (p=0,04). A combinagdo de varios factores, que incluem o aquecimento dos
oceanos ¢ a desoxigenacao ocednica associada as alteragdes climdticas, contribuiu para a
compressdo vertical dos habitats dos tubardes azuis e mako e aumentou a sua
vulnerabilidade a pesca. Os resultados mostraram como a profundidade méaxima de
mergulho dos tubardes responde especificamente aos diferentes gradientes de oxigénio
dissolvido. A ocupagdo espago-temporal dos tubardes azuis e mako foi associada a frentes
oceanograficas, forrageadoras e interac¢des predadoras ao longo da ZEE de Cabo Verde
e do Sara Ocidental. Além disso, a ocupagdo do tubardo Mako do Sahara Ocidental foi
atribuida a uma elevada concentragdo de clorofila -a que se sobrepde a actividades de
pesca com palangre pelagico de grande porte. Dado que o estatuto global destas espécies
modelo continua a diminuir, € necessario implementar medidas de conservagdo e gestao

offshore.

Palavras-chave: Alteragdoes Climaticas, Zonas Minimas de Oxigénio, Comportamento

de Forragem, Oxigénio Dissolvido, Pesca



Abstract

Climate change is thought to increase the vertical and horizontal expansion of oxygen
minimum zones, either compressing the vertical habitat of pelagic fish or causing a shift
in their distribution. However, it is unclear how these affect their foraging behaviour and
prey-predator interactions. This study provides high-quality information on the
movement, behaviour, and habitat preferences of blue sharks (Prionace glauca) and
shortfin mako sharks (Isurus oxyrinchus) to oxygen minimum zones using satellite tags
(PSATSs) and environmental models, as well as in situ data in the central north and eastern
tropical Atlantic. The comparison between oxygen modelled and in sifu data showed no
significant difference (p=0.07) in the ETA-OMZ. In contrast, the oxygen concentrations
of both datasets in the North and South Atlantic showed significant differences (p=0.04).
The combination of various factors, which include ocean warming and ocean
deoxygenation associated with climate change, has contributed to the vertical habitat
compression of blue and mako sharks’ habitats and increased their vulnerability to
fishing. Results showed how the maximum diving depth of sharks responds specifically
to different dissolved oxygen gradients. Spatiotemporal occupancy of blue and mako
sharks was associated with oceanographic fronts, foraging and prey-predator interactions
along Cape Verde’s EEZ and Western Sahara. Additionally, the Mako shark’s occupancy
of Western Sahara has been attributed to a high concentration of chlorophyll-a that
overlaps with high pelagic longline fishery activities. As the global status of these model
species continues to decline, conservation and management measures offshore need to be

implemented.

Keywords: Climate Change, Oxygen Minimum Zones, Foraging Behavior, Dissolved
Oxygen, Fisheries



Abbreviations and Acronyms

CAN
CMEMS
EEZ
ETA
GLODAP
IUCN
JGOFS
MDD
OACES
OMZ
Perit
PSAT(s)
WOCE

Central North Atlantic

Copernicus Marine Environment Monitoring Service
Exclusive Economic Zone

Eastern Tropical Atlantic

Global Ocean Data Analysis Project

International Union for Conservation of Nature

Joint Global Ocean Flux Study

Maximum Dive Depth

Ocean-Atmosphere Carbon Exchange Study

Oxygen Minimum Zones

Critical POz describe the degree of hypoxia tolerance in fishes
Pop-up satellite archival tags

World Ocean Circulation Experiment

Vi



General Index

FINancial SUPPOTTL.......coouiiiiieiieeiieee ettt ettt be e s eeteessbeesseessaeenseeenseenns 1
DIEAICALION. ...ttt ettt ettt ettt et h b ettt e b eneen il
ACKNOWICAZEMENL ......oviiiiieiieiie ettt ettt e e et eesbeeseeesbeenseassseenseens il
RESUMO ...ttt et v
AADSETACT. ..ttt et ettt e bt e et e e s ht e e b e e e ateebeesaeeens v
AbDbreviations and ACTONYITIS .......cccuuiercureeiiieeiieeesreeesreeesteeeeaeeesreessseeesseeesseeessseeenssens vi
GeNETAl INAEX ..cueiiiiiiiie et ettt et vii
LSt OF FIGUIES. ...ttt ettt et ettt e st et e st eebee e X
LSt OF TADIES ...ttt et ettt st et st xiil
L. INEPOAUCTION ..ttt ettt e st e et e st eebeesaeeenaeeeeee 1
1.1 Background to the StUAY ........cceeviriiiiiiiieiieie e 1
1.2 Problem Statement..........ccueiieriiirieiienieeieietesteee ettt 2
1.3 ReSEAICh ODJECTIVES ...eecviiiiiieiiieiieeieecite ettt ettt ettt et e e ebaesabeenseeeene 4
1.4 Research HYPOthesis .......oooiieiieiiiiiieiecieee ettt e 5
1.5 Relevance and Importance of the Research............ccoooveviiiiiiiiiiiiieniiciecieee, 5
1.6 Structure of the WOTK ........ooiiiiiiiieieic e e 5

2. LAterature REVIEW .....coouiiiiiiiiiiieee e sttt e 7
2.1 Oxygen Minimum Zones (OMZS).....c.ueeecuireeiieeeiiieeeieeeeieeesieeesireeeseaeesrneesseeesenes 7
2.1.1 Variation in Depth of Oxygen Minimum ZOnes .........cccceceeeeneevuenrieneenuennens 9
2.1.2 Expansion of Oxygen Minimum ZONES...........ccoeevuereerernueneeneenuenieneeneeneens 9
2.1.3 Causes of Oxygen Minimum Zones EXpansion .........c..cceceevevveenerneneeneenne. 10
2.1.4 Oxygen Minimum Zones and Habitat Compression.........ccccceceeveevvereennenne. 12
2.1.5 Consequences of Oxygen Minimum EXpansion ..........c.ccceeeveerienieenieennnnne 13

Vii



2.2 Behavioral and Physiological Adaptations of Fishes to Low Oxygen................. 14

2.2.1 Responses of Oxygen Minimum Zone Species to Hypoxic Conditions ....... 14
2.2.2 Behavioural Adaptations ..........c.cecveeiieriienieeniienieeiee e eteeiee e esee e e 16
2.3 Study Preference of Blue and Shortfin Mako sharks ............cccccoecvveviiniiiniennnn. 16
2.3.1 The Blue Shark (Prionace glauca).................cccoeevevveecueeseeeceienienieenieennens 17
2.3.2 The Shortfin Mako shark (Isurus oxXyrinchus).........cccoeeeeeeeecvieneescreenieennnnns 18
2.4 PaSt StUAIES ....eeeeieiiieiie ettt et et ettt st sb et en 19
. Materials and MethodsS .........cccuiiiiiiiiiiiiicce e 24
3.1 SUAY ATCA ..ottt ettt ettt 24
3.2 Data COllECHION ......eeieiieeciie et eetee ettt et e et e e et e e e e e e s aeeesaneeesaneeenes 25
3.2.1 Shark Data ColleCtion.........cc.eecuirierieriiniieieeie st 25
3.2.2 Environmental Data...........ccoeeviiriiniiiinieieeieneeeeseeeee e 28
3.2.3 Fishing Effort Geolocation ..........c.ccccueiiieriieiienieeieeeeeee e 30
3.3 Method of Data ANaLYSIS......cccueeiierieiiiieiieeieeeie ettt ettt see e e eeae e 31
3.3.1 GLODAP and CMEMS Data Integration...........ccccceeerveerriieeniieencieeenneeennes 31
3.3.2 StatiStical ANALYSIS ..vveeeiiieiiiieiiie et 31
3.3.3 Environmental Integration of Oxygen with Shark Movement Data.............. 33
3.3.4 Mapping Shark distribution and the Environment .............ccccccceeevevirennnnnee. 34
3.3.5 Shark and Fishing Vessel Spatial overlap and effort............ccoccvvvvciveennnnnnne. 35
3.3.6 Ethical Consideration ...........coceeiueerieriiiinieeiieiie ettt 35
CRESUILS et e 37
4.1 Result One: Comparison between CMEMS and GLODAP data.......................... 37
4.1.1 CMEMS vs GLODAP Oxygen concentrations............ccceeeveerueerveenreesvennnn 37

4.2 Result Two: Identification and Characterization of Shark Foraging and Habitat

USE 1N OMZ ...ttt ettt ettt sttt e e st e 42
4.2.1 Habitat USE ....ecueeieiiiiiiieiieieeieesieee ettt sttt ettt 42
4.2.1 Foraging and Environmental fields ...........cccccveeiiiiiniiieniieeieecieeeee e, 43

viii



4.3 Result Three: Hypoxia-Based Habitat Compression and Vulnerabilities to

FISRETIES ...t 46
4.3.1 Oxygen Induced Habitat Compression and Shark behaviour........................ 46
4.3.2 Shark’s Vulnerabilities to Fisheries.........cccocoiiriiniiiiniinieiiecce 53

5. DISCUSSION. ...ttt etie ettt ettt ettt et et et e st e e bt e sabeebeesabeenbeesneeenbeesnteenseesnseenseenaseens 55
0. CONCIUSTION ...ttt ettt ettt et e st e e beesabeenbeesneeebeesaeeens 59
RETRIEICES ...ttt ettt ettt e et e e bt e saeeeneeas 61
AADPEIAIXES ..ttt ettt ettt ettt et et e et e e te e et e ehte s bt e bt e e bt e bt e enbe e bt e eateebeeenneenneas 70

FN 153 114 ) G O USROS 70



List of Figures

Figure 2. 1: Oceanic OMZs (A) CMEMS Global Modelled Integrated dissolved oxygen

Figure

concentrations from 0 m to 200 m depth in the water column. (B) Visual
interpolation of the mean in-situ acquired integrated oxygen concentration from 0
m to 200 m depth (GLODAP 2021) ....coiuiriiriieiiiienieieeeseeeeeeeee e 8
2. 2: Microbial biogeochemical processes active in OMZs and the oxygenated
ocean. Characteristic depth profile for dissolved oxygen in the eastern tropical
North Atlantic (Beman et al., 2012; Gilly et al., 2013), indicating the depths of the
euphotic zone (yellow), oxygen limited zone (OLZ; light gray), and OMZ (dark

Figure 2. 3: Dissolved oxygen and habitat changes in the eastern Atlantic. (A) Depth of

3.5 ml I"! dissolved oxygen surface area (m) on January 1, 2010. (B) Average
vertical change in 3.5 ml 1! dissolved oxygen surface area 1960-2009 (m yr':
blue indentation). C) Change in dissolved oxygen (ml 1"! year!) at depth of 3.5 ml
"' surface in 2010. D(E), summed area of sorted grid points by depth of 3.5 ml 1!
dissolved oxygen content for the in B(D) and the corresponding average habitat

loss relative to surface over the cumulative area due to the change in D(E).

(Stramma et al., 2012) ..ccvieiiiiiieiiecie e e 13
Figure 2. 4: Blue Shark (Prionace glauca) (Marylou, 20202) .........ccceeevvreevveencreeennnnn. 18
Figure 2. 5: Shortfin Mako shark (Isurus oxyrinchus) (Ines Fereira, 2020)................... 19
Figure 3. 1: Map showing the spatial extent of the study area overlaid on oxygen

concentration at 100 m depth..........ccoocvieeiiiiniiiii e 24

Figure 3. 2: North Atlantic-wide movements of (A) Blue and (B) Mako sharks in relation

Figure

to the ETA dissolved oxygen at 100 m depth. Sharks were tracked PSATs
(deployed in the western and central North Atlantic and above the ETA OMZ)
superimposed on modeled dissolved oxygen concentrations (at 100 m). .......... 26
3. 3: MiniPAT tag showing: (A) Argos antenna, (B) temperature sensor, (C)
communications port with plug, (D) light sensor (1 of 2), (E) float, (F) release pin,
(G) LED light, (H) wet/dry sensor, (I) ground plate, (J) light sensor (2 of 2), (K)
pressure sensor (Source: Wildlife Computers, 2016, 2017)........covvveevcieennnenns 27

Figure 3. 4: Process of shark tagging PSAT rigged through the dorsal fin of a Mako shark

from two different sides 0f the DOat........coovvvemmeeeeee e 28



Figure 3. 5: Map distribution of the complete tracks of sharks, study area and GLODAP
data geolocation across the Atlantic Ocean............ccceevveeeiieriieeiiienieeieeiee e, 33
Figure 4. 1: Vertical gradient of oxygen concentration of CMEMS and GLODAP
1€COTded 1N 2011 .eiiiiiiee ettt 38
Figure 4. 2: Vertical gradient of oxygen concentration of CMEMS and GLODAP
1€COTAEd TN 2017 c.eiiieie e 39
Figure 4. 3: Vertical gradient of oxygen concentration of CMEMS and GLODAP
1eCOrded 1N 2018 ..o 40
Figure 4. 4: Variation in oxygen concentrations between GLODAP and CMEMS in the

(A) North/South Atlantic Ocean; (B) OMZs of ETA. ....cccccovevieviiiiieeieeee, 41
Figure 4. 5: Correlation test between GLODAP and CMEMS (A) North/South Atlantic
Ocean (B) OMZS Of ETA .....ooiiiee et 41

Figure 4. 6: Kernel density of utilization distribution from pooled geolocation tracks over
study period. (A) Number of blue shark (left) and Mako sharks (right) per grid
cell (B) Days blue shark (Ieft) and Mako shark (right) spent per grid cell (C) Mean
days spent per grid Cell.......ooviiiiiiiiiiiieceeee e 43

