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Influence of Environmental Variables on the Vertical 

Movement Patterns of Shortfin Mako Sharks in the 

South Atlantic 

Abstract 
Climate change is intensifying ocean warming and acidification, creating biological 

and habitat constraints for Isurus oxyrinchus. As apex predators, these sharks play 

a key role in oceanic dynamics and are essential for the health of marine 

ecosystems. 

Ten individuals were monitored in the south-eastern Atlantic, a poorly studied 

region, using electronic tags. Vertical movements ranged from the surface to depths 

of 1,200 m, with a preference for waters shallower than 100 m, complemented by 

deep dives associated with elevated temperatures, weak thermal gradient and 

oxygen availability. 

Horizontal movements occurred between the open ocean and areas near the 

Namibian continental shelf, with a preference for productive waters and 

temperatures between 21–23 °C. This preference increases the species vulnerability 

to fishing activities and, when combined with climate change, further constrains its 

habitat. These findings highlight the urgent need for integrated conservation 

measures. 

 

Keywords: Isurus oxyrinchus; Satellite telemetry; South Atlantic; Vertical 

movements; Environmental variables; Marine conservation. 
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Influência das Variáveis Ambientais nos Padrões de 

Movimento Vertical de Tubarões-anequim no 

Atlântico Sul 

Resumo 
As alterações climáticas estão a intensificar o aquecimento e a acidificação dos 

oceanos, criando limites biológicos e no habitat da espécie Isurus oxyrinchus. 

Como predadores de topo, desempenham um papel-chave nas dinâmicas 

oceânicas e são cruciais para a saúde dos ecossistemas marinhos. 

Dez indivíduos foram monitorizados no Atlântico Sudeste, uma região pouco 

estudada, utilizando marcadores eletrónicos. Movimentos verticais foram 

registados desde a superfície até aos 1200 m, com preferência por profundidades 

inferiores aos 100 m, complementadas por mergulhos profundos associados a 

temperaturas elevadas, termogradiente baixo e disponibilidade de oxigénio. 

Os movimentos horizontais ocorreram entre o oceano aberto e áreas próximas da 

plataforma continental da Namíbia, preferindo águas produtivas e temperaturas 

entre 21–23 °C. Estas preferências expõe a espécie à pesca, combinada com 

alterações climáticas, limita o habitat, sublinhando a necessidade urgente de 

medidas de conservação integradas. 

 

Palavras-chave: Isurus oxyrinchus; Telemetria por satélite; Atlântico Sul; 

Movimentos verticais; Variáveis ambientais; Conservação marinha. 
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1. Introduction 

1.1 Impacts of climate change on the oceans 

Climate change is generating significant impacts on the oceans, leading to profound 

transformations within marine ecosystems. As the planet warms due to the 

increase in greenhouse gas emissions, the oceans are undergoing a series of 

alterations. These changes are not only reshaping marine biodiversity but are also 

disrupting the balance of ecosystems that have existed for millennia, raising 

concerns about their future stability and resilience (Doney et al., 2012; Jewett & 

Romanou, 2017; Jorda et al., 2020; Worm & Lotze, 2021; Yao & Somero, 2014). One 

of the most pressing effects of global environmental change is the increase in ocean 

temperature, a phenomenon associated with substantial modifications and 

challenges for marine ecosystems, directly affecting the physiological and 

ecological functioning of numerous biological groups. 

Algae represent one of the most sensitive groups to these changes. Thermal 

variations influence their physiology, productivity, and community structure, 

leading to shifts in the ecosystems where they play fundamental ecological roles 

(Richardson & Schoeman, 2004; Wernberg et al., 2011). The rise in sea surface 

temperature (SST) can alter the composition of algal communities, favouring heat-

tolerant species and reducing the abundance of those adapted to cooler waters, 

with direct impacts on the base of marine food webs. Similarly, coral reefs have 

shown pronounced vulnerability to global warming. The increasing frequency and 

intensity of corals bleaching and mortality events observed in recent decades are 

strongly correlated with the acceleration of climate change (Carilli et al., 2012; 

Cantin et al., 2010; Pandolfi et al., 2011).  

Among fish populations, rising SST has driven shifts in species distributions, with 

many moving to higher latitudes or deeper layers of the water column to avoid 

warmer surface waters and in search of more suitable thermal conditions (Dulvy et 

al., 2008a; Perry et al., 2005). In some tropical warm-water species, increases in 

abundance and community diversity have been observed following moderate 
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warming (MacNeil et al., 2010; Simpson et al., 2011). In contrast, the condition of 

cold-water species has declined (MacNeil et al., 2010). Ocean warming has also 

facilitated the invasion of thermophilic species, thereby altering the ecological and 

competitive dynamics of marine ecosystems (MacNeil et al., 2010). 

Climate change likewise affects organisms at lower trophic levels. The decline in 

phytoplankton abundance due to rising SST may lead to subsequent decreases in 

copepods that feed on algae and, consequently, in carnivorous zooplankton 

species at higher trophic levels (Richardson & Schoeman, 2004). Such changes can 

modify the diversity and biogeographic distribution of marine copepods, with 

cascading effects throughout the trophic system (Rombouts et al., 2009). 

Beyond ecological alterations, climate change exerts significant physiological 

effects. In Norway, the proportion of one-year-old Atlantic salmon (Salmo salar) 

completing reproductive migration has decreased in parallel with rising SST (Otero 

et al., 2012). Elevated temperatures have also proven detrimental to embryonic 

development and survival in invertebrates such as the squid Loligo vulgaris, causing 

premature hatching, due to reduced metabolic activity, and oxidative stress in eggs 

(Rosa et al., 2012). 

These effects, combined with ocean acidification resulting from the absorption of 

excess carbon dioxide, further exacerbate environmental challenges (Nagelkerken 

& Munday, 2016). Cao et al., (2014) demonstrated that climate change reduces the 

average concentration of dissolved oxygen (DO) in the oceans, increasing the risk of 

hypoxic zones (areas with low oxygen levels). Each degree of climate sensitivity 

results in additional ocean warming of approximately 0.8 °C, reducing dissolved 

oxygen by about 5%. These hypoxic regions, known as oxygen minimum zones 

(OMZs), occur across all ocean basins and develop where dissolved oxygen reaches 

low (hypoxic) levels, between <0.45–1.00 ml O₂ l⁻¹, at depths of approximately 200–

800 m (Keeling et al., 2010; Gilly et al., 2013). The vertical expansion of OMZs can 

affect crucial microbial processes involved in nutrient cycling and gas fluxes (Levin 

& Le Bris, 2015), alter predator–prey dynamics (Ekau et al., 2010; Stewart et al., 
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2013), and modify the distribution, abundance, and catch risk of ecologically 

significant species. 