Figure 4. 7: Map of the study area in the North-east Atlantic. Three-year (2011, 2017,
2018) monthly average of dissolved oxygen at 100 m depth on the resident time
(contour lines) of (A) Blue Sharks with residence time of 3 days (B) Mako
sharks.with mean residence time of 28 days .......c.cceccvvevviieeiieeecieecie e, 44

Figure 4. 8: Map of the study area in the North-east Atlantic. Three-year (2011, 2017,
2018) monthly average of Chlorophyll a on the resident time (contour lines) of
(A) Blue Sharks with residence time of 3 days (B) Mako sharks. With mean
residence time O0f 28 daYS .....ccccuiiieiiiieiiieciee e 45

Figure 4. 9: Map of the study area in the North-east Atlantic. Three-year (2011, 2017,
2018) monthly average of sea temperature at 100 m on the resident time (contour
lines) of (A) Blue Sharks with residence time of 3 days (B) Mako sharks.with
mean residence time 0f 28 dayS........ccccviiiiiiiiiiie e 46

Figure 4. 10: Dive response of blue sharks to oxygen concentration (A) Vertical
movement of Blue sharks in relation to dissolved oxygen models. Daily maximum
depth plots (black) for blue shark overlaid on GLODAP (red), CMEMS (yellow),
and GLODAP-CMEMS (blue) DO concentration data at 100 m [see legend] (B)
CMEMS DO concentration from the surface to 2000 m during shark movement

(C) GLODAP DO concentration from the surface to 2000 m during shark

Xi



Figure

Figure

movement. The dark grey area corresponds to where no data was available (D)
CMEMS-GLODAP DO concentration from the surface to 2000 m during shark
TNOVEIMIENL. ..ottt ettt ettt ettt st et s et e sene et e s e e eneesaneeneesaneens 49
4. 11: Dive response of Mako sharks to oxygen concentration (A) Vertical
movement of blue sharks in relation to dissolved oxygen models. Daily maximum
depth plots (black) for blue shark overlaid on GLODAP (red), CMEMS (yellow),
and GLODAP-CMEMS (blue) DO concentration data [see legend] (B) CMEMS
DO concentration from the surface to 200 m during shark movement (C)
GLODAP DO concentration from the surface to 200 m during shark movement
(D) CMEMS-GLODAP DO concentration from the surface to 200 m during shark
TNOVEIMIENL. ...einiiiiiiieiiieieet ettt ettt s e e st e e sen e e b e s e e eneesaneeneesaneens 52
4. 12: Spatial distributions and overlap of sharks and longline fishing vessels.
Distribution of the mean monthly overlap and the level of fishing effort (in days)
that sharks were exposed to in overlapping areas for all species within 1° x 1° grid
cells (A) Percentage density of exposure of blue sharks in 1° x 1° grid cells (B)

Percentage density of exposure of blue sharks in 1° x 1° grid cells................... 54

Xii



List of Tables

Table 3. 1: Summary of satellite tag deployments on blue and shortfin mako sharks in the

North Atlantic including ID, track dates, and deployment locations decoded via

SALEIIILE. ..ottt
Table 4. 1: Statistical summary of GLODAP vs CMEMS..........cccoiiiiiniinincnicieeee. 42

Xiii



1. Introduction

1.1 Background to the study

Dissolved oxygen (DO) is a crucial indicator of different biogeochemical and
physical processes in the ocean, making it a key parameter for understanding the ocean’s
role in the climate system. Additionally, the distribution of dissolved oxygen in the
world’s oceans is regulated by air-sea interaction, ocean circulation, and oxygen uptake

through photosynthesis (Bopp et al., 2002; Brandt et al., 2015; Levin, 2018).

The terms that have been used to describe the overall conditions of oxygen in the
ocean are: anoxic, suboxic, and oxic (Karstensen et al., 2008). Several vital mobile macro-
organisms are stressed or die under hypoxic conditions, i.e., when oxygen concentrations
drop below ~60 to 120 mmol kg™!' (Paytan and McLaughlin, 2007). Hypoxia occurs at
different oxygen concentrations among various species of microorganisms, so the
threshold is not precise. Regions with dissolved oxygen concentrations below 60 pmol
kg ! are termed hypoxia, while suboxia has dissolved oxygen less than 5 pumol kg™
(Deutsch et al., 2011; Craig, 2012). Anoxic regions have no dissolved oxygen. Currently,
the mid-depth, oxygen-depleted layers called the oxygen minimum zone (OMZ) are
suboxic in the eastern tropical Pacific and northern reaches of the tropical Indian Ocean

and hypoxic in the tropical Atlantic.

OMZs have changed considerably over geological times and possibly altered the
ocean carrying capacity of carbon and nitrogen significantly (Meissner et al., 2005).
Permanent OMZs are present in all the world’s ocean basins and occur where dissolved
oxygen (DO) reaches low (hypoxic) levels of <0.45-1.00 ml I"! in the depth range of
~200-800 m (Keeling et al., 2010; Gilly et al., 2013). Ocean deoxygenation has led to the
horizontal and vertical expansion of OMZs with the prospect of profound impacts on
marine biota, as long-term DO decline in OMZs is particularly acute (Stramma et al.,
2008; Gilly et al., 2013; Breitburg et al., 2018). In conjunction with the weak vertical and
lateral ventilation that characterizes the Eastern Tropical Atlantic (ETA), the oxygen
consumption at the intermediate depths of the ocean leads to large OMZs (Al Azhar et
al., 2017). Oxygen minimum zones (OMZs) are oxygen-poor regions of the ocean that
are expanding due to the warming of the water column caused by global climate change
(Wright et al., 2012). Large-scale climate change is causing the oceans to absorb more

heat, resulting in less surface dissolved oxygen (reduced solubility) and increased



stratification of near-surface waters. At depths of 100 m and 700 m in the eastern tropical
Pacific, north-central Atlantic and ETA are associated with OMZs (Johannes Karstensen
et al., 2008) partly as a result of their proximity to the eastern boundary currents, which
are some of the most biologically productive regions of the world’s oceans as a

consequence of the upwelling of nutrient-rich waters there.

According to Stramma et al. (2008), the expansion of OMZs in the world oceans
has a major implication for biogeochemical cycles, in particular those of carbon and
nitrogen, and might also have deleterious effects on the functionality and services of an
ecosystem (Chan et al., 2008; Keeling et al., 2010). Model-based scenarios of the “future
ocean” predict an overall dissolved oxygen decline and consequent expansion of OMZs
under global warming conditions (Luyten et al., 1983; Gilly et al., 2013). Rosa and Seibel
(2008) predicted that the synergy between ocean acidification, global warming, and
expansion of OMZs would further reduce the habitat for large oceanic predators. The
shoaling of the upper layers of the OMZs accompanies OMZ expansion, and the depletion
of oxygen at shallower depths can adversely affect marine organisms through several
direct and indirect mechanisms, including altering the microbial processes that produce
essential nutrients and gases and consume them. Additionally, it can lead to changes in
predator-prey dynamics and shifts in the abundance and accessibility of commercially

fished species (Gilly et al., 2013).

The present study, therefore, aims to provide the first quality information on the
movements, behaviour and habitat preferences of blue and shortfin mako sharks in the
North Atlantic with respect to oxygen concentration and fishing effort (assessed using
satellite AIS data). Two different oxygen datasets were used with the main objective of

identifying regions of habitat compression to determine susceptibility to capture risk.

1.2 Problem Statement

Pelagic sharks are ecologically important oceanic top predators with somewhat
high physiological demands for oxygen (Payne et al., 2016) that have been widely
observed in the surface layers above OMZs (Vetter, 2008; Nasby-Lucas et al., 2009;
Abascal et al., 2011; Queiroz et al., 2016; Queiroz et al., 2019; Sims, 2019). Oxygen loss
in the ocean has major causes, and this includes eutrophication and deoxygenation caused
by ocean warming, leading to reduced mixing of oxygen-rich waters near the surface with

deeper waters (IUCN, 2019). Thus the question is whether the expanding volumes and



coverage of deoxygenated water such as OMZ have an adverse effect on the horizontal
and vertical extent of these pelagic sharks to such extent that their habitat is compressed
to a water depth of few hundreds of meters or their preys are somewhat more concentrated
in the upper depth of the water column thereby increasing their vulnerabilities and
exposing them to fish capture (Baum et al., 2003; Ferretti et al., 2010; Worm et al., 2013;
Campana, 2016; ICCAT, 2017a; ICCAT, 2019).

Pelagic sharks are targeted every year by fishermen in long lines and with other
methods on high seas that harvest these sharks in large amounts due to unsupervised or
unregulated fisheries on international water where oversights are poor, which has led to
overfishing and declining catch rates recorded for many of these pelagic shark species
(ICCAT, 2019). Two of such pelagic sharks are the blue shark (Prionace glauca) and
shortfin mako shark (Isurus oxyrinchus), which are two of the most heavily fished sharks
in the world and are captured in great numbers either as a target or bycatch species of
high-seas longliners (Stevens, 2000). Due to the estimated and inferred decline, together
with the likely increase in fishing pressure and the life history of this species, it was

recently listed as Vulnerable (IUCN 2009).

The ETA ocean OMZs serve as an appropriate system to study in this context
because of the observed expansion of this OMZ that has been recorded over the last 50
years, with dissolved oxygen declines that are particularly intense compared to other
OMZs (Stramma et al., 2008). This has continued over a long period (on more than
decadal scales) but has variable upper and lower depth limits controlled by natural
processes and cycles (Helly and Levin, 2004). However, this is about to change as recent
expansion trends associated with climate change have been identified in several ETA-

OMZs (Stramma et al., 2008; Keeling et al., 2010).

On a global scale, approximately 1,150,000 km? of the ocean is exposed to low
oxygen concentrations < 0.7 mg Oz from OMZs (Helly and Levin, 2004). The specially
adapted species that live in these hypoxic zones differ from the shallower species exposed
to the seasonal or episodic hypoxia having much lower oxygen tolerance thresholds and
morphological adaptations to maximise respiratory surface. (Levin, 2003). As hypoxic
water of 1.5-3.5 ml 1! becomes increasingly prevalent in the pelagic zones above the core
ETA OMZ, this is likely to induce threshold physiological and behavioural responses of

pelagic fishes leading to abundance and distributional changes (Lowe et al., 2000; Ekau



etal., 2010), including those of sharks (Sims, 2019). In spite of this, no specialized studies
have been carried out on the foraging pattern of these species in the OMZs and their

susceptibility to fisheries.

Several studies have been carried out on the biogeochemistry of the OMZs, as
well as a few simulations of top marine predators in hypoxia. Still, little is known about
how top pelagic predators and large marine megafauna react when exposed to OMZs or
hypoxia in their natural habit (oceans). OMZs are spread throughout the world oceans,
but conditions differ even with the same latitudes of the world ocean and with very little

study carried out in the North Atlantic.

This study attempts to analyse novel data on top marine predators’ behaviour and
habitat use in their natural habitat. It identifies the foraging and dive patterns of these top
predators in relation to OMZs. It also reveals the relationship between fisheries and
shark’s foraging patterns in the OMZs with the potential to give policymakers more
precise information on how ocean deoxygenation impacts the top marine predators and

species.

1.3 Research Objectives

The main objective of this study is to provide the first quality information on the
movements, behaviour and habitat preferences of blue and shortfin mako sharks in the
North Atlantic with regard to oxygen concentration and fishing effort.

The specific objectives of the study will;

1. Compare the CMEMS model data with in situ data from the GLODAP to identify
drifts in retrieved data from modelled environmental fields and characterize shark
behaviour in relation to different oxygen gradients in the Central North Atlantic
and the Eastern Tropical Atlantic Ocean OMZ.

2. Identify and characterize areas of putative foraging (shark aggregation) to
determine the relationship between the foraging pattern of these pelagic sharks
and habitat use in the central North Atlantic and the hypoxic areas of the ETA
Ocean.

3. Investigate the extent of the hypoxia-based potential habitat compression to
determine the correlation between blue and shortfin mako sharks’ habitat use and

their vulnerabilities to fisheries.



4. Examine the consequences and possible causes of OMZs relative to the ecology

of these species and the fisheries that exploit them.

1.4 Research Hypothesis
The study hypothesizes that the foraging patterns and increased aggregation of
pelagic sharks in the OMZs are due to the area’s productivity. This could increase their

susceptibility to capture by surface longline fisheries.

1.5 Relevance and Importance of the Research

One of the century’s main concerns is climate change’s impact on ocean warming,
deoxygenation and fisheries, which may impact the ocean’s top predators. However, a
broad research gap exists in these ocean fish species' direct interaction and impact on the

OMZ and their habitat.

This study will reveal the unknowns about the wild habitat use of two of the
ocean’s top predators in the OMZs and how this may have been a response to global
warming or oxygen deoxygenation. This will enable policymakers to focus on the
significance and steps to reduce human-induced climate change phenomena to protect

these threatened ocean species.

A possible overlap of fisheries and shark occupancy in the OMZ in this study will
inform conservationists about their risk and vulnerabilities to exploitation or
overexploitation. The findings from this study will contribute to modelling studies which
will establish and predict the effects of future warming and OMZ expansion on fish niches
and determine how these may shift distributions and alter their vulnerability to fishing
exploitation. Finally, this study will significantly reinforce the need for adequately

implementing policies regarding marine protected areas for biodiversity conservation.

1.6 Structure of the Work

This research work consists of six sections. Section one includes the Introduction,
which discusses the background to the study with a brief introduction to dissolved oxygen
and OMZs in the world’s oceans, and the vulnerabilities of the leading marine predators
(pelagic sharks). This was followed by the problem statement, which revealed the
underlying issues related to the topic. The main research goal, as well as the specific aims

of the study, were outlined, followed by a research hypothesis revolving around the



study’s main purpose. Finally, the meaning and importance of this study, as well as the

structure of this work, were presented.

Section two begins with a definition of OMZs, and describes the variation in depth
of OMZs. It also explains the expansion of OMZs while revealing the possible causes for
the expansion of OMZs, consequences of oxygen minimum zone expansion, and habitat
compression. This section summarizes what is already known about fish behaviour and
physiological adaptations to low oxygen levels, foraging fish species in OMZs and the

study preference of blue and shortfin mako sharks.

The third section of this study explains the methods and materials used for the
study. This includes the need for the field of study. It also describes the types of data
collected, the methods of data collection, and the methods used to analyze the data. The
fourth section of this study consists of the results obtained based on each of the objectives
of this study, while the fifth section of this study discusses the results obtained as well as
criticisms and connections with previous studies. The final remark was presented in the

sixth section of this thesis.



2. Literature Review

2.1 Oxygen Minimum Zones (OMZs)

An all-encompassing and straightforward definition of an OMZ based on absolute
oxygen concentrations is unrealistic because no particular oxygen concentration defines
a universal level of hypoxic stress for marine organisms (Seibel, 2011). OMZs in the
eastern Atlantic, which is the primary focus of this review, are classified by an oxygen
saturation level that is less than ~10% of that at the sea surface which corresponds to an
oxygen concentration of <20 pumol kg™! (0.5 ml I"! or 0.7 mg I'") (Levin, 2003; Helly &
Levin, 2004; Paulmier & Ruiz-Pino, 2009). Such low oxygen levels are highly hypoxic
for most known large organisms living in such strong OMZs, and they exhibit a variety
of adaptations to hypoxia (Childress, 1995; Childress & Seibel, 1998; Drazen & Seibel,
2007, Seibel, 2011).

Whereas this definition of an OMZ based on microbial movement is non-arbitrary
and valuable within the eastern Pacific and Indian Oceans (Fig 2.1A) (Lauvset et al.,
2021), it is not universally applicable. Unmistakable OMZs exist within the eastern
Atlantic, as shown in Fig 2.1B (Stramma et al., 2008), but the oxygen concentration in
the core of the strongest Atlantic OMZ is >20 pmol kg™', which is considerably higher
than those in the Pacific and Indian Ocean OMZs, where the oxygen level can be as low
as zero (Karstensen et al., 2008; Canfield et al., 2010). This complicates recognizing a
particular oxygen boundary for Atlantic OMZs, but a concentration of <45 pmol kg™' has
been proposed to characterize OMZs (Karstensen et al., 2008). These definitions of an
OMZ are consistent with physiological data indicating that an oxygen concentration range
of 60-120 umol kg™! is seriously hypoxic for several marine organisms (Diaz &
Rosenberg 1995; Miller et al., 2002; Vaquer-Sunyer & Duarte 2008). Therefore, the lower
end of this range leads to hypoxic stress for several marine organisms (Seibel, 2011) and
has often been used to define hypoxic habitats at depth (Whitney et al., 2007; Keeling et
al., 2010).

In the Pacific and Indian Oceans, one can therefore use an oxygen concentration
of <60 pmol kg™! to define the hypoxic regions above and below an OMZ’s vertical
boundaries as oxygen-limited zones (OLZs). This is the region immediately above or
below an OMZ with an oxygen concentration of <60 umol kg ™! in the Pacific and Indian

Oceans (Fig 2.1A) or <90 pmol kg ™! in the Atlantic Ocean (Fig 2.1B) (Gilly et al., 2012;



Gilly et al., 2013). These regions are sometimes referred to as oxyclines, but this term is
obviously vague. An oxygen concentration of <90 pmol kg! has been proposed to define

analogous OLZs in the eastern Atlantic Ocean (Karstensen et al., 2008).

Dissolved Oxygen

Figure 2. 1: Oceanic OMZs (A) CMEMS Global Modelled Integrated dissolved oxygen concentrations
from 0 m to 200 m depth in the water column. (B) Visual interpolation of the mean in-situ acquired
integrated oxygen concentration from 0 m to 200 m depth (GLODAP 2021)

Oxygen concentration
(pmol kg™ ")

20 60 100 150 200 250

O T T T ]
4 L}
L '
i : Euphotic
! ' zone
H '
50 ! :
: 1
'
100 oLZ
E
T . _ _
=
-9
[
(=]
150
oMZ
200 ¢
250

Figure 2. 2: Microbial biogeochemical processes active in OMZs and the oxygenated ocean. Characteristic
depth profile for dissolved oxygen in the eastern tropical North Atlantic (Beman et al., 2012; Gilly et al.,
2013), indicating the depths of the euphotic zone (yellow), oxygen limited zone (OLZ; light gray), and
OMZ (dark gray).



2.1.1 Variation in Depth of Oxygen Minimum Zones

Since increasing pressure with depth affects the zoning of the continental margin
(Carney, 2005) and temperature decreases with increasing depth up to 6000 m, the depth
of the upper and lower limits of the OMZ and OLZ is a crucial feature. The flattest OMZs
are found in the tropics, including the Gulf of California, the Pacific side of Mexico, and
Peru; in the northern Indian Ocean; and on the Namibian shelf (Helly and Levin, 2004).
In the Humboldt and Benguela currents, the OMZ begins at shelf and overhang depths
(Arntz et al., 2006). These shallow OMZs can have their upper OMZ limit at 50-100 m
depth, meaning that highly hypoxic waters are near the surface (sometimes within the
euphotic zone) and impact fish communities in shallower waters. For example, off the
southwest coast of India near the city of Cochin, strongly hypoxic OMZ conditions are
found at 20 m depth from mid-August to October (Banse, 1968). In contrast, the upper
limit of OMZs occurs deeper at higher latitudes. The upper limit of the California Current
OMZ begins at slope depths (400-500 m) (Arntz et al., 2006) and is at greater depths off
Oregon, Washington and Canada (600-700 m) than off California (Helly and Levin,
2004).

Highly hypoxic waters can be found seasonally at inner shelf depths (20-50 m) in
some of these areas, such as off Oregon (Grantham et al., 2004). The depth of the lower
limit of the OMZ in the California Current, Humboldt Current and Benguela Current
regions varies significantly (Arntz et al., 2006), with the lower limit occurring at the upper
slope depths (200-400 m) off Chile and Namibia. It also extends deeper into Central
America, Peru (500 m) and North America (900-1100 m) (Arntz et al., 2006). The lower
limit of the OMZ is also found deeper (> 1000 m) in the southern Gulf of California, the
eastern tropical Pacific from 8° N to 22° N, and the northern Arabian Sea and Bay of
Bengal (Helly and Levin, 2004). Most OMZ waters occur at depths less than 1500 m
(Kamykowski and Zentara, 1990).

2.1.2 Expansion of Oxygen Minimum Zones

Global fish shoaling of the upper OMZ boundaries has been observed in all major
eastern boundary current OMZs (Whitney et al., 2007, Bograd et al., 2008, Stramma et
al., 2008b) as well as strong OMZs (i.e. oxygen concentrations <20 mol kg!) in the Gulf
from Bengal and the Arabian Sea (Stramma et al., 2010). In many cases, the lower OMZ
boundaries have also shifted to greater depths (Stramma et al., 2008b), but this feature

has not been monitored as frequently. Fish shoaling an upper OMZ boundary (and
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lowering the lower boundary) thus increases the OMZ volume in a given area. In some
cases, the minimum oxygen concentrations in the OMZ cores have also fallen,
intensifying the OMZ (Chan et al., 2008, Stramma et al., 2008b). Keeling et al. (2010)
have provided detailed tabular representations of oxygen depletion and volume change in
various OMZs. OMZ fish shoaling also results in horizontal expansion as the geographic
area encompassed by the top of the OMZ at a given depth increases. In the NE Pacific,
OMZ depth varies with latitude (Helly & Levin 2004), with the upper limit at 150 m or
less in the tropical regions, in contrast to 500-600 m north of central California (Fig 2.4).
The OLZ (above the OMZ) tops and thicknesses also vary widely, and in tropical regions,
there may be an overlap with the euphotic zone (Fig 2.4A) (Fuenzalida et al., 2009).

On a global scale, the maximum oxygen depletion at a depth of 200 m (generally
near the upper OLZ limit of 60 mol kg™!) has been about 0.5 mol kg™ ! per year over the
OMZs in the Atlantic and East Equatorial Pacific since the 1960s (Stramma et al., 2010).
Similarly, a rate of decrease occurred in the Gulf of Alaska during this period,
corresponding to a 100 m beating of the upper OLZ limit (Whitney et al., 2007). Rates
three to four times higher (at 200 m) were observed over a shorter period (1984-2006) in
a more localized area, with the OLZ ceiling obscuring at 70 m in the Southern Bay of

California and Namibia (Bograd et al. 2008).

Climate models predict a general decrease in oceanic dissolved oxygen
concentration and a resulting expansion of the OMZs under global warming situations,
with the largest decreases occurring in extratropical regions (Stramma et al., 2008). In the
tropics, the models predict either a zonal mean oxygen increase at depths of about 200 to
1000 m in the Atlantic and Pacific Oceans or moderate zonal mean oxygen decreases
(Kwiatkowski et al., 2019). The predicted oxygen changes in the thermocline waters
result largely from solubility changes in the upstream headwaters, changes in the deeper
waters are mainly due to reduced internal advection and sustained oxygen consumption

from remineralization of sinking organic particles (Kwiatkowski et al., 2019).

2.1.3 Causes of Oxygen Minimum Zones Expansion

Total ocean oxygen (within a depth range of 100-1,000 m) is decreasing globally
but at rates of 10% of those mentioned above for certain OMZ/OLZ environments (Helm
et al., 2011, Stramma et al., 2012). This deoxygenation is mechanistically linked to the

expansion of the OMZ, as the global decline in ocean oxygen levels will alter the
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headwaters aerating the OMZs within the water column. This reduces subsurface mixing
and the transfer of atmospheric oxygen into the water column. Changes in oceanic
circulation patterns can also reduce aeration from the water column. These declines and
their causes have been thoroughly studied (Keeling et al., 2010). These conclusions are
largely based on modelling approaches that predict that global oxygen depletion will
continue in the future (Keeling et al., 2010).

Although physical impacts of climate change and multidecadal oscillations are
believed to be the main drivers of ocean deoxygenation and OMZ expansion, biological
mechanisms are also relevant. Oxygen depletion is therefore influenced by some
processes that collectively determine the progression of depletion in different ocean
regions and general link deoxygenation to OMZ expansion (Stramma et al., 2012).
Primary production is key. Higher surface productivity produces more organic matter
eventually consumed by midwater microbial communities, and increased surface
production may stimulate oxygen depletion at depth. Primary production may increase in
large parts of the world ocean (Chavez et al., 2011). Still, other studies have identified a
global decline in phytoplankton biomass over the last century (Boyce et al., 2010).
Regardless of the mean global trend, there are critical differences between specific ocean

regions regarding changes in primary production.

Decreased production in oligotrophic regions of the open ocean could lead to a
global decline in total production (Behrenfeld et al., 2006, Polovina et al., 2008, Doney
etal., 2012), while production and phytoplankton biomass in overlying productive surface
waters increase at the same time could OMZs (Gregg et al., 2005, Behrenfeld et al., 2006).
These observations are consistent with the amplification of land-sea temperature
gradients and coastal winds, resulting in increased coastal upwelling and production
(Bakun et al., 2010, Doney et al., 2012). Physiological responses to warmer temperatures
can result in increased surface production (Behrenfeld, 2011) and accelerated respiration
of organic matter at depth since heterotrophic microbes can generally be more
temperature-sensitive than phytoplankton (Wohlers et al., 2009, Sarmento et al., 2010,
Doney et al., 2012). Additional investigation of these biological drivers of deoxygenation

and OMZ expansion is needed.
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2.1.4 Oxygen Minimum Zones and Habitat Compression

Habitat loss associated with OMZs (hypoxia-based habitat compression) is
characterized as the reduction of the oxygen-rich mixed layer at the shallow surface above
a threshold of cold hypoxic water (Fig 2.5). As a benchmark, the OMZ is defined as the
areas where the dissolved oxygen content below the thermocline is 3.5 ml I"! (150 mol
kg!) in relation to the species grouping (Brill, 1994; Roberts, 1978; Brill, 1996). This
threshold has been reported (Brill, 1996; Prince and Goodyear, 2006; Price et al., 2010)
as a plausible lower habitat limit for some tropical pelagic fish (Stramma et al., 2012) but
brief deeper dives occasionally occur (Price et al., 2010). Although dissolved oxygen
requirements vary in individual species depending on respiratory mode and metabolic and
physiological requirements (Seibel, 2011), a dissolved oxygen level of 3.5 ml I"! can
induce stress symptoms in sharks and tuna with high oxygen requirements with prolonged
exposure can be deadly. Possibly limiting their depth distribution to the oxygen-rich near-

surface layer (Prince and Goodyear, 2006; Price et al., 2010).
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Figure 2. 3: Dissolved oxygen and habitat changes in the eastern Atlantic. (A) Depth of 3.5 ml 1! dissolved
oxygen surface area (m) on January 1, 2010. (B) Average vertical change in 3.5 ml I"! dissolved oxygen
surface area 1960-2009 (m yr': blue indentation). C) Change in dissolved oxygen (ml I"! year) at depth
of 3.5 ml 1! surface in 2010. D(E), summed area of sorted grid points by depth of 3.5 ml I"! dissolved
oxygen content for the in B(D) and the corresponding average habitat loss relative to surface over the
cumulative area due to the change in D(E). (Stramma et al., 2012)

2.1.5 Consequences of Oxygen Minimum Expansion

Although the oceanographic changes associated with OMZ expansion can be
understood fairly well, we are less certain how individual species and ecosystems will be
affected. Discussion of ecological responses has largely focused on benthic organisms

inhabiting continental shelf environments and hypoxic basins (Levin 2003a, b; Levin et
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al., 2009), with less attention given to pelagic organisms (Stramma et al., 2010). Hypoxia
is closely related to thermal stress (Portner & Farrell 2008), and the interaction of these
stressors applies to any environment affected by changing oxygen concentration or
temperature. We assume that physical changes in the water column directly related to
OMZ extension exert their effects primarily through oxygen concentration. Still, OMZ
fish shoaling is accompanied by small temperature increases, particularly in the upper

OLZ.