The need to address these changes has generated intense debate over policy 

measures and conservation strategies. Although approaches such as Marine 

Protected Areas (MPAs) and ecosystem-based management aim to mitigate certain 

effects, the effectiveness of these strategies in the face of rapid environmental 

change remains a central concern among scientists and policymakers (Bruno et al., 

2018; Duncanson et al., 2023; Wilson et al., 2020). As the oceans continue to 

change, understanding these environmental and ecological factors is essential for 

assessing not only habitat preferences but also the potential impacts of changing 

conditions on the dynamics of marine ecosystems. The main difficulty in 

understanding animal movement lies in identifying the external factors, 

physiological state and locomotion and navigation capabilities that influence them 

(Nathan et al., 2008).  

The selection of optimal thermal habitats, movements between productive foraging 

zones, and predatory and competitive interactions occur simultaneously in the 

vertical and horizontal planes. The three-dimensional habitat of marine ecosystems 

allows combinations of vertical and horizontal movements, being an essential 

parameter for understanding ecological interactions (de Perera et al., 2013). The 

vertical behaviour of marine organisms, from microscopic phytoplankton to apex 

predators such as sharks, plays a crucial role in marine ecosystems, influencing 

ecological interactions, trophic dynamics, and conservation efforts. This behaviour 

encompasses a variety of migratory patterns, particularly diel vertical migration 

(DVM), which refers to the synchronised movement of zooplankton and fish 

ascending and descending through the water column over a 24-hour cycle. This 

phenomenon is widely observed in pelagic communities, both marine and 

freshwater, and involves a broad range of species. Typically, organisms migrate 

towards the surface at dusk and shortly before sunrise, this migration is reversed, 

and the animals return to their daytime residence in the mesopelagic zone (at 

depths of 200–1000 m) (Hays,2003; Lampert, 1989). This daily excursion is 

considered primarily an adaptation to avoid visual predators in the sunlit surface 
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layer and was first recorded nearly 200 years ago using ship-based net trawls 

(Bandara et al., 2021). These animals may cover vertical distances of tens to 

hundreds of metres within just a few hours.  These movements are significant not 

only for the organisms themselves but also for the overall health and stability of 

marine ecosystems, as they facilitate nutrient cycling and energy transfer within the 

food web.  

The decline of apex predators disrupts the top–down trophic control that regulates 

prey populations and maintains the balanced structure of marine communities. In 

the absence of sharks, there is an increase in mesopredators, smaller predatory fish 

and invertebrates, which alters the overall dynamics of the ecosystem. This shift 

generates cascading effects, including the proliferation of certain species, the 

collapse of others, and a subsequent loss of productivity in habitats such as coral 

reefs, seagrass meadows, and coastal ecosystems, as demonstrated by several 

recent studies (Dedman et al., 2024; Simpfendorfer et al., 2023; Henderson et al., 

2024; Ferretti et al., 2010).  

Recent research, such as that by Simpfendorfer et al. (2023), reveals a global 

decline of between 60% and 73% in reef shark populations, accompanied by an 

increase in rays, which fundamentally alters community structure and function. 

This ecological substitution reduces biodiversity and degrades vital ecosystem 

services, including prey regulation and reef stability. 

Despite their ecological importance, many shark species are experiencing severe 

population declines globally, making their conservation an urgent priority for marine 

ecosystem management. Studies highlight the severity of this situation. For 

instance, Roff et al. (2018) reported substantial declines, ranging from 74% to 92%, 

in the catch per unit effort (CPUE) of several apex shark species, including the 

scalloped hammerhead (Sphyrnidae), the bull shark (Carcharhinidae), the tiger 

shark (Galeocerdo cuvier), and the great white shark (Carcharodon carcharias). 

These declines were accompanied by reductions in the average size of captured 

individuals and a lower likelihood of encountering mature, reproductive adults, 
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indicating selective pressure on larger sharks, which are critical for maintaining the 

reproductive capacity of populations. 

Consistently, Pacoureau et al. (2021) demonstrated that, since 1970, the global 

abundance of sharks and oceanic rays has declined by approximately 71%, a trend 

associated with an eighteen-fold increase in relative fishing pressure over the same 

period. Consequently, three-quarters of the assessed species are currently 

threatened with extinction, representing a global conservation crisis for a taxonomic 

group that is functionally essential to trophic stability and the ecological balance of 

marine ecosystems. 

Beyond overfishing, climate change has caused significant shifts in the distribution 

and behaviour of sharks. Between 1982 and 2021, estuaries in the Gulf of Mexico 

recorded an average increase of 1.55 °C in autumn water temperatures and delays 

in cold fronts of approximately 0.5 days per year (Matich et al., 2024). These 

environmental changes influenced the migratory behaviour of juvenile bull sharks 

(Carcharhinus leucas), whose departures from more northern estuaries occurred 

25 to 36 days later in 2021 compared to 1982. Although warming waters facilitated 

these behavioural changes, the most influential factor was the reduced availability 

of prey, a consequence of diminished reproductive success among forage species 

associated with climate change, which caused juveniles to remain longer in their 

natal estuaries. 

Complementary experimental studies indicate that projected oceanic conditions by 

the end of the twenty-first century, both warmer and more acidic, severely 

compromise the physiology, condition, and survival of tropical juvenile sharks (Rosa 

et al., 2014). This research provides direct evidence that ocean acidification, in 

combination with global warming, represents a concrete and immediate threat to 

the viability of shark populations, emphasising the vulnerability of these predators 

to climatic alterations. 

Furthermore, Osgood et al. (2021) demonstrated that elasmobranch responses to 

environmental changes vary according to species’ mobility and ecology. For 

example, the scalloped hammerhead (Sphyrna lewini) exhibited a reduction of more 
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than 14% in counts and a 19.4% decrease in the occurrence of large schools for 

every 1 °C increase in sea surface temperature (SST).  

Understanding such behaviours of these predators is therefore crucial to developing 

management and conservation strategies that ensure the sustainable use and 

protection of ocean resources. 

 

 

1.2 Electronic Tags as a Tool for the Study of Shark Ecology and 

Conservation 

For management plans to be implemented effectively, it is essential to obtain 

detailed information on the movements and behaviour of these species. The 

application of electronic tagging technologies, particularly satellite tags, has 

transformed the study of highly mobile marine species, such as pelagic fishes. Such 

data are typically collected via electronic devices attached to the animals, capable 

of transmitting or recording a wide range of information (Sims et al., 2003; Weng et 

al., 2005), thereby enhancing understanding of sharks ecological requirements and 

supporting more effective conservation strategies.  

 

These species often travel thousands of kilometres across the oceans, making it 

impossible to monitor their movements using traditional approaches such as nets 

or direct observation, which, although capable of providing point information on 

presence, abundance, or morphological traits, are insufficient to document large-

scale movement patterns or to capture continuous behavioural data. Importantly, 

these traditional methods are not entirely replaceable; rather, they serve as 

complementary tools to electronic tagging, since each approach offers distinct 

advantages and limitations. Satellite tags enable real-time or near-real-time 

tracking, providing a precise understanding of migratory routes and filling critical 

knowledge gaps that conventional methods cannot address. 



18 
 

Furthermore, many tags record depth, water temperature, and diving patterns, 

offering valuable information on vertical behaviour, feeding habits, and habitat 

preferences, data that would not be accessible through visual observation alone 

(Hammerschlag et al., 2011) delivering crucial data for ecology, biology, and policy, 

particularly (Hussey et al., 2015; Hays et al., 2019).   

 

One of the most used devices for satellite tagging, particularly in sharks, are Pop-up 

Satellite Archival Tags (PSATs), the same devices used in the present study. These 

devices are externally attached and allow monitoring of species that dive deeply or 

spend little time at the surface, as is the case for the species in this study, recording 

continuous depth and temperature data and covering long oceanic distances 

essential conditions for studying vertical behaviour and migrations of pelagic 

sharks, while enabling geolocation estimates (Block et al., 1998; Skubel et al., 2020; 

Horton et al., 2024; Musyl et al., 2001). 

 PSATs transmit data via the Argos system, eliminating the need for recapture, and 

include automatic release mechanisms in the event of failure, animal mortality, or 

reaching the programmed release date. Despite their advantages, they have 

limitations, such as premature release due to battery failure, mechanical damage, 

and lower spatial accuracy compared to other devices (Arnold & Dewar, 2001; Musyl 

et al., 2011). To improve the accuracy of location estimates derived from light levels 

recorded throughout the day, from which sunrise and sunset times are determined, 

allowing longitude to be estimated based on the timing of solar noon and latitude 

based on day length, several methods have been developed, including the removal 

of outlier values (Schaefer and Fuller, 2002), the application of smoothing 

techniques such as moving averages (Matsumoto et al., 2005), the processing of 

location estimates using state-space movement models, namely Kalman filters 

(Sibert et al., 2003) and particle filters (Royer et al., 2005), and the comparison of 

sea surface temperatures recorded by the tags with remotely sensed data (Delong 

et al., 1992). 

SPOT (Smart Position and Temperature Transmitting), are other electronic tagging 

methods frequently used, allow near real-time tracking with higher spatial 



19 
 

resolution, but they depend on the frequency with which the animal comes to the 

surface, limiting their use for species that dive deeply or spend little time at the 

surface, even though they offer higher location accuracy in near real-time. 

According to the scientific review conducted by Hammerschlag et al. (2011) on the 

use of satellite tagging technologies in sharks and their contribution to 

understanding the spatial ecology and behaviour of these marine predators, it was 

reported that, up to the time of publication, 17 shark species from seven families 

(Alopiidae, Carcharhinidae, Cetorhinidae, Rhincodontidae, Dalatiidae, 

Somniosidae, and Sphyrnidae), representing four orders (Lamniformes, 

Carcharhiniformes, Orectolobiformes, and Squaliformes), had been successfully 

satellite tagged using different types of satellite tags, including both PSAT and SPOT 

technologies. This total includes the shortfin mako shark (Isurus oxyrinchus). 

 

1.3 Biology and ecology of Shortfin Mako (Isurus oxyrinchus), 

(Rafinesque, 1810) 

 The shortfin mako (Isurus oxyrinchus) belongs to the family Lamnidae which 

comprises only five species, including some of the most iconic predators: 

Carcharodon carcharias (white shark), Isurus oxyrinchus and Isurus paucus 

(makos), Lamna nasus (porbeagle), and Lamna ditropis (salmon shark). Members 

of this family are characterised by a morphology highly specialised for active and 

sustained locomotion. They display a robust body, capable of swimming at high 

speeds, with a fusiform and hydrodynamically efficient shape, a conical snout with 

large, blade-like teeth lacking cusps or serrations, large gill slits optimised for gas 

exchange, a second dorsal fin, and a heterocercal tail with lobes of similar size, 

providing powerful propulsion and as a species exhibiting regional endothermy 

(Compagno, 2001) .  

This species is considered particularly well suited for the use of fin-mounted 

satellite tags, as it is a highly migratory species that travels long distances across 
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vast ocean basins, making it especially suitable for studies employing electronic 

tagging to track long-term movements (Block et al., 2011; Nasby-Lucas et al., 2019; 

Santos et al., 2020; Santos et al., 2021; Vaudo et al., 2024). Moreover, the shortfin 

mako exhibits a wide geographical distribution, occurring in tropical, subtropical, 

and temperate seas worldwide (Rigby et al., 2019).  

Furthermore, this species is of both ecological and economic importance. As an 

apex predator, its movement patterns are crucial for understanding the dynamics 

and health of marine ecosystems. In addition, data derived from tagging studies 

support fisheries management by identifying areas and periods of increased 

vulnerability to capture (Campana et al., 2005; Campana et al., 2016; Queiroz et al., 

2019). The consistent use of satellite tagging across different regions of the world 

has clarified the distribution, behaviour, and migratory patterns of the shortfin mako 

shark  throughout its range.  

 This species is widely distributed in oceanic waters of temperate and tropical 

regions worldwide (Abascal et al., 2011). In the eastern Atlantic, it occurs from 

northern Europe to South Africa, in the western Atlantic, from the Gulf of Maine to 

Argentina, including the Gulf of Mexico and the Caribbean Sea. In the Indo-Pacific, 

its range extends from South Africa to Hawaii and from Russia to Australia, with 

some coastal exceptions and absence in New Zealand. In the eastern Pacific, it 

ranges from the Aleutian Islands to Chile (Rigby et al., 2019) (Figure 1). 
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Figure 1: Geographical distribution of I.oxyrinchus. IUCN SSC Shark Specialist 

Group 2018. Isurus oxyrinchus. The IUCN Red List of Threatened Species. Version 

2025. 

 

 The vertical distribution of this species varies among different studies. Vaudo et al. 

(2016) recorded a maximum depth of 866 m; Santos et al. (2021) reported that the 

depth range extended from the surface down to 979 m; and Abascal et al. (2011) 

documented dives reaching 888 m. However, the species may occur at depths 

exceeding 1000 m. 