Temperature-related effects are more important at shallower depths. Since many
midwater organisms transiently inhabit the near-surface epipelagic zone at night,
decreasing oxygen and increasing temperature on mesopelagic organisms may prove
more important than we currently suspect. The reduced oxygen can affect individual
organisms in many ways, including acute physiological impairment, growth and
reproductive success changes, and movement of mobile forms to more favourable oxygen
regimes (either horizontal or vertical). At the ecosystem level, the different tolerances of
different species to a changing environment will lead to differential interspecies success
and concomitant changes in community structure and trophic networks. Effects of this
latter type are inherently non-linear and extremely difficult to predict. We review here
what is known about the effects of OMZ extension on selected non-benthic taxa, mainly

in the eastern Pacific.

2.2 Behavioral and Physiological Adaptations of Fishes to Low Oxygen

There are many definitions of hypoxia (Hofmann et al., 2011), and the entire
adaptation literature suggests multiple ways to become hypoxia-tolerant. This is
consistent with the fact that hypoxia tolerance in fish has evolved independently many
times (Friedman et al., 2012). Behavioural and morphological adaptations to hypoxia are
briefly discussed here to better understand some of the patterns of changes in fish
community abundance and diversity under OMZ conditions explored earlier in this
section. Understanding which adaptations confer tolerance to hypoxia is important to
understanding which fish species will be resilient to life in a more oxygen-deficient future
ocean.
2.2.1 Responses of Oxygen Minimum Zone Species to Hypoxic Conditions

Two theoretical, but not mutually exclusive, mechanisms have been proposed in
the literature as methods to cope with the reduced oxygen availability: increased oxygen
removal from the environment (through increased gill surface area, ventilation behaviour,
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increased oxygen affinity in airway pigments or other molecular changes), or reduced
oxygen demand (through metabolic suppression or anaerobic metabolism) (Childress and
Seibel, 1998; Friedman et al., 2012; Seibel, 2011).

Hypoxia-tolerant cellular systems respond to anoxia in two phases; defence and
rescue (Hochachka et al., 1996). The first step involves suppressing ATP-demand and
ATP-supply pathways by downregulating protein synthesis through translational arrest
and downregulating ion channel ATP utilization through channel arrest (Hochachka et
al., 1996). It is believed that cells that are not hypoxia-tolerant fail to recover from this
translational protein synthesis arrest. In contrast, hypoxia-tolerant cells respond to
prolonged periods of hypoxia by activating rescue mechanisms that begin to regulate the
expression of several key proteins, enabling low-level metabolic activity but with
dramatically reduced ATP turnover rates (Hochachka et al., 1996). Heme-based proteins,
known to sense changes in oxygen tension in numerous organisms, are thought to be the
oxygen sensors responsible for detecting hypoxic states and the subsequent activation of
hypoxia-dependent transcription factors (Bunn and Poyton, 1996). In both fish and
mammals, a heterodimeric transcription factor called hypoxia-inducible factor 1 (HIF-1)
regulates target genes that are activated under hypoxic conditions (Semenza, 1998).
Although no research has been conducted to identify this response in OMZ fish species,
it is the basic cellular response to hypoxia likely to occur in these fish.

An increase in gill surface area under hypoxic conditions appears to be a common
adaptation in different fish orders and is also a relatively plastic trait (Chapman et al.,
2000), with changes in gill lamellar surface area occurring as rapidly as 12-24 h (Matey
et al., 2008). Nezumia liolepis, a macrourid known to live under OMZ conditions in both
the US West Coast OMZ and near Volcano 7 (Wishner et al., 1990, 1995), also had an
enlarged gill surface (Friedman et al., 2012). A larger gill surface also appears to be an
adaptation in cartilaginous fish, and the large head and expanded gills of the
scyliorhinid, C. cephalus, are thought to be an adaptation to the severely hypoxic
conditions. In contrast, other OMZ species in the order Scorpaeniformes show enzymatic
adaptations to OMZ conditions. The sebastid, S. alascanus, has specific blood and cardiac
enzyme adaptations that allow greater reliance on anaerobic metabolism (Gallo & Levin,
2016). However, it was found that enzymatic substrates for aerobic metabolism are
reduced in both sebastids, S. alascanus and S. altivelis, indicating low aerobic activities

under OMZ conditions (Friedman et al., 2012).
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2.2.2 Behavioural Adaptations

Avoidance, altered respiration, decreased feeding, and altered phototaxis are all
reported behaviours of fish in response to low oxygen levels (Davis, 1975). Changing
breathing patterns, either through hyperventilation, increasing respiratory rate or stroke
volume, or changing from periodic or episodic respiration to continuous respiration, are
all possible responses of fish to hypoxia (Perry, 2011). Hyperventilation during hypoxia
also produces respiratory alkalosis, leading to an increase in red blood cell pH, an increase
in the hemoglobin affinity for oxygen through the Bohr effect, and an increase in 02
uptake (Brauner and Randall, 1998). The Namib-dwelling gobiid OMZ, S. bibarbatus,
can tolerate hypoxic conditions for long periods by increasing ventilation frequency.

OMZ tolerant fish may also exhibit habitat-specific behavioural adaptations,
including microhabitat selection and semi-diurnal, diurnal, and seasonal migrations. For
instance, OMZ species such as the sebastids, S. alascanus, and S. altivelis may prefer to
utilize microhabitats exposed to greater water flow (e.g., the presence of rocks or hills
that modify and enhance turbulence and currents). An orientation to the flow or the
selection of microhabitats with stronger water flow over-breathing surfaces would
increase gas exchange (Brewer and Hofmann, 2014).

There are also reports of fish exhibiting sluggish behaviour, reduced food intake
and increased susceptibility to disease, and reduced immune responses in fish exposed to
oxygen conditions slightly above lethal conditions (Shepard, 1955). It is unclear how
OMZ conditions affect the immune responses of pelagic and demersal fish species living
in OMZs. Fish living in OMZ conditions may be more susceptible to disease and parasites
due to a reduced immune reaction. Grenadiers living in the Gulf of California OMZ

appear to have a higher external parasite load than grenadiers observed in other areas.

2.3 Study Preference of Blue and Shortfin Mako sharks

Sharks are widely described by a complex spatial organization of their populations
which has resulted from trade-offs between the components of their life history and social
and environmental interactions (Klimley, 1987; Sims, 2005; Heupel et al., 2007). This
complex organization is reflected in their sexual separation and the existence of discrete
locations for key events during their life history, such as suckling and mating. In the
context of declining shark populations (Ward, 2005; Dulvy et al., 2008) and their
deleterious ecological effects (Ferretti et al., 2008), unravelling such spatial organization
and, with it, accurately identifying essential fish habitats is key to developing appropriate
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management plans for the protection of the most vulnerable life stages (Gruss et al.,
2011). This need is most compelling considering our current limitations in understanding
the impacts of heterogeneously distributed fishing pressure on spatially structured shark
populations (Ward, 2005; Mucientes et al., 2008).

These two shark species are highly mobile predators able to migrate over
thousands of kilometres in the North Atlantic Ocean (Kohler et al., 2002), with an average
minimum dissolved oxygen requirement range between 1.7 ml L' and 2.9 ml L' (Nasby-
Lucas et al., 2009). Shortfin mako (Isurus oxyrinchus) have been targeted in some areas
for their valuable fins and meat and are also a relatively frequent catch of pelagic longline
fisheries. These species are not as prolific as blue sharks, and there are concerns about
their population status (Dulvy et al., 2008), with the shortfin mako shark species listed as
endangered and the blue sharks as near threatened by the International Union for

Conservation of Nature (IUCN) Reds List.
2.3.1 The Blue Shark (Prionace glauca)

The blue shark (Prionace glauca, Carcharhinidae) is a marine water species
worldwide in temperate and tropical waters. It is a unique shark with a slender, narrow
body, long pectoral fins, indigo blue back colouration, metallic blue flanks, and sudden
white undersides (Ferretti et al., 2008). It is the most abundant pelagic shark, and large
numbers are caught by global fisheries, mainly as bycatch on longlines and in gillnets
(Nakano & Stevens, 2009). The current status of blue shark populations is the subject of
much debate (Mejuto, 1985). Blue sharks are very common locally and have a prolific
life strategy with faster growth and a higher number of smaller offspring than other
pelagic sharks (Simpfendorfer et al., 2002). This shark is an important part of the
international shark fin trade (Clarke, 2003). Of all the pelagic sharks, it is the most
carefully studied, with the most published information, of the Atlantic and North Pacific
populations. Nakano and Seki (2003) summarised blue shark biological data concisely.
Its wide geographical distribution, high initial abundance, and moderate productivity have
earned the blue shark a reputation for being resilient to fishing pressure (Nakano &

Stevens, 2009).
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Figure 2. 4: Blue Shark (Prionace glauca) (Marylou, 2020a)

Biology and Ecological Status of Blue Shark

The age and growth have been relatively well studied in North Pacific, North and
South Atlantic blue shark populations. Approximately half of the population of male blue
sharks in the western Atlantic are sexually mature at a total length (TL) of 218 cm.
However, some can reach maturity as short as 182cm. Females are subadult from 173 to
221cm TL and fully grown from 221 cm (Pratt, 1979). It was found that in the Gulf of
Guinea and eastern Atlantic, half of the population of females were pregnant at 217 cm
(Castro and Mejuto, 1995). In the North Pacific, maturity is about 200 cm TL for both
sexes (Suda, 1953; Nakano et al., 1985). Pregnant sharks as small as 183cm have been
recorded in the Northeast Pacific (Williams, 1977). In the South Pacific, males reach
sexual maturity at about 229-235 cm and females at 205-229 cm (Francis and Duffy,
2005). Studies of blue shark ageing have generally used vortex rings, which appear
relatively easy to read. Manning and Francis (2005) fitted some alternative growth models
to data on length-age for blue sharks, preferring a snout model. It was found that females
appear to approach a lower mean asymptotic maximum length and grow faster than males,

in contrast to ageing studies using data from other oceans (Nakano & Stevens, 2009).

2.3.2 The Shortfin Mako shark (Isurus oxyrinchus)

Shortfin mako (Isurus oxyrinchus, Lamnidae) belongs to the most active and
powerful of the fish and, like other members of the Lamnid family, is endothermic,
consistent with the adaptations of scombrid tuna. This species is a popular sportfish and
a common bycatch of pelagic longline fisheries, where it is retained for both meat and
fin. Despite its frequent capture, the biology of the shortfin mako is not well known, with
conflicting information on growth rates (Cailliet et al., 1983; Pratt and Casey, 1983) and

relatively few captures of pregnant females resulting in gaps in our knowledge of the
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reproductive cycle and the annual fertility (Mollet et al., 2000). As with other shark
species commonly caught by longline fisheries, there are concerns about their population
status, with recent literature suggesting significant declines in certain areas (Baum and
Myers, 2004). The generally poor quality of data related to bycatch species creates
problems in standardizing catch rates and makes it difficult to determine the impact of

fishing on this species (and other pelagic sharks).

Figure 2. 5: Shortfin Mako shark (Isurus oxyrinchus) (Ines Fereira, 2020)

Biology and Ecological Status of Shortfin Mako shark

There is considerable uncertainty regarding the age and growth of the shortfin
mako if one or two growth bands are produced every year (Cailliet et al., 1983; Pratt and
Casey, 1983). Pratt and Casey (1983) assumed that two bands formed each year in the
NE Atlantic, resulting in a relatively rapid growth rate, with maturity at around two and
half years for the males (195 cm total length, TL) and six years for the females (265-280
cm TL). Cailliet et al. (1983) matured a small sample of shortfin mako from the Pacific
and, assuming that a growth band was formed annually, reported a growth rate about half
that of the Atlantic. The formation of one band per year now seems likely (Ardizzone et
al., 20006), but stronger evidence awaits further investigation. The oldest fish was 17 years

old, with an estimated lifespan of 45 years; The maximum size is about 4 m.

2.4 Past Studies
Ferretti et al. (2010) in his study emphasized the consequences of shark declines
in the ocean as a result of the vulnerability of these apex predators to even light fishing

pressure, and he opined that the decline of these large predatory sharks reduces natural
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mortality in a range of prey, contributing to changes in abundance, distribution, and
behaviour of small elasmobranchs, marine mammals, as well as sea turtles that have few
other predators. In theory, the study also showed that large sharks could wield strong top-
down forces with the potential to shape marine communities over large spatial and long
temporal scales. This study agreed with Baum et al. (2003) on the Collapse and
conservation of shark populations in the Northwest Atlantic, which showed a rapid
decline in scalloped hammerhead, white, and thresher sharks by over 75% within the past

15 years.