Its spatial and vertical distribution is strongly influenced by water temperature, with 

a clear preference for temperate conditions. In general, these sharks inhabit water 

masses between 18–22 °C, although they are capable of exploring wider thermal 

ranges during vertical movements (Vaudo et al., 2016; Santos et al., 2021). Studies 

in the Pacific have shown that juvenile makos in the Southern California Bight spend 

approximately 80% of their time within the upper 12 m of the water column, a zone 

characterised by higher and more stable temperatures over time and with depth 

(Sepulveda et al., 2004). In the North Atlantic, a similar pattern has been observed, 

with preferential use of surface layers between 17–22 °C, although occasional dives 
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into colder waters highlight their ecological flexibility (Vaudo et al., 2016; Santos et 

al., 2021). 

The ability to tolerate substantial thermal variation is supported by a physiological 

mechanism known as regional endothermy. Unlike most elasmobranchs, mako 

sharks are able to retain metabolic heat, maintaining specific body regions, namely 

muscles, viscera, brain, and eyes, between 7–10 °C above ambient water 

temperature. This is facilitated by complex vascular heat-exchange systems, known 

as retia mirabilia, which reduce heat loss and enable higher activity levels than 

those observed in strictly ectothermic species. Furthermore, their haemoglobin 

displays an oxygen affinity less sensitive to temperature changes, ensuring efficient 

oxygen delivery even when body temperature fluctuates due to vertical movements 

or sudden environmental changes (Bernal et al., 2001; Bernal et al., 2018; Morrison 

et al., 2022). 

 

The shortfin mako shark exhibits a generalist and opportunistic feeding strategy, 

with a clear predominance of bony fishes (teleosts) and cephalopods, which 

constitute the main component of its diet.  A study conducted by Maia et al. (2006) 

on sharks from the north-eastern Atlantic showed that teleosts were present in 87% 

of the stomachs analysed and accounted for more than 90% of the total prey weight. 

Crustaceans and cephalopods also contributed to the diet, while other 

elasmobranchs occurred only in small proportions. No clear selectivity regarding 

prey size was observed, and seasonal variations in feeding were consistent with the 

availability of prey in the environment, demonstrating the trophic flexibility of this 

species. 

In contrast, a study by Calle-Morán et al. (2023) showed that I. oxyrinchus in 

Ecuadorian waters has a diet dominated by large oceanic squids, mainly Dosidicus 

gigas and Sthenoteuthis oualaniensis. This population exhibited a more specialised 

feeding pattern, with limited variation between sexes and life stages. Furthermore, 

Preti et al. (2012) found that I. oxyrinchus displays a more generalist feeding 
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behaviour compared to other shark species, reinforcing its ecological importance 

as an apex predator within marine ecosystems. 

The shortfin mako is a relatively slow-growing species, a trait which, combined with 

other life-history characteristics such as low fecundity and late sexual maturity, 

renders it particularly vulnerable to overfishing. Nevertheless, shortfin makos 

exhibit rapid early growth, attaining an increase of approximately 39 cm in fork 

length during the first year of life. Subsequently, males and females display similar 

but reduced growth rates up to around seven years of age, after which the relative 

growth of males declines markedly (Liu et al., 2018; Doño et al., 2015; Ribot-

Carballal et al., 2005; Bishop et al., 2006; Natanson et al., 2006). In contrast, 

females reach larger sizes (Vera-Mera et al., 2025). Median age at maturity has been 

estimated at 7–9 years (180–210 cm) for males, and 19–21 years (260–330 cm) for 

females (Bishop et al., 2006; Maia et al., 2007; Francis & Duffy, 2005; Cerna & 

Licandeo, 2009). 

This species is aplacental viviparous, with embryos exhibiting oophagy. Litter sizes 

may range from 4 to 30 pups, depending on the size of the female (Mollet et al., 2002; 

Costa et al., 2002; Joung & Hsu, 2005; Semba et al., 2011). Gestation periods vary 

between 15 and 18 months, depending on the region, with parturition typically 

occurring from late winter through to summer (Joung & Hsu, 2005; Semba et al., 

2011; Maia et al., 2007; Costa et al., 2002). Newborns measure between 70 and 80 

cm (Joung & Hsu, 2005), and initial growth rates vary considerably between regions, 

ranging from 16 to 61 cm per year (Bishop et al., 2006; Natanson et al., 2006; Maia 

et al., 2007; Cerna & Licandeo, 2009). 

 

1.4 Fisheries and conservation status 

The shortfin mako shark is one of the most important shark species in pelagic 

fisheries employing longlines and gillnets, which are primarily targeted at tunas and 

swordfish in the Atlantic Ocean. In terms of catch volume, only the blue shark 

(Prionace glauca) is more abundant (Campana et al., 2005; Camhi et al., 2008; 



24 
 

Mejuto et al., 2009; Coelho et al., 2012). Although the capture of makos often occurs 

as bycatch, shortfin mako specimens are frequently retained due to the high 

commercial value of their meat and fins (Camhi et al., 2008; Dulvy et al., 2008b; 

Stevens, 2008; Rigby et al., 2019). 

Their aggressive behaviour and remarkable strength have made them one of the 

most sought-after species in recreational fisheries worldwide (Stevens, 2008). 

Following their inclusion in Appendix II of CITES in 2019 which stipulates that 

international trade is permitted only if it can be demonstrated to be legal and 

sustainable (CITES, 2019), it is likely that the rate of discards has increased. 

However, like other pelagic sharks, shortfin makos exhibit a low capacity for 

recovery under intense fishing pressure, due to their biological and life-history traits 

(Barker & Schluessel, 2005; Dulvy et al., 2008b). 

This species is regarded as one of the most vulnerable to overfishing in the Atlantic, 

owing to its low productivity and high susceptibility to capture (Simpfendorfer et al., 

2008; Cortés et al., 2010). Recent studies indicate that the increasing fishing effort 

over recent decades has had a significant impact on shortfin mako populations in 

the Atlantic. The recent stock assessment, conducted in 2017 by the International 

Commission for the Conservation of Atlantic Tunas (ICCAT), concluded that in the 

South Atlantic there was a 32% probability of overfishing occurring and a 42% 

probability that the population was already overfished. In the North Atlantic, the 

combined probability of the stock being both overfished and subject to overfishing 

reached 90% (de Bruyn, 2017). 

In light of these findings, the species has been classified as globally “Endangered” 

on the IUCN Red List (Rigby et al., 2019). Understanding the movements of this 

species, specifically, how it utilises space and its movement patterns, is essential 

for interpreting its behaviour and population structure. Furthermore, determining 

whether individuals move through regions subject to varying types and intensities of 

fishing activity is critical for predicting the effects of fisheries on populations and on 

the wider marine food web. Such knowledge also facilitates the identification of 
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essential habitats and the development of effective management measures (Camhi 

et al., 2008; Rogers et al., 2015; Vaudo et al., 2016). 