Through the study carried out by Matzinger et al. ( 2007) on thresholds of hypoxia
for marine biodiversity, they stressed that hypoxia is a mounting problem affecting the
world’s coastal waters, with dire costs for marine life which including death and
catastrophic changes. A broad comparative analysis showed that although the hypoxia
threshold varies greatly, the vast majority of studies and reports continue to use the 2-mg
O2/litre convention, initially derived as the oxygen threshold for fisheries collapse
(Renaud, 1986). A number of published reports used the 2 mg O2/litre and the 2 ml/litre
(i.e., 2.85 mg Oo/litre) threshold, respectively, and a single study by Paerl (2006) used a
threshold of 4 mg O2/litre. A similar review by Gray et al. (2002) concluded that
“mortality occurs where concentrations are below 2.0 to 0.5 mg O2/litre”. The US
Environmental Protection Agency (EPA) recommends a threshold of 2-3 mg O/litre for
juvenile and adult aquatic organism survival (USEPA, 2000). A review carried out by
Diaz and Rosenberg (2008) states that “hypoxia occurs when dissolved oxygen falls
below 2 ml of O2/litre resulting in high mortality when dissolved oxygen declines less
than 0.5 ml of O2/litre.” The results presented here show that the conventionally accepted
level of two mg O2/litre falls well below the oxygen thresholds for the more sensitive
taxa. Nevertheless, all these are below the empirical sublethal and lethal Oz limits for half
of the species tested, which implies that the number and area of coastal ecosystems
affected by hypoxia and, therefore, the future magnitude of hypoxia impacts on marine

life have been largely underestimated.

A study of Ocean Deoxygenation in a Warming World carried out by Keeling et
al. (2010) showed that ocean warming and increased stratification of the upper ocean
caused by global climate change will likely cause declines in dissolved O2 within the
interior of the ocean (ocean deoxygenation) with consequences for ocean productivity,

nutrient cycling, carbon cycling, and marine habitat as his model study predict a drop of
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1 to 7% within the global ocean oxygen inventory over the subsequent century, with
declines which will continue for a thousand years or more into the future with the

consequence of an expansion within the area and volume of so-called OMZs.

Queiroz et al. (2016), in their study on Ocean-wide tracking of pelagic sharks,
revealed the extent of overlap with longline fishing hotspots in the North Atlantic and
validated that pelagic sharks occupy predictable habitat hotspots of high space use with
80% overlap of fished areas with hotspots, potentially increasing shark susceptibility to
fishing exploitation in areas such as the North Atlantic Current/Labrador Current

convergence zone and the Mid-Atlantic Ridge (MAR) southwest of the Azores.

In a study on the Movements of electronically tagged Shortfin mako sharks (Isurus
oxyrinchus) in the eastern North Pacific Ocean carried out by Nasby-Lucas et al. (2019),
a total of 105 Mako sharks tagged in the California Current between 2002 and 2014
revealed the immense distance covered by shortfin mako sharks (travelled in 1 year
ranged from 6945 to 18,800 km/year) and also showing the strong correlation between
seasonal movements of this species within the California Current based on primary
productivity and chlorophyll a, and sea surface temperatures (SSTs) as an indicator of
their foraging pattern. Miller et al. (2015) explored the quantifying associations of
basking sharks and oceanographic fronts in the north-east Atlantic, which indicated that
sharks show a preference for productive regions, and associate with contemporaneous
thermal and chl-a fronts more frequently than could be expected at random, thereby
correlating with their habitat occupation. It was also revealed that surface frontal activity
is a predictor of basking shark presence in the northeast Atlantic, both over seasonal
timescales and in near real-time, which gave a clear implication for understanding the
preferred habitats of basking sharks in the context of anthropogenic threat management

and marine spatial planning in the region.

A similar study by Queiroz et al. (2017) in the North Atlantic suggested that
macropredator responded behaviourally in similar ways to environmental heterogeneity
as fine-scale dive profiles of the shark species with varying feeding tactics may be utilized
to identify key marine habitats. This includes foraging areas where sharks aggregate and

which may represent target areas for conservation.

Bond et al. (2015), in an investigation on the vertical and horizontal movements

of a silvertip shark, identified diel depth, temperature, and vertical habitat use differences
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and concluded that diel depth differences and expanded daytime depth use could indicate
foraging behaviour, routine predator avoidance, or temperature selection. Similarly,
Abascal et al. (2011) carried out a novel study on the movements and environmental
preferences of the shortfin mako, Isurus oxyrinchus, in the southeastern Pacific Ocean;
they found out that the fish spent the most of their time in the mixed layer but undertook
dives down to 888 m with no clear diel pattern in-depth behaviour was observed, but
mean vertical distribution was deeper during the daytime which shows some contrast in

the dive pattern of the two top marine predators (shortfin and silvertip shark).

In a similar vein, Coffey et al. (2017) undertook a study on the oceanographic
parameters which influenced the vertical distribution of a highly migratory endothermic
shark (Lamna ditropis) and identified key environmental factors that influence the
vertical distribution of salmon shark; he observed that Diel shifts in vertical distribution,
as well as behaviour, were consistently observed across their range and likely reflected
shifts in their foraging ecology which corroborate Bond et al., (2015) and Abascal et al.,
(2011) studies. The sharks were also found to use a wide thermal niche and exhibited
submergence behaviour, which could be linked to the thermal refuge when encountering
sea surface temperatures outside their preferred temperature distribution, and they are
also able to exploit low dissolved oxygen environments (<1-3 ml 1'!), occasionally for

extended periods of time in offshore habitats.

Howey et al. (2017) studied the Biogeophysical and physiological processes that
drive movement patterns on 23 blue sharks with PSATs in the northwest Atlantic revealed
that vertical behaviours displayed by blue sharks varied greatly among locales, and
individuals exhibited a greater frequency of deep-diving behaviour. Also, the results
reflect and support existing Atlantic migration models and highlight the complex,
synergistic nature of factors which affects blue shark ecology and the need for a
cooperative management approach in the North Atlantic, which corroborates the study

carried out by Nasby-Lucas et al. (2019) on shortfin makos.

Various abiotic and biotic factors, which include temperature, COz2, acidification,
toxic metals and feeding that interact with hypoxia, are analyzed for their effect on Perit
(critical oxygen level). Rogers et al. (2016) investigated the hypoxia tolerance of fishes
and how this varies among individuals and species. Their modelling opined that the

ultimate partial pressure of CO2 reached can vary from 650 to 3500 patm depending on
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the ambient pH and salinity, potentially affecting blood acid-base balance and Perit itself.
This observation was corroborated by Mandic et al. (2009). Likewise, Vedor et al. (2021)
discovered through satellite-tracked blue sharks and environmental modelling in the ETA
OMZ that shark maximum dive depths (MDD) decreased due to joint effects of declining
DO at depth, high sea surface temperatures, and increased surface-layer net primary

production which exposes these sharks to fisheries.

Prince et al. (2010) showed a contrast of dissolved oxygen (DO) and temperature
profile in a study on the hypoxia-based habitat compression of tropical pelagic fishes
between marlin and sailfish monitored with electronic tags where a cold hypoxic
environment constitutes represents a lower habitat boundary limit in the ETP, ETP but
not in the Western North Atlantic (WNA), (WNA) where DO is not limiting and non-
constraining. He also suggested that sailfish in the eastern Pacific and eastern Atlantic
sailfish are larger than those within the WNA, where the hypoxic zone is much deeper or
absent. At the same time, he believed that larger sizes might reflect improved foraging
opportunities offered by the closer proximity of predator and prey in a compressed habitat

and higher productivity.

Penn et al. (2018) simulated greenhouse gas-induced global warming using a
model of Earth’s climate and coupled biogeochemical cycles consistent with geochemical
proxy data and concluded that increases in atmospheric greenhouse gas levels reduced
near-sea surface temperatures by more than ~10°C increases and decreases global marine
02 levels by nearly 80%. A 50-year time-series study of the expanding OMZs in tropical
oceans conducted by Stramma et al. (2008) revealed that over the past 50 years, oxygen
in the 300 to 700-m layer has declined by 0.09 to 0.34 mmol kg! yr!, with negative
consequences for ecosystems and coastal economies. Also, Stramma et al. (2012)
confirmed habitat compression and associated potential habitat loss by electronic tagging
data as the phenomenon increased the vulnerability of surface gear to top marine predators
and opined that this is associated with a Global decline in pelagic species by 10-50%
could be linked to predator diversity.
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3. Materials and Methods
3.1 Study Area

This study covers the CAN and ETA with the northern boundary of 30° N, the
southern boundary of 0° and the Western Boundary of 40° W and 0° (FAO area 34) with
a depth range of 0 m to 2000 m. It was selected due to the presence of an OMZ in the
region (Fig 2.1b, Fig 3.1). While OMZs expansion is not limited to the ETA, as discussed
in section 2.2.5, the observed expansion trend is more pronounced in this area compared
to other parts of the Atlantic Ocean. Consequently, oxygen concentrations from
GLODAP and CMEMS in the North and South Atlantic were considered, while shark

tracks were limited to the ETA within the boundaries mentioned above.
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Figure 3. 1: Map showing the spatial extent of the study area overlaid on oxygen concentration at 100 m
depth
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3.2 Data Collection
3.2.1 Shark Data Collection

Data from PSATs attached on blue sharks (7 tags) and shortfin mako sharks (10
tags) tagged in the Central North Atlantic and ETA in 2011, 2017 and 2018 was used in
this study with metadata displayed in Table 3.1 and mapped in Fig 3.2 and Fig 3.5.

Table 3. 1: Summary of satellite tag deployments on blue and shortfin mako sharks in the North Atlantic,
including ID, track dates, and deployment locations decoded via satellite.

Shark PTT Sex Pop-up Deployment Location Track Duration
time
Lat (° N) Long (° W) Start End

Blue 85140 M 120 42.375 29.45 22/08/2011 20/12/2011

(bl) 91026 F 90 42.35 28.1 21/08/2011 19/11/2011
107085 F 120 32.375 36.125 28/08/2011 30/11/2011
164441 F 90 13.5 28.475 24/01/2017 24/04/2017
164442 F 120 14.2 28.425 26/01/2017 26/04/2017
164443 M 90 13.85 28.4 25/01/2017 26/05/2017
164444 M 120 15.1 28.4125 28/01/2017 29/05/2017

Mako 54552 - - 22.625 24.65 7/12/2010 19/12/2011

(mk) 79794 - - 23.125 20.75 11/12/2010 22/12/2010
79802 - - 22.4125 24.6 7/12/2010 3/1/2011
79813 - 90 22.25 21.6 29/12/2010 20/06/2011
107089 M 120 423 28.4 21/08/2011 19/12/2011
164446 M 60 13.625 29.025 24/01/2017 21/03/2017
164447 M 90 7.9 19.6 23/04/2018 25/06/2018
164448 M 120 7.975 19.375 23/04/2018 6/6/2018
164449 M 120 6.175 19.1 24/04/2018 23/06/2018
164450 M 120 6.575 19.075 24/04/2018 18/05/2018
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Figure 3. 2: North Atlantic-wide movements of (A) Blue and (B) Mako sharks in relation to the ETA
dissolved oxygen at 100 m depth. Sharks were tracked PSATs (deployed in the western and central North
Atlantic and above the ETA OMZ) superimposed on modelled dissolved oxygen concentrations (at 100 m).

Tag Description

The PSAT is a microcomputer that collects data on the water masses crossed by
tagged animals (Fig 3.3). During the survey, PSATs were used as they logged

temperature, depth (pressure), and light intensity after the shark was released, which can
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then be used to calculate the latitude and longitude of the shark’s position. The tags
represent a fusiform cylinder of 124 mm (length) and 38 mm (diameter) with an antenna
and anchor suit (Fig 3.3). The tags detach after a programmed interval and transmit their
recorded information through the ARGOS satellite system to a land station, then
ultimately to the researcher via the Internet. The full-functioning electronic tag is

programmed to collect data on habitat and migratory behaviour.

Figure 3. 3: MiniPAT tag showing: (A) Argos antenna, (B) temperature sensor, (C) communications port
with plug, (D) light sensor (1 of 2), (E) float, (F) release pin, (G) LED light, (H) wet/dry sensor, (I) ground
plate, (J) light sensor (2 of 2), (K) pressure sensor (Source: Wildlife Computers, 2016, 2017).

MiniPAT tags have three states which are start, auto start, and the stop phases.
When in start mode, a tag is running and begins its deployment while auto start allows
the tag to start by submersion in seawater and in the stop state, the tag will remain
unresponsive unless connected to a computer via the tag management software ‘Tag
Agent’. Stop mode is used to store tags for periods longer than a month (Wildlife
Computers, 2016). However, onboard the vessel, tags were stored in auto start mode
irrespective of cruise duration but when in auto start state, the tag will switch to start state

as soon as it is submerged in salt water.

Shark Tagging Process

The sharks were caught on commercial baited longlines and brought alongside the

vessel at the gear transport stage, lifted and tagged.) PSATs were manipulated with a
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monofilament tether covered with silicone tubing and looped through a small hole in the

base of the first dorsal fin. as shown in Fig. 3.4 below.