 

1.5 General Objective 

The primary aim of the present study is to analyse how different environmental 

variables influence the vertical behaviour, specifically depth distribution and diel 

migration movements of the shortfin mako shark (Isurus oxyrinchus) in the South 

Atlantic. Climate change may alter oceanographic conditions that strongly 

influence the behaviour and ecology of this species. Understanding the behaviour 

of I.oxyrinchus in relation to its environment enables the anticipation of potential 

shifts in the preferred habitat of the shortfin mako, which could affect its 

vulnerability to fisheries and the sustainability of its populations.  

The aim of this study is, therefore, to provide scientific information that contributes 

to more effective and adaptive fisheries management, taking into account climate 

change scenarios and the ecological role of this species within the marine 

ecosystem. 

 

2. Methods 

2.1 Study Area and Species Tagging 

A total of twelve shortfin mako sharks (Isurus oxyrinchus) were tagged in the South 

Atlantic Ocean, specifically in offshore waters near Namibia, using pop‑off satellite 

archival tags (PSATs; MiniPAT and Mk‑10 models, Wildlife Computers, Redmond, 

WA, USA), following procedures described in Queiroz et al. (2010). Four individuals 

were tagged between 2021 and 2022 and eight were tagged in 2024. Specimens 

were captured using commercially baited longlines deployed from industrial fishing 

vessels. 
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After capture, sharks were lifted and held in a vertical position perpendicular to the 

vessel hull while tags were attached. Tags were secured using a monofilament line 

encased in silicone tubing that was passed through a small hole pierced at the base 

of the first dorsal fin (Figure 2), providing a secure attachment while minimising 

impact on the animal’s hydrodynamics. 

Prior to deployment, PSATs were programmed to record data for either 90, 120 or 

180 days depending on the individual, and to release (pop‑off) after the programmed 

interval. Tags were programmed at different times to ensure data collection, but 

longer durations carried a higher risk of data loss. All tags were bench‑tested to 

confirm positive buoyancy in seawater. During the tagging procedure the following 

metadata were recorded on‑site: date and time (UTC), fork length (FL), GPS position 

(latitude and longitude), sex, sea surface temperature (SST, °C) and a biological 

sample. 

The PSAT model used in this study was the MiniPAT (Wildlife Computers; Figure 3). 

MiniPATs archive depth, minimum and maximum temperature, and ambient light 

level at the deployed sampling frequency; archived data are summarised into 6, 12 

or 24‑hour bins for satellite transmission depending on the tag configuration. In this 

study, data from animals tagged in 2021/2022 were summarised at 6‑hour intervals, 

whereas those from 2024 deployments were summarised at 12‑hour intervals.  

No tags were physically recovered in this study; therefore, only transmitted 

summary data were available. The MiniPAT records depths between 0–1700 m 

(resolution 0.5 m; ±1%) and temperatures between −40 °C and +60 °C (resolution 

0.05 °C; ±0.1 °C). Tag detachment is achieved by a corrodible pin that dissolves at a 

pre‑programmed date or under conditional‑release criteria; once detached, tags 

float to the surface and begin transmission. After release, archived summaries are 

transmitted via the Argos satellite system. Summaries included time‑at‑depth (TAD) 

and time‑at‑temperature (TAT) histograms and vertical temperature profiles of the 

water column. 

All tagging procedures were approved by the Animal Welfare and Ethical Review 

Body (AWERB) of the Marine Biological Association (MBA), UK, and were licensed by 
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the UK Home Office under Personal and Project Licences in accordance with the 

Animals (Scientific Procedures) Act 1986. Procedures were conducted by trained 

personnel and sharks were released within a few minutes with no apparent adverse 

effects. 

 

 

 

 

Figure 2: Attachment of a pop-off satellite archival tag (PSAT) at the base of the first 

dorsal fin of a shortfin mako shark (Isurus oxyrinchus). The attachment system, 

consisting of a monofilament tether coated with silicone tubing, can be seen 

passing through a small hole pierced in the fin (Photograph: Tiago Cidade). 
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Figure 3: Diagram of a PSAT (pop‑off satellite archival tags) with identification of the 

main components. https://wildlifecomputers.com/our-tags/extras/anti-fouling/. 

 

 

2.2 Track Processing 

The movements of the sharks tagged were estimated based on the satellite-

transmitted data from each tag. The locations of each shark, from the moment of 

tagging until the detachment of the tag (pop-off), were reconstructed using the 

manufacturer’s software (WC-GPE3, Wildlife Computers, USA). This programme 

uses the maximum daily rate of change in light intensity to estimate local noon or 

midnight, thereby providing an estimate of longitude. Day length is then used to 

estimate latitude. Location estimates deemed unreliable, resulting from dive-

induced shifts in the estimated sunrise and sunset times derived from light curves, 

were automatically removed by the software. 

 Geolocation estimates provided by the system the Wildlife Computer were 

improved for double-tagged sharks using a Bayesian movement model aniMotum 

(Jonsen et al.,2005) which estimates animal trajectories while accounting for Argos 

location uncertainty. Argos location class Z (LC Z) fixes, which indicate failed 

https://wildlifecomputers.com/our-tags/extras/anti-fouling/
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positioning attempts, were removed. Remaining raw positions (LC 3, 2, 1, 0, A and 

B) were examined point by point using a 2 m s⁻¹ speed filter to exclude outliers. To 

ensure reliable estimates of space use by the sharks, gaps between consecutive 

dates in the raw tracking data were interpolated to generate one position per day. 

However, whenever gaps exceeded 3 days, tracks were not interpolated. This 

approach avoided the generation of unrealistic locations and ensured more robust 

results (Queiroz et al., 2016; Queiroz et al., 2019). 

 

2.3 Data Analyses 

The transmitted data were imported into R (version 4.5.1; R Core Team, 2025) and 

RStudio (Posit team, 2024), where all statistical analyses were conducted., where 

all statistical analyses were conducted.  

For this study, four main file types were considered: 

(i) PDT (profiles of depth and temperature), which includes the minimum and 

maximum depths recorded every 6 or 12 hours depending on the tag configuration, 

as well as the six intermediate depths with the highest cumulative time-at-depth 

within the sampling interval, associated with their respective maximum and 

minimum temperatures; 

(ii) Series, containing continuous records of depth and temperature at a resolution 

of 7 minutes and 30 seconds; 

(iii) Histos, which present predefined depth bins (0, 10, 30, 50, 100, 150, 200, 250, 

300, 500, 700, 1200 °C) for time-at-depth (TAD) and temperature bins(7, 9, 11, 13, 

15, 17, 19, 21, 23, 25, 27, 29 m)  for time-at-temperature (TAT), indicating the 

percentage of time spent within each interval per 6 or 12 hours; and 

(iv) MinMaxDepth, derived from the PDT file, which reports the maximum and 

minimum depths recorded every 6 or 12 hours, depending on the year. 

Data processing steps were cross-checked with metadata on transmitter temporal 

coverage, ensuring that only valid records within the transmission period were 
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retained. The resulting files were organised to enable the creation of graphs and 

subsequent statistical analyses. 

Bathymetry was obtained from the global GEBCO database (GEBCO Compilation 

Group, 2025). The bathymetry extraction was carried out using the same method as 

that employed by Klöcker et al. (2025), for each daily position, the value considered 

corresponded to a weighted mean depth, calculated from the 99% daily utilisation 

distribution kernel, representing the area in which the study object was located 

during 99% of the time recorded on that specific day. Weighted Bathymetry data 

were associated with each daily record. However, on some days, the maximum 

depth exceeded the local bathymetry assigned. This discrepancy can be explained 

by the difference in the positional error inherent to daily geolocation estimates, 

which may lead to mismatches between the actual dive location and the weighted 

mean bathymetry of the considered cells. Weighted Bathymetry data were used for 

all daily records, allowing not only the comparison between the maximum recorded 

depth and the depth of the seafloor, but also the classification of occurrence areas 

into continental shelf zones (bathymetry < 200 m) and open ocean (bathymetry > 

200 m).  

Profiles of the environmental variables (chlorophyll, oxygen and temperature) were 

extracted for each shark location following the same methodology used for 

bathymetry, using product ID: GLOBAL_MULTIYEAR_BGC_001_029. Temperature 

profiles were generated at 1-metre depth intervals, from the surface down to 1200 

metres, with a 3-day moving window applied to account for temporal variability. 

Within each window, the geometric mean of temperatures was calculated, 

producing a final profile representing the shallowest depth observed over the 3-day 

period. The ELG method was subsequently applied to these daily temperature 

profiles using MATLAB (MathWorks). This conservative approach was chosen as it 

provides a more accurate representation of the actual oceanic conditions 

experienced by the sharks.  

The methodology employed to determine the thermocline was based on Klöcker et 

al. (2025), who applied the Exponential Leap Gradient (ELG) method described by 

Chu and Fan (2017) to identify and characterise both the mixed layer and the 
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thermocline in temperature profiles. The detection of the thermocline was carried 

out through the generation of daily temperature profiles derived from the CMEMS 

(http://marine.copernicus.eu/) Global Ocean Physics Reanalysis model (product 

ID: GLOBAL_MULTIYEAR_PHY_001_030). Lunar light intensity was calculated in R 

using the oce package (Kelley & Richards, 2024), estimating the illuminated fraction 

of the moon for each daily record based on date, longitude, and latitude using the 

moonAngle function. Daylight duration was determined from nautical sunrise and 

sunset times for each point. 

 

2.3.1 Analysis of Spatial Representation of Environmental Variables 

Different environmental and biological datasets were used to characterise the 

oceanographic conditions associated with the distribution and behaviour of the 

analysed sharks. The environmental datasets included chlorophyll concentration, 

dissolved oxygen, temperature, bathymetry,thermocline position and 

thermogradient; the biological dataset comprised maximum diving depth. All 

datasets were harmonised to a common temporal resolution (daily) and time zone 

(UTC). To determine the daily maximum diving depth, we used the MinMaxDepth file 

derived from the PDT file. 

In addition, daily location data (latitude and longitude) were associated, allowing 

the combination of maximum diving depth with the geographical position of the 

individuals. Global maps were generated using the cartographic base from the maps 

R package (Becker et al., 2024; version 3.4.2.1). Maps display environmental 

variables at two depths: 0 m depth, representing surface conditions, and 100 m 

depth, approximating the upper limit of the thermocline, which is particularly 

relevant to shark diving behaviour and oceanographic gradients. 

 

 

2.3.2 Analysis Seasonal and Sexual Variation in Depth and Temperature  

Minimum and maximum depth data (MinMaxDepth) was used for analysis of 

seasonal and sexual variation in depth. For each individual, daily mean values of 

http://marine.copernicus.eu/
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depth were calculated from all depth samples recorded within the calendar day. 

Dates were assigned to seasons using the Southern Hemisphere calendar 

boundaries: Winter (20 June–21 September), Spring (22 September–20 December), 

Summer (21 December–19 March) and Autumn (20 March–19 June). Individual tag 

IDs were matched to sex metadata; sex assignment is reported in Table 1 (results). 

Descriptive analyses included calculation of measures of central tendency 

(median) and dispersion (quartiles, interquartile range, minima and maxima) for 

daily mean depths, stratified by sex and season. Outliers were identified using the 

1.5 × IQR rule (Tukey, 1977) unless otherwise stated.  

 

2.3.2 Vertical analysis  

Profile of Depth and Temperature (PDT) files from archival tags were processed and 

analysed in R (R Core Team, 2024). Each PDT contained depth bins and the 

minimum and maximum temperatures observed within each bin at discrete 

timestamps. The analysis pipeline was designed to standardise, interpolate and 

visualise vertical habitat use, with the aim of reconstructing continuous time–

depth–temperature profiles for each tagged individual. Relevant columns were 

selected and the data were reshaped from wide to long format so that each depth–

times observation had associated temperature minimum and temperature 

maximum values. The bin was standardised using lubridate (Spinu et al., 2023), and 

mean temperature per bin was calculated as the midpoint between minimum and 

maximum values. Sequential bin identifiers were created to preserve original bin 

ordering, and the dominant temporal sampling interval was estimated from the 

time-stamps to guide temporal standardisation. 

To address inconsistencies in depth coverage, each PDT profile was interpolated 

across depth at 1 m resolution using linear interpolation implemented with the zoo 

package (Zeileis & Grothendieck, 2005). The 1 m resolution was chosen to capture 

fine vertical structure while remaining coarser than the tags intrinsic resolution. 

Temporal gaps in the PDT time series were identified by comparing timestamps to a 

regular datetime sequence at the dominant sampling resolution and, additionally, 
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by checking for missing values on a 12-hour grid to detect prolonged gaps. Gaps 

shorter than two sampling intervals (i.e. shorter than twice the dominant sampling 

interval determined from the data) were filled using neighbouring observations to 

estimate depth limits and mean temperature profiles; gaps longer than two 

sampling intervals were flagged and retained as missing to preserve traceability of 

data quality. The final harmonised dataset therefore integrates original and 

interpolated PDT values and enables robust analyses of vertical and thermal habitat 

use.  