Figure 3. 4: Process of shark tagging PSAT rigged through the dorsal fin of a Mako shark from two
different sides of the boat

Geolocation of the sharks tagged

Transmitted PSAT data were decoded with manufacturer software, and light-
based geolocations were estimated using GPE3 software (Wildlife Computers, Inc.) and
quality checked before analysis. The GPE3 model is based partly on previous work by
Pedersen et al. (2008) that used hidden Markov models to geolocate Atlantic cod. The
approach uses the archived tag data (light level, depth, and temperature) and
corresponding sea surface temperature (NOAA OI SST V2 High Resolution) and
bathymetry reference data (ETOPO1-Bedrock) in a gridded hidden Markov model
(HMM, WC-GPE3, Wildlife Computers) to generate a most probable track (MPT) and
associated uncertainty. Light level data were examined to ensure that each track recorded
only single-time estimates of dawn and dusk per day. Where duplicate estimates were

presented for either event, the later time was removed from the dataset.

3.2.2 Environmental Data
Copernicus Marine Environment Monitoring Service Data (CMEMS)

This study's two model data products were the Global Ocean Biogeochemistry
hindcast (GLOBAL MULTIYEAR BGC 001 029) and the Global Ocean Ensemble
Physics Reanalysis (GLOBAL MULTIYEAR PHY 001 031).The Global Ocean
Ensemble Physics Reanalysis is a 3D potential temperature, salinity and currents

reanalysis from top to bottom, which contains physical state variables of the ocean like
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seawater temperature (°C), seawater salinity (PSU), sea surface level/height (m), seawater
velocity (ms-1), mixed-layer thickness (m). The daily mean of Sea Surface Temperature
(SST) was used in this study with a spatial resolution of 0.25° x 0.25° regular grid. The
CMEMS Global Ocean Ensemble Reanalysis product was improved with data
assimilation using data from satellite and in-situ observations. It contains four reanalyses,
namely GLORYS2V4 by Mercator Ocean (France), ORASS by European Centre for
Medium-Range Weather Forecast (ECMWF), GloSea5 by Met Office (UK) and C-
GLORSvV7 by Centro Euro-Mediterraneo Sui Cambiamenti Climatici (CMCC) (Italy) of
which the GLORYS2V4 was selected for this study. It spans a period from 01-01-1993
to 31-12-2019. Temperature data from 2011, 2017 and 2018 were selected for this study.

The Global Ocean biogeochemistry hindcast is a multiyear 3D hindcast
biogeochemical product with no data assimilation. Like the Global Ocean Ensemble
Reanalysis product, this globally available biogeochemical product is produced by
Mercator-Ocean (Lamouroux et al., 2019; Perruche et al., 2019). The daily product used
in this study contains six variables vis-a-vis dissolved oxygen (DO) in mmol. m>,
chlorophyll (Chl) in mg m~, net primary production (NPPV) in mg.m?, silicate (Sil) in
mmol. m™, nitrate (NO3) in mmol. m™ and phosphate (PO4) in mmol. m™ in which will

3, chlorophyll-a concentration (umol I'"), phytoplankton concentration

DO mmol. m
(umol 1-1), and net primary productivity (g 17! d"!) were used in this study with a temporal
coverage of from 1993-01-01 to 2020-12-31 and a spatial resolution of 0.25° x 0.25°
regular grid. Dissolved oxygen and chlorophyll-a environmental variables correlated with
the shark track dates in 2011, 2017 and 2018 were extracted from the surface to 2000 m
depth. To account for the spatial error around shark individual geolocations, the data were
therefore averaged for 1.25° in latitude as well as 0.75¢ in longitude (using a 5 % 3 grid

cell) around each position (Vedor et al., 2021).

Units of Environmental Fields
Oxygen
Molar volume at STP =22.391 1
Molar weight of oxygen =31.998 g
Atomic Mass of oxygen = 15.994 g/mol
1 pmol O2= 0.022391 ml
1 ml/L =1000/22.391 = 44.661 pmol/L
1 ml/L = Immol/m3 divided by 44.661 umol/I
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1 mg/L =22.391 ml/31.998 = 0.700 ml/L

1 mg-at/l = 15.994x22.391/31.998 = 11.192 ml

The spatial geolocation error of shark tracking was accounted for by averaging
the pO2 for 1.25° latitude and 0.75° longitude around each shark location.

Temperature

The temperature unit used for this study was °C
Chlorophyll-a

The Chlorophyll-a concentration unit used for this study was pmol 17\,

Global Ocean Data Analysis Project (GLODAP)

The GLODAP (GLODAPv2.2021) data used were biogeochemical bottle data
from the surface to the bottom of the ocean, with a focus on seawater inorganic carbon
chemistry and related variables determined by chemical analysis of seawater samples
(Lauvset al., 2021). GLODAP started in 2004 as a result of the collaboration between
scientists from the WOCE, JGOFS, and OACES, who can synthesize in situ
biogeochemical bottle data into easily usable and readily available products (Key et al.,
2004), thereby providing the first global accurate and precise seawater sample data
worldwide. The GLODAP data used for this study included measurements from more
than 400,000 water samples from the Atlantic Ocean collected on more than 300 cruises
span 48 years from 1972 to 2020 between a depth of 0 m to 6000 m. Data for the twelve
core variables (salinity, oxygen, nitrate, silicate, phosphate, dissolved inorganic carbon,
total alkalinity, pH, CFC 11, CFC 12, CFC 113, and CCI4) have undergone extensive
quality control, especially systematic evaluation of bias (Olsen et al., 2020; Lauvsetet al.,
2021).

The data are available in two formats: one as it was submitted by the data
originator but updated to WOCE exchange format and two, as a merged data product with
adjustments applied to minimize bias, but the latter was used for this study with emphasis
on oxygen concentration and depth in order to achieve the first objective and as a support
data to achieve other objectives. The units used followed the same conversion factors as

in the CMEMS.

3.2.3 Fishing Effort Geolocation
The latest version (2.0) of the Global Fishing Watch Automatic Identification
System (AIS) based on fishing effort and vessel presence datasets which spans 8 years
between 2012 and 2020, was used for this study along with the PSATs data to correlate
30



the spatial overlap of the shark with fishing effort. The fishing effort data were binned
into grid cells of 0.01degrees and measured in units of hours (hours of fishing). The
Automatic Identification System was developed as a vessel safety and anti-collision
system with global coverage and not explicitly to track fishing vessels for fishery
management purposes. However, its global coverage of the locations of many thousands
of ships through time enables the analysis of the distribution of fishing efforts (Kroodsma
et al., 2018a; Kroodsma et al., 2018b; Shepperson et al., 2018). GFW uses two neural
network algorithms to categorize different types of fishing gear (for example, drifting
longlines or purse seines). In addition, it estimates the spatiotemporal locations at which
fishing gears were most likely to be deployed by individual vessels (Kroodsma et al.,
2018a; Kroodsma et al., 2018b; Shepperson et al., 2018; Queiroz et al., 2019). GFW
gridded fishing-effort data between 2012 to 2020 for drifting pelagic longlines was used
for this study.

3.3 Method of Data Analysis
3.3.1 GLODAP and CMEMS Data Integration

Daily modelled oxygen data with a spatial grid of 1° x 1° were taken from the
CMEMS Global Ocean Biogeochemistry hindcast (Global Multiyear BGC 001 029)
for the North and South Atlantic Ocean for the years 2011, 2017 and 2018, while the same
was selected for the GLODAP. Through the use of R programming language as a tool for
the data extraction and analysis, the modelled data were extracted at all depths (0 m to
2000 m) and dates, matching the real individual locations of the GLODAP, while the
unique in-situ data acquisition stations were also taken into account as the structure of the
GLODAP indicated samplings carried out in different stations on the same day. Oxygen
values interpolation was done for the target depth of GLODAP where oxygen
concentrations were not available for CMEMS data in order to obtain spatial and temporal

corresponding data for further analysis.

3.3.2 Statistical Analysis

Oxygen concentration fields from both Models were subjected to a statistical test
to obtain the drift and correlation between oxygen concentrations at the same depth and
dates in the north and south Atlantic. A pairwise two-sample t-test was performed using

the t_test () function in the rstatix package in R, at a significance level of 0.05 to test if
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there exists a significant or non-significant spatial/temporal/depth difference between the
oxygen concentrations of both in-situ and modelled data. Furthermore, the Root mean
square error between the two models was carried out to evaluate the reliability and

accuracies of the two models as defined below.

RMSE = WEE 0

— (Eq.1)

Where Ei is the ith GLODAP data, Oi is the ith CMEMS data and N is the number of
observations available for the analysis.

The RMSE parameter can be decomposed in its components proportional to the
average deviation between the CMEMS and GLODAP series and the scatter of the values
around the average (Mentaschi et al., 2013a; Mentaschi et al., 2013b; Pasqualotto et al.,
2019). This decomposition provides a geometrical insight into whether a bias exists,
which can be attributed to a dependency between the two components.

The Scatter index (SI) is defined as the Root mean square deviation between the
CMEMS and the GLODAP series subtracted from their average values in the equation

below.

S [(Ei ~E)~(0i- 0)]?
SI:\/ e (Eq.2)
1=1

where E and O are the average GLODAP and CMEMS values respectively.

The Scatter index (SI) is a normalized measure of error, often reported as a per
cent. Lower values of the SI are an indication of better model performance. In the case of
unbiased model runs, SI and RMSE coincide. It can be easily shown that the RMSE can
be expressed as the quadratic sum of the scatter component and the bias BI (which is an
index of the average component of the error. A value closer to zero identifies a better
simulation), which validates both models and in turn be used to associate the behaviour
of the sharks.

A correlation coefficient run was performed on both models as defined below.

_ 1\]2?’:1(131'—1?:)(01— 0)

N oEcO

o (Eq.3)
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where oF and o0 are the standard deviations of the GLODAP and the CMEMS,
respectively. This quantity, which ranges between —1 and 1, is an index of the scatter
component of the error, and a value closer to 1 indicates a smaller scatter of the CMEMS
values around the GLODAP.

This statistical analysis was applied to two model data across the Atlantic after data
integration and study area between 40° W, 0, 30° N, and 0, where the OMZs were

observed.

3.3.3 Environmental Integration of Oxygen with Shark Movement Data
Exploratory data technique on the two models’ data with the shark movement data
was carried out to access the response of individual sharks on different days to oxygen
concentrations. A latitudinal extent of 30° N, 0° and longitudinal extent of 40° W and 0
were defined as the study area (Fig 3.4) due to the matching criteria we set, which
correlates shark locations (with unique days) with the environmental fields (oxygen

concentration) between a depth of 0 to 2000 m.
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Figure 3. 5: Map distribution of the complete tracks of sharks, study area and GLODAP data geolocation
across the Atlantic Ocean

Three datasets of oxygen concentrations were obtained using a matching

algorithm which extracts CMEMS oxygen concentration on the shark position and
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GLODAP position within a 2.5° radius of the shark positions on any given day. These
oxygen concentrations were retrieved through three different methods from the two
models (Cmems_shark, Glodap Shark and Glodap Cmems_Shark) were coupled with
the MDD of the shark at a given date to determine their dive patterns with respect to
oxygen concentrations along their tracks. Outliers above 95% quantile, i.e. 2.5°, were
removed for the latter to avoid non-uniformity in oxygen values and gradient around the

closest shark position (See appendix 1).

3.3.4 Mapping Shark distribution and the Environment

For the spatial analysis of shark horizontal movements in Area B (Fig 3.5),
individual shark tracks (geolocations) and environmental data such as daily mean
chlorophyll, temperature and oxygen concentrations at a depth of 0 m and 100 m,
respectively, were integrated using ArcGis Pro.

Kernel density estimators have been used successfully in many tracking studies to
describe habitat use and to identify areas of high marine animal use (Block. Et, al., 2005;
Wood et al., 2000). However, when using this technique to quantify utilization
distributions from tracking data, care needs to be taken to consider biases and ensure
transparency and objectivity (Walli et al., 2009; Queiroz et al., 2016). Therefore, to
identify areas with a high probability of foraging, interpolated data points were also used
to calculate shark space use by performing a kernel density estimate in ArcGIS (spatial
analyst/kernel density).

Using 1° x 1° grid cell as unit area, distribution probabilities were calculated from
the estimated geolocations using a tracking effort-weighted kernel density analysis to
derive an index of shark residence probability per unit area, to identify areas of multi-
individual high utilization and to obtain real occupancy within these areas through the
extraction of the tracking data. The number of shark residents in an area at a time was
determined and the number of days spent in an area. Additionally, the mean number of
days which shows the residence or occupancy days of groups, was obtained.

Due to the single deployment location of blue sharks in this study and the varying
individual tracking durations, the number of tracked animals decreases randomly with
distance from the deployment location, depicting a sampling bias towards the Northwest
Atlantic. In this region, the grid for the geolocation estimates showed very high densities
around the tagging location in Sao Vicente, Cabo Verde. This was accounted for by
normalizing the skewed density estimate of days tracked in each cell by dividing it by the
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number of individual Blue/Mako sharks tracked within each cell (Fig 4.6). The resulting
index reflects a mean probability of shark residency (mean days) over the area with

respect to environmental fields (Fig 4.7; 4.8; 4.9).

3.3.5 Shark and Fishing Vessel Spatial overlap and effort

For each gear type in this study, the number of hours fishing in a month (expressed
as days, in which 24 h of fishing effort = 1 day) within each 1° x 1° grid cell were summed
to provide 12 monthly global fishing-effort maps. The mean annual fishing effort per grid
cell in a relative year was calculated from the 12 monthly fishing-effort maps (Queiroz et
al., 2019).

The spatial overlap between shark distribution and fishing effort was calculated
as the number of grid cells that sharks and fishing effort (in days) occurred in the same
1° x 1° grid cells in an average month, as a function of all shark grid cells occupied and
standardized for shark track length. This was summarized as the spatial overlap of shark
residence time over the sum of the monthly fishing effort of the vessels. The residency in
mean days of individual sharks that overlaps the fishing effort grid cells indicates a higher
probability of shark exposure to fishing at a given period of time. The mean days and
spatial overlap of an individual shark were determined by averaging the total number of
days in a grid cell by the total number of sharks present in a grid cell at a given time for
each species. This, in turn, was overlaid on the fishing effort grid cells and across all
individuals of a species within each ocean region.

A fixed 1°x 1° geographical grid cell (in which 1° = 110.6 km) was chosen
because it is the approximate length of high-seas longlines (that is, 100 km long with an
average of 1,200 baited hooks (Queiroz et al., 2016) that attract fish over long distances
(Kroodsma et al., 2018a; Kroodsma et al., 2018b). In addition, the 1° x 1° grid-cell size
was suitable to reduce the effects of gaps in AIS coverage that, at smaller grid sizes, could

potentially result in substantial unrecorded fishing effort per grid cell.

3.3.6 Ethical Consideration

The labeling procedures have been approved by the Marine Biological
Association of the UK (MBA) Animal Welfare Ethical Review Body (AWERB) and
licensed by the UK Home Office through staff and project licenses under the Animals

(Scientific Procedures) Act 1986. Tagging procedures have been carried out under
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Portuguese national laws for the use of vertebrate animals in research and the work and
tagging protocol has been approved by the Azores Directorate of Marine Affairs of the
Azores Autonomous Region (SRAM 20.23.02/01.5322/ 2009), which monitors and

approves scientific activities.
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4. Results
4.1 Result One: Comparison between CMEMS and GLODAP data
4.1.1 CMEMS vs GLODAP Oxygen concentrations

To determine and compare the drift between model (CMEMS) and in-situ data
from GLODAP, oxygen concentrations of CMEMS were linearly interpolated to obtain
the oxygen concentrations at depths present in GLODAP. Vertical and oxygen gradient
of both models from the sea surface to a depth of 2000 m meters (Fig 4.1, 4.2, 4.3) in
2011, 2017 and 2018 showed typical OMZ and non-OMZ waters.

In 2011, the oxygen gradient between both models in January differed, with
CMEMS recording a minimum oxygen concentration of 6.2 ml/L at a depth of 100 m and
GLODAP recording a minimum oxygen concentration of 4 ml/L at a depth of 300 m. In
contrast, other months recorded minimum oxygen concentrations at an average depth of
700 m with an average oxygen concentration of 3.6 ml/L except for that which was
recorded in November/December, with GLODAP recording the lowest at 2.5 ml/L. This
was recorded in the OMZ of the ETA
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Figure 4. 1: Vertical gradient of oxygen concentration of CMEMS and GLODAP recorded in 2011

In 2017, oxygen concentrations of both models were observed to record the

lowest in July/August and November/December, with a concentration of 1.6 ml/L and

2.3 ml/L, respectively, above a depth of 500 m in the OMZ.

GLODAP oxygen concentrations in March/April recorded a minimum of 3.0

ml/L at a depth of 800 m with an inverted oxygen concentration between GLODAP and

CMEMS from 400 m to 1000 m. oxygen concentrations recorded in May/June followed

the profile of a normoxia with a minimum oxygen concentration of 6ml/L. The oxygen

concentrations of these two models for other months followed a similar pattern.

38




Depth ()

Depth (m)

-14a00 -1000 -400

-2000

-1500 -1o000 -400 o

-2000

J_January

— 4 March " 1 May .

* Glodap * Glodap * Glodap i
—*+-EMEMS ® - *+-CHMEMS & -1 * CMEMS
4 Juy T | September - J November -

* Clodap - * Glodap * (lodap
-{ ¥ CHEMS il —1*CHMEMS — - *-CHEMS i

T T T T & ol T T I = o T T T

0 2 4 G 3 0 2 4 6 8 0 2 4 B

DO {mifL) DO (milL) DO (milL)

Figure 4. 2: Vertical gradient of oxygen concentration of CMEMS and GLODAP recorded in 2017

For all the months recorded in Fig 4.3, it was observed that the minimum oxygen
concentrations in 2018 were generally above 500 m. In contrast to 2011, various months
recorded different oxygen minimum concentrations, with the lowest concentration of 2.1
ml/L and 2.0 ml/L recorded for CMEMS and GLODAP, respectively, in May/June.

Minimum oxygen concentrations of 0.8 ml/L and 1.5 ml/L were recorded for
CMEMS and GLODAP, respectively, in September/October, which was recorded in the
OMZ of the Eastern Tropic Atlantic. This non-uniform pattern of oxygen concentrations
can be attributed to the variation between model data and in-situ data, which were

acquired through different methods and sensors.
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Figure 4. 3: Vertical gradient of oxygen concentration of CMEMS and GLODAP recorded in 2018

Statistical Variations in Oxygen concentrations
Subject to T-test statistical analysis, oxygen concentrations of CMEMS and

GLODAP models were statistically different (p-value = 0.043) considering oxygen
concentrations of sampled locations in both the North and South Atlantic oceans (Fig 3.1,
section three). In contrast, variation in oxygen concentrations between GLODAP and
CMEMS in the OMZs (i.e. study area) was statistically non-significant (p-value =0.071).
The significant difference in CMEMS and GLODAP in Fig 4.4A could be attributed to
the large variations in oxygen concentration when considering oxygen concentrations
both within and outside the OMZs.

Noteworthy, CMEMS and GLODAP data were acquired through different

techniques. Since one is considering all sampled locations within the Atlantic Ocean,
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large variations could be expected (the larger the area, the larger the variations between
the oxygen concentrations of CMEMS and GLODAP). However, when sample locations
were limited to the OMZs where the shark tracks were located in the North Central and
ETA, i.e.,40° N, 0, 30° W, 0 oxygen gradients were consistent, and lower variation was
observed. Also, variations in oxygen concentrations between GLODAP and CMEMS
were non-significant (Fig 4.4B). Nonetheless, oxygen concentrations in both GLODAP
and CMEMS were highly correlated, with a correlation value of 0.93 (Fig 4.5).

A B
T test, {(45631.59) = 2.02, p = 0.043, n = 45634 T test, {(11864.07) = 1.81, p = 0.071,n = 11998
i 6
10.0 o - ns

75

4

[0) [

2

25
00 . : 0 : ,
glodap 02 cmems_02 glodap_o02 cmems_o2
Models Models

Figure 4. 4: Variation in oxygen concentrations between GLODAP and CMEMS in the (A) North/South
Atlantic Ocean; (B) OMZs of ETA.

Correlation Test

CMEMS 02
CMEMS_0O2

GLODAP_02 GLODAP_O2

Figure 4. 5: Correlation test between GLODAP and CMEMS (A) North/South Atlantic Ocean (B) OMZs
of ETA

To further validate the oxygen concentrations in CMEMS and GLODAP, the
Root mean square error analysis of 0.55 obtained shows that CMEMS and GLODAP can
accurately predict each with scatter component of the error (scatter index) of CMEMS
and GLODAP in both scenarios below 20%. Still, values obtained for GLODAP indicate
a good model performance over CMEMS by 0.04% which is less significant (Table 4.1).
While the coefficient of determination (R2) of 0.87 and 0.86 in North & South Atlantic
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Ocean and ETA OMZs, respectively, showed that over 80% variation in one model could

be attributed to the variation in the other model.

Table 4. 1: Statistical summary of GLODAP vs CMEMS

Study Area n c RMSE P-value ST (%) R?
GLODAP CMEMS
North and 45634 0.93 0.55 0.04 12.1 12.2 0.87
South Atlantic
Ocean
ETA OMZs 11998 0.93 0.56 0.07 18.5 18.8 0.86
o=0.05*%

4.2 Result Two: Identification and Characterization of Shark Foraging and

Habitat Use in OMZ

4.2.1 Habitat Use

Fig 4.6A showed the kernel distribution of sharks with regards to their utilization
distribution per grid cell. While it could be said that blue sharks have large aggregation
close to their tag locations (Northwest of Cape Verde), the same could not be attributed
to Mako sharks which were tagged in the same area. Due to their mobility and swimming
agility, they could aggregate close to the west coast of Africa (Senegal, Mauritania,
Western Sahara). In contrast, the shark occupancy in the number of days spent per grid
cell (Fig 4.6B) was not in the same pattern as Fig 4.6A, probably because of the prey
preferences of these two species. While the bulk of days spent in an area was concentrated
in the north-western part of Cape Verde for blue sharks, the most days spent per grid cell
was observed close to the shelf of Western Sahara. Where there was overlap/bias in Fig
4.6A and 4.6B, to ascertain the true distribution of the sharks per grid cell in the OMZs,
the mean days the shark spent per grid cell (Fig 4.6C) compensated for this bias where
all the tracks within a grid cell were summed and averaged by the total number of days
spent within the grid cell. It, therefore, showed the true distribution in mean days the
sharks spent per grid cell, and this was observed to be in the northwestern part of Cape

Verde (Blue sharks) and shelf of Western Sahara (Mako shark).
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Figure 4. 6: Kernel density of utilization distribution from pooled geolocation tracks over study period. (A)
Number of blue shark (left) and Mako sharks (right) per grid cell (B) Days blue shark (left) and Mako shark
(right) spent per grid cell (C) Mean days spent per grid cell

4.2.1 Foraging and Environmental fields

Habit use of blue shark was at the OMZ fronts of Cape Verde (Fig 4.7A) and Fig
4.7B indicated OMZ front preference for shortfin mako shark at adjacent OMZ fronts of
Western Saharan. Fig 4.7 revealed that the most time spent by the two species was neither
outside nor inside the core OMZs but at the fronts. Perhaps, due to the high productivity

of the area, they tend to spend more time where there was prey aggregation and often
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dive less hypoxic waters and dive more in normoxia, reinforcing their habitat preference

along the OMZ fronts.
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Figure 4. 7: Map of the study area in the North-east Atlantic. Three-year (2011, 2017, 2018) monthly
average of dissolved oxygen at 100 m depth on the resident time (contour lines) of (A) Blue Sharks with
residence time of 3 days (B) Mako sharks.with mean residence time of 28 days

While there was no distinct correlation in Blue shark habitat use in Fig 4.8A and
chlorophyll-a concentration, high chlorophyll concentration along the Western Sahara
waters can be attributed to the cause of the high resident time of Mako sharks along the
coast of West Africa and dominantly adjacent to the coast of Western Sahara.
Chlorophyll concentration in seawater is a proxy for productivity, which often

characterizes the preferred habitats of sharks (Queiroz et al., 2019).
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days (B) Mako sharks. With mean residence time of 28 days

It was observed from Fig 4.9A that blue sharks largely occupy an area with high
and low thermal gradient northwest of Cabo Verde while Mako sharks shown in Fig 4.9B
occupied an area of high and low thermal contrast with an average temperature of 17°C.

Blue and Mako sharks preferred fronts with subsurface temperature gradients
(fronts and thermoclines) and/or high primary productivity of Cabo Verde OMZ and
Western Sahara OMZs, respectively.
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4.3 Result Three: Hypoxia-Based Habitat Compression and Vulnerabilities to
Fisheries
4.3.1 Oxygen Induced Habitat Compression and Shark behaviour

Dive pattern of blue sharks (bl 91026, bl 1070858, bl 164443 and bl 164444)
shows consistency with the three models of DO concentrations. A maximum depth dive
(MDD) of 1500 m was observed for bl 91026 with high DO, averaged 5 ml/L while the
dive depth became shallow with decreasing DO concentration. The dissolved oxygen
gradients from the surface to a depth of 2000 m were also observed for the three models
for bl 91026 in Fig 4.10B-D. Alternating dives were observed for bl 7085, where dives
between 500 m to 1400 m were observed at the beginning of the tracks, but during an
encounter with adjacent waters with low DO concentration, the dive depth was limited
to an average depth of 500 m for a brief period along the tracks while the dive increased
to a depth of about 1400 m afterwards. For bl 164443, a vertical shift to shallower depths
(increased shoaling) occurred as sharks moved across the core OMZ area compared to
dive depths in adjacent waters where oxygen concentration was high. For example, the

MDD depths of bl 164443 in adjacent waters to the OMZ ranged between 400 and 1500
46



m, whereas above the core OMZ area, MDD depths were 200— 650 m (Fig 4.10).
However, while MDD of bl 164444 reached 1600 m in water with high DO, shallow
dives (200-500 m) were recorded in the adjacent waters along its tracks. This was also
observed in the OMZ, where DO was low and yet, deep intermittent dives averaged 1200

m.
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Figure 4. 10: Dive response of blue sharks to oxygen concentration (A) Vertical movement of Blue sharks in relation to dissolved oxygen models. Daily maximum depth plots
(black) for blue shark overlaid on GLODAP (red), CMEMS (yellow), and GLODAP-CMEMS (blue) DO concentration data at 100 m [see legend] (B) CMEMS DO concentration
from the surface to 2000 m during shark movement (C) GLODAP DO concentration from the surface to 2000 m during shark movement. The dark grey area corresponds to
where no data was available (D) CMEMS-GLODAP DO concentration from the surface to 2000 m during shark movement.
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Oxygen concentrations encountered by each shark for the three oxygen datasets
follow the same colour pattern (which corresponds to oxygen concentrations) with an
oxygen minimum zone (<3.5 ml/l) varying between 100 m — 1000 m. 1 and 2 with high
oxygen concentration across all depth from the start of shark movement in normoxia to
OMZ area, 3 and 4 were from the core OMZ to the normoxia in which 3 spent longer

duration across the OMZ.