Histos data were processed and analysed in R. TAD (time-at-depth) and TAT (time-

at-temperature) data were imported, and bin headers were harmonised. 

Specifically, the first row of each file, containing the programmed depth or 

temperature class labels, was used to rename columns originally labelled Bin1–

Bin12; that metadata row was then removed. The bins were pre-programmed in the 

tags and correspond to fixed depth or temperature ranges, recorded at intervals of 

either 6 h or 12 h depending on the year of tagging. Data were converted from wide 

to long format so that each row represented the percentage of time an individual 

spent in a given depth or temperature bin on a given date. The workflow comprised 

two sequential steps; the workflow combined procedures for (i) use time-at-depth 

(TAD) and time-at-temperature (TAT) to make heatmaps and (ii) integrating 

bathymetric context for each deployment. Bathymetric context was incorporated by 

merging daily bathymetry estimates with the Histos records using deployment 

identifier (ID) and date. Values deeper than 2000 m were excluded from plots in 

order to emphasise time spent in the upper water column, particularly near the 

thermocline, rather than being visually dominated by occasional very deep dives. 

For visual comparison of habitat use, a horizontal reference line at 200 m was added 

to bathymetric plots to distinguish shelf (<200 m) from offshore (>200 m) 

environments, consistent with the ecological context of the study. 
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2.3.3 Analysis by Sex 

Daily minimum and maximum depth values were extracted from the MinMaxDepth 

files for each individual. These values were averaged by day and matched with 

individual ID codes. Individuals were assigned to sex categories based on tag 

identifiers (Females: S1, S3, S4, S6, S8; Males: all other tags). 

To visualise general patterns, data from temperature and depth profiles were used. 

The columns for depth, minimum temperature, and maximum temperature were 

transformed from wide to long format, ensuring the correspondence between depth 

values and their respective minimum and maximum temperatures. Dates were 

converted to datetime format, and the daily mean temperature for each individual 

was calculated. Individuals were properly classified by sex (male and female) and 

by the corresponding year. 

 

2.3.4 Data processing for maximum depth analysis 

The PDT data, together with bathymetry, were used to construct scatter plots of the 

daily maximum depth against date for each individual, as well as the maximum and 

minimum temperatures recorded for each individual, separated by year, overlaid 

with a continuous colour scale representing bathymetry, allowing a detailed 

visualisation of the relationship between the sharks’ vertical behaviour and seafloor 

depth. 

 For each record, the maximum depth, maximum temperature, and minimum 

temperature across all bins were extracted. The illuminated fraction of the lunar disc 

(0–1) was used as a continuous proxy for moonlight intensity, and moon phases 

were categorised into seven classes (New Moon, Initial Crescent, First Quarter, 

Waxing Gibbous, Full Moon, Last Quarter, Waning Gibbous).  Individuals were 

grouped into two groups (Year 2021/22 and Year 2024) according to deployment 

year. Bathymetry was categorised into two zones:  Bathymetry <200 m and open 

ocean (>200 m).  
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A Generalized Linear Model (GLM) with a Gamma distribution was fitted to evaluate 

the effect of the thermal gradient on maximum depth and the full open ocean, and 

in bathymetry less than 200 m. The model predictions were added to the dataset, 

and the fitted relationship was visualized by overlaying the predicted line on the 

scatterplots of the observed data. GLM were also constructed to evaluate the 

relationship between maximum diving depth and different environmental variables. 

Independent models were fitted considering as predictors: (i) dissolved oxygen 

concentration, (ii) chlorophyll concentration, (iii) water temperature, (iv) 

thermocline gradient, (v) thermocline starting depth, and (vi) lunar illuminated 

fraction. Models were fitted separately for 0 m and 100 m depths, when applicable, 

and were evaluated based on descriptive statistics and graphical inspection of the 

model fits. In addition, descriptive statistics (mean, standard deviation, minimum, 

maximum, and mode) were calculated for each environmental variable, and 

extreme values (maxima and minima) were identified per individual and per 

environmental parameter. 

 

2.3.5 Analysis of time spent above the thermocline 

Time-series data were also utilised to quantify the proportion of time individuals 

spent above the thermocline, following the same processing methodology. For each 

shark and each day, the total number of recordings was calculated (with 

observations taken at 7.5-minute intervals, yielding approximately 192 expected 

observations per shark per day). To ensure data quality, only days with at least 60% 

of the expected recordings were retained. For these days, an additional column was 

created to classify whether the recorded depth was above or below the onset of the 

thermocline. For subsequent diel analyses, the days were then aggregated into 

consecutive blocks. 

Filtered datasets were integrated with thermocline characteristics (onset depth, 

end depth, and thermal gradient) and bathymetry, allowing locations to be classified 

as either “open ocean” (>200 m) or <200 m depth.  
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Firstly, GLM were used to evaluate the relationship between the proportion of time 

spent above the thermocline and selected environmental predictor variables: 

thermal gradient, surface temperature (0 m at depth), and thermocline onset depth. 

These predictors were chosen because they had previously shown the strongest 

influence on maximum depth and were therefore combined to assess their potential 

role in explaining variation in time spent above the thermocline. Separate models 

were fitted for open-ocean and shelf regions.  

Spatial patterns of thermocline use were mapped by linking daily averages of the 

percentage of time above the thermocline with georeferenced positions (Longitude 

and Latitude), providing a geographic overview of horizontal habitat use in relation 

to vertical oceanographic conditions, using the maps package (Becker & Wilks, 

2021; version 3.4.2.1). 

To assess how environmental conditions influenced the proportion of time spent 

above the thermocline, oceanographic variables were extracted at two reference 

depths: the surface (0 m) and subsurface (100 m). For each tagged individual, daily 

records of these variables were filtered to include only the high-quality days 

previously selected (data coverage > 60%) and were subsequently aggregated into 

the same temporal blocks. 

GLMs were applied to test the effects of oxygen, chlorophyll-a, and temperature 

(with interaction terms for diel phase, i.e. day vs night, used the day-block) on the 

percentage of time spent above the thermocline. Additionally, the illuminated 

fraction of the lunar disc (0–1) was used as a continuous proxy for moonlight 

intensity, and moon phases were categorised into seven classes (New Moon, Initial 

Crescent, First Quarter, Waxing Gibbous, Full Moon, Last Quarter, Waning Gibbous). 

The average exposure of the blocks of days moonlight exposure was subsequently 

incorporated into GLMs to evaluate the influence of lunar cycles, in interaction with 

diel phase, on time spent above the thermocline. 