For all Mako sharks (mk 164446, mk 164448, mk 164449 and mk 164450) in
Fig 4.11 that encountered OMZ with an average DO concentration of 2 ml/L, an average
MDD of 300 m was recorded, while the MDD recorded was at 550 m for all the four
sharks. This was in contrast to the dive depth of blue sharks (Fig 4.10) with higher MDDs.
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Figure 4. 11: Dive response of Mako sharks to oxygen concentration (A) Vertical movement of blue sharks in relation to dissolved oxygen models. Daily maximum depth plots
(black) for blue shark overlaid on GLODAP (red), CMEMS (yellow), and GLODAP-CMEMS (blue) DO concentration data [see legend] (B) CMEMS DO concentration from
the surface to 200 m during shark movement (C) GLODAP DO concentration from the surface to 200 m during shark movement (D) CMEMS-GLODAP DO concentration

from the surface to 200 m during shark movement.
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A consistent oxygen concentrations pattern can be observed across the plotted
three oxygen concentration datasets with low oxygen concentration (<3.5 ml/l) varying

between 100 m to 1000 m

4.3.2 Shark’s Vulnerabilities to Fisheries

The extent of spatial overlap between the relative density distribution of sharks
and longline-fishing efforts indicates which species are more at risk from fishing and
how this risk is distributed. Fig 4.12 showed the mean monthly distribution of fishing
effort (mean days per grid cell) of AIS-tracked longline fishing vessels in 2012—2020 and
the percentage of mean days per grid cell in overlapped areas for blue (Fig 4.12A) and
Mako sharks (Fig 4.12B) in the North Atlantic Ocean in 2011, 2017 and 2018. It was
observed that the spatial use and density of Mako sharks (59%) are more susceptible to
fisheries. Also, the hotspot is known for its upwelling and high productivity aggregate of
many pelagic sharks, which are ultimately susceptible to longline fishing vessels in the
area. In contrast, blue sharks’ spatial use of northwest Cape Verde with no fishing hotspot
makes the blue sharks less susceptible to commercial fishing. Because the large
proportion of shark mortality related to fishing (Queiroz et al., 2019) is related to
longline-fishing efforts in areas of shark space use, it follows that sharks that have both
a high overlap with fishing effort (greater susceptibility) will be at a greater risk of

capture than those with low overlap.
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Figure 4. 12: Spatial distributions and overlap of sharks and longline fishing vessels. Distribution of the
mean monthly overlap and the level of fishing effort (in days) that sharks were exposed to in overlapping
areas for all species within 1° x 1° grid cells (A) Percentage density of exposure of blue sharks in 1° x 1°
grid cells (B) Percentage density of exposure of blue sharks in 1° x 1° grid cells
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5. Discussion

Results from the comparison between CMEMS and GLODAP showed the
reliability of both models. Even though Copernicus Services relies on several
environmental measurements collected by data providers external to Copernicus (i.e.
from ground-based, sea-borne or air-borne monitoring systems, geospatial reference or
ancillary data), oxygen concentrations in CMEMS and GLODAP were similar with a
standard deviation of £1.51. This is low when acceptable considering the volume of data
of GLODAP data points which was matched with CMEMS across the Atlantic Ocean.
Low statistical variations within the OMZs can be attributed to the relatively uniform
oxygen concentration at depth commonly experienced in the OMZs due to its high
stratification. OMZ observed from the two models ranges from a depth of 200 — 1000 m
in the ETA. This was reported in previous studies by Stramma et al. (2012), and Keeling
et al. (2010) on the expansion of the OMZ as the global decline in ocean oxygen levels
will alter the headwaters aerating the OMZs within the water column.

Tiano et al. (2014) stated that the centre of the ETA is practically anoxic, with
oxygen concentrations within the OMZ core found to be <0.1 pmol kg™ ! between depths
of 150 and 800 m which corroborates our result of extremely low DO concentration in
the OMZ. Helly and Levin (2004) reported a thickness of eastern tropical pacific OMZs
of between 200-1200 m which was observed in Fig 4.1, 4.2 and 4.3, and this influences
population dynamics along the continental margin. Results showed the differences
between the vertical gradients of oxygen concentration in the core OMZ and outside the
OMZ. While the oxygen field from both models was subjected to a correlation test, it
was strongly correlated with a value of 0.93. A root means square of less than 20% was
indicative of one model being able to predict the other. There was a non-significant
variation in the oxygen field of both models within the OMZ. In contrast, there was a
significant test in oxygen concentration from both models when the Atlantic Ocean was
considered as a study area with more data points and heterogeneous characteristics.

Habitat preferences of Blue and Mako sharks are subjective. While the kernel
density of utilization distribution of these sharks in mean days (Fig 4.6¢) revealed their
habitat preference, this could also be attributed to foraging sites where prey is abundant,
with a strong correlation between fishing density (hotspot) and Prey aggregation
affecting their choice of foraging habitat (Fig 4.12). Reasons for this habitat preference

and distribution could also be related to larger-scale movements associated with new
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foraging opportunities, namely the availability of certain prey species at greater depths
(Clarke & Stevens 1974) or in response to local oceanographic conditions (e.g. surface
water temperatures). However, shark birthing and mating activities have also been
associated with such movements (Weng et al., 2005, 2007).

Concerning optimal foraging theory, predators should maximize the time they
spend in a prey bed. Therefore, the fact that recorded Mako sharks (Fig 4.6c) remained
in the fishing hotspots around and off the coast of Western Sahara could indicate
successful foraging in this area. Nonetheless, this horizontal shift in horizontal and/or
depth distribution could also be associated with a change in prey type as sharks move
from coastal to open water habitats.

Previous studies show that the stomach contents of blue sharks caught in the
English Channel consisted mainly of schooling epipelagic fish (Stevens 1973), while
blue sharks in the Bay of Biscay fed mainly on squid species most likely found in deep
water (Clarke & Stevens 1974).

A strong relationship between some environmental variables occurs in sharks'
horizontal and vertical movement. While sharks prefer fronts with high thermal gradients
(Fig 4.9), they also exhibit this horizontal movement with oxygen concentration (Fig
4.7), just as they do with their diving pattern in hypoxic and normoxia waters. Queiroz
et al. (2012) found a high correlation between shark habitat use and chlorophyll
concentration, as these areas are known for their high productivity as in the coastal waters
of Western Sahara (Fig 2.8b), hence their aggregation in this area. A correlation between
whale shark distribution and proximity to the shelf margin has been described for the
northern Gulf of Mexico and may be related to productivity surges associated with these
areas (Gonzalez-Quiros et al., 2003). The dynamic physical processes associated with
shelf margins produce an upwelling of nutrient-rich water to the surface (Huthnance,
1981), resulting in a localized increase in planktonic biomass.

Oxygen plays a key role in the diving pattern and habitat preference of Blue and
Mako sharks vertically and horizontally. This became clear in Fig 4.10, as different
oxygen concentration gradients significantly influenced the diving behaviour of blue
sharks. Vedor et al. (2021) suggested that blue sharks' reduced maximum diving depths
and lower frequency of deep diving were caused by sharp horizontal and vertical
gradients in the physical and biological variables present in the OMZ. Different driving
patterns could also indicate different activities and behaviours of the sharks. While blue

sharks tend to dive deeper than Mako sharks (Fig 4.11), they exhibit a U- or V-shaped
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dive during ascent or descent, with U-shaped dives associated with foraging on
aggregated patches of prey at depth (Queiroz et al., 2017). This interpretation is widely
supported by theoretical expectations and empirical results from previous studies. V-
shaped dives of short duration at depth are believed to correspond to exploratory or
transitional behaviour (Wilson and Block, 2009; Horodysky et al., 2007).

It is possible that by swimming up and down through the water column and
traversing different depth layers; sharks increase the likelihood of detecting olfactory
cues since scent trails in the ocean propagate in a horizontal plane due to current shear
between different dense layers (Carey and Scharold, 1990; Pade et al., 2009). In addition,
an examination of vertical movements reveals two distinct patterns that appear to be
related to phases of offshore residency or migration. The first is characterized by
oscillating driving behaviour, and the second is by a bimodal depth distribution with
significant surface time (Nasby-Lucas et al., 2009). Using vertical movement to
distinguish between possible foraging and migratory behaviours will dramatically
improve efforts to use state-space models to quantify behavioural modes (Josen et al.,
2007; Patterson et al., 2008; Bailey et al., 2008).

Fig 4.11 shows the general shallow diving depth of the shortfin mako, which are
known to spend 90% of their time at night at depths less than 100 m, while during the
day, they spend 76% at this depth zone (Stevens et al., 2010). Acoustic telemetry studies
of juvenile shortfin mako fish off southern California indicate that they spend about 80%
of their time in surface waters less than 12 m deep and that excursions to deeper, cooler
water are more common during the day. These studies show that although they seek out
the upper mixed layer, they often make vertical oscillations and that larger sharks swim
to greater depths than smaller individuals (Holts and Bedford, 1993; Klimley et al., 2002;
Sepulveda et al., 2004). A large shortfin mako recorded in the northwest Atlantic spent
most of its time well below the mixed layer, reaching depths of more than 400 m (Carey
and Scharold 1990). The juvenile sharks off southern California spent about 82% of their
time at 20-21°C and another 11% at 18-20°C (Holts and Bedford 1993). The blue sharks
tagged in this study spent a lot of time in the tag area (northwest of Cape Verde), while
the shortfin mako sharks spent more time outside the tag area and more time in Western
Sahara waters.

The result from Fig 4.12 showed the spatial overlap and vulnerability of Mako
sharks to fisheries which was not the case for blue sharks, as the spatial use does not

overlap with known commercial fisheries (Kroodsma et al., 2018b). Considering the high
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fishing effort in hotspots of Mako shark space exploitation for much of the year and the
very few spotted hotspots that are free of exploitation, it became clear that the risk of
shark exposure from fishing in Western Sahara is high spatially is extensive, this risk of
exposure extends almost across the entire shelf. Since this area is known for its high
productivity (Fig 4.8), the observed patterns point to a future in which sharks find limited
spatial sanctuary from industrial longline fisheries. More worrisome is that they are
currently concentrated on ecologically important hotspots of space exploitation for the
oceanic sharks unless they move south, which could overlap with the Senegalese fishing
hotspot along the West African coastal corridor. Queiroz et al. (2019) highlighted the
scale of the overlap between fishing efforts and hotspots of space used by sharks. They
argued for more effective and timely monitoring, reporting and management of pelagic
sharks.

Furthermore, to enhance the recovery of vulnerable species, one solution is to
design large-scale marine protected areas around ecologically important space-use
hotspots of pelagic sharks (Scales et al., 2014). Studies have shown that longline fishing
patterns above the ETA OMZ form among the most important fishing hotspots within
the entire eastern Atlantic, particularly along with the northern extent of the ETA OMZ
(Vedor et al., 2021) with a high correlation between high productivity and fishing effort
hotspots. Consequently, vessels above the OMZ deploy longlines continuously (daily)
continuously in localized areas rather than interrupt fishing by travelling for days

between fishing hotspots (Queiroz et al., 2016).
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6. Conclusion
To fully resolve the behavioural and foraging pattern of sharks across the OMZs,

all-important environmental variables must be integrated. While previous studies showed
that blue sharks probably have the most extensive horizontal coverage, they also have one
of the deepest dives. However, during these extensive movements, they encounter a wide
range of water with different characteristics, but the movement pattern changes while in
the OMZs, where they dive 40% less in the ETA OMZ compared to adjacent waters with
normoxia (Vedor et al., 2021). Although Mako sharks recorded an average MDD of 300
m, their spatial and horizontal coverage was more than the blue sharks. Blue and Mako
sharks will experience further habitat compression to the uppermost 100 m of the water
column in the OMZ areas to avoid or compensate for the low oxygen concentration at
lower depth, potentially exposing them to fisheries, as this study has shown in the case of
Mako sharks. This compression can also be associated with the physiological limits of
sharks (Payne et al., 2015; Coffey et al., 2017; Sims, 2019), habitat compression of prey
species (Gilly et al., 2013; Childress and Seibel, 1998) or even visual impairment caused
by hypoxia (McCormick and Levin, 2017).

The results of this study support the hypothesis that a change in feeding patterns
and increased aggregation of pelagic sharks in the OMZs is directly linked to the
productivity of the areas, as in the case of the adjacent waters of Western Sahara, which
could make them vulnerable to fishing. Time series data of all environmental variables
(in-situ and modelled data) can be fully integrated with shark data to access even higher
spatial and temporal resolution of shark behaviour and foraging in the OMZs. Recent
technological advances in using archival satellite tags to measure dissolved oxygen
concentrations in situ in conjunction with modelled and time-series data from cruise ships
in the shark-occupied natural environment (Coffey and Holland, 2015) have proven to be
extremely informative in determining the environment Niche of the species. Considering
the environmental and physiological data from an ecological framework has helped to
understand how interactions between species and food web dynamics, including the
abundance of predators and prey, are affected.

As the global status of blue and shortfin mako sharks continues to decline, it is
imperative to begin implementing conservation and management measures at offshore
shark space exploitation hotspots, with simultaneous satellite monitoring of megafauna
and fishermen as a tool for near real-time, dynamic management. Given the usefulness of

oxygen for determining climate change impacts on marine ecosystems and for a better
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understanding of ecological interactions in the ocean, further studies which would capture
the routine and continuous recording of its concentration regarding these top marine

predators will be particularly relevant and promising.
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