To investigate which environmental factors best explained the proportion of time 

spent above the thermocline during day and night, GLMs with binomial distribution 

and logit link were applied. Prior to modelling, environmental predictors were 
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standardised by depth. Strongly collinear variables (notably temperature at 0 m and 

chlorophyll-a at 100 m) were excluded on the basis of pairwise correlation plots and 

variance homogeneity tests. 

The response variable was defined as the proportion of time spent above the 

thermocline, normalised between 0 and 1. Models were fitted separately for 

daytime and night-time datasets. Model selection followed a stepwise reduction 

approach based on Akaike’s Information Criterion (AIC). For the night-time subset, 

the most parsimonious model retained thermocline onset depth, oxygen 

concentration at 100 m depth, and surface chlorophyll as significant predictors. For 

the daytime subset, the best-fitting model included thermocline gradient, oxygen 

concentration at 100 m depth, and surface chlorophyll-a. Predictive effects of the 

selected variables were visualised using effect plots generated with the allEffects 

function from the effects package (Fox, 2003; 2019), showing the marginal response 

of above-thermocline use to environmental gradients while controlling for other 

predictors. 

To account for repeated measures within individuals, generalised linear mixed-

effects models (GLMMs) with binomial distribution and logit link were fitted using 

the lme4 package (Bates et al., 2015). The response variable was again the 

proportion of time spent above the thermocline, normalised between 0 and 1, with 

shark identity (ID) included as a random intercept. 

Model selection was again conducted using stepwise reduction based on AIC. For 

the night-time subset, the full model included lunar illuminated fraction, 

thermocline gradient, thermocline depth, oxygen concentration at 100 m, and 

surface chlorophyll-a. The most parsimonious model excluded lunar illumination 

and thermocline gradient, retaining thermocline depth, oxygen concentration at 100 

m, and surface chlorophyll-a as significant predictors. Additional sensitivity 

analyses, restricting thermocline depth to <100 m, produced consistent results. 

For the daytime subset, the full model likewise included all five predictors. The best-

supported model excluded thermocline depth and thermocline gradient, retaining 
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lunar illuminated fraction, oxygen concentration at 100 m, and surface chlorophyll-

a as significant predictors. 

 

2.3.6 Diel Analysis  

The time-series files enabled the assessment of water-column use patterns during 

both diurnal and nocturnal phases. Each record corresponded to a fixed interval of 

7.5 minutes, a resolution determined by the tag programming. This frequency 

reflects a technical constraint: the tag is unable to transmit all stored data 

simultaneously, and thus a 7.5-minute interval was adopted as a practical 

compromise between temporal resolution and transmission capacity. Under ideal 

conditions, and without transmission failures, 192 records would be obtained per 

day. However, despite the high temporal resolution, occasional gaps occurred in 

transmission. These missing values were random, representing moments when the 

tag failed to transmit, resulting in an absence of data for the corresponding 7.5-

minute intervals. Consequently, only the actual number of available records was 

considered for each period. 

The theoretical sampling effort was estimated separately for the diurnal and 

nocturnal phases, adjusted to the actual duration of each phase according to the 

times of nautical sunrise and sunset calculated daily for each individual using the 

suncalc package (Thieurmel & Elmarhraoui, 2022; version 0.5.1). All timestamps 

were converted into the POSIXct format to ensure temporal consistency and 

alignment between tag data and solar position files, both confirmed to share the 

same time zone and geographical coordinates. These files provided the timing of 

nautical dawn and dusk, allowing each record to be classified as diurnal (between 

nautical dawn and dusk) or nocturnal (outside this interval). 

To facilitate analysis and reduce day-to-day variability, data for each individual were 

grouped into blocks of five consecutive days, hereafter referred to as day-blocks. 

This approach allowed clearer identification of behavioural patterns and more 

robust data management. Only day-blocks in which at least 60% of the actual 

records were available in both diel phases were retained for analysis. The 60% 
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threshold was determined empirically: a histogram of data coverage showed that 

the majority of days retained up to 60% of valid data, which was therefore adopted 

as the minimum acceptable level of completeness. For each combination of 

individual, date, and diel phase, the total number of valid records was calculated 

and used as a reference to compute the percentage of time spent within each depth 

interval. The procedure was as follows, for each ID, date, and diel phase, the total 

number of valid records was obtained; each observation was expressed as a 

percentage of that total; and mean percentages across the days within each day-

block were calculated, producing a representative mean value per individual, diel 

phase, and depth interval. Depth intervals were defined according to the pre-

programmed settings of the tag, as represented in the Histos (TAD) files: 0–10 m, 10–

30 m, 30–50 m, 50–100 m, 100–150 m, 150–200 m, 200–250 m, 250–300 m, 300–500 

m, 500–700 m, 700–800 m, 800–900 m, and 900–1200 m. The proportion of records 

in each depth range was calculated relative to the total number of records within the 

same day-block and diel phase. 

To incorporate oceanographic structure, the mean thermocline and the mean 

thermal gradient characteristics were computed for each day-block. These values 

provided a representative estimate of the vertical temperature structure within each 

block. In the graphical representations, a horizontal line was added to indicate the 

average depth of thermocline onset for each block. This line was colour-coded using 

a continuous viridis scale (Garnier et al., 2024; version 0.6.5) corresponding to the 

mean thermal gradient, thereby visually linking the strength of the thermocline with 

the depth-use distribution of each day-block.  

The line representing the mean thermocline onset depth was positioned according 

to the lower boundary of the corresponding depth interval. The same criterion was 

applied to the daily mean depth estimates to ensure that averaged values were 

accurately aligned with their respective depth categories. 

Mean percentages of use were then computed for each depth interval, diel phase, 

and day-block, incorporating the associated bathymetric classification and 

thermocline information. Additionally, the number of records occurring above the 
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thermocline onset was quantified to enable subsequent comparisons with 

environmental variables. 
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3.Results 

Of the twelve individuals tagged, it was only possible to obtain data from ten due to 

failures of unknown origin in the tags. Of these, three were tagged in 2021/22 and 

seven were tagged in 2024. In total, four males and six females were recorded (Table 

1). Most of the tagged individuals are subadults, with the exception of the last 

individual to be tagged (S10), which is the only adult and also the largest individual. 

This individual is also the female with the highest number of vertical data records to 

date. 

Table 1: Data for the tagged shortfin mako sharks. For each individual, the 

identification code (ID), tagging date, pop-off date, number of days at liberty, sex, 

total length in centimetres (Size (cm)), and life stage. 

ID Tagging date Pop-off date Days-

atliberty 

Sex Size 

(cm) 

Life stage 

S1 

 

26/11/2021 24/02/2022 90 days female 195 sub-adult 

S2 

 

24/11/2021 24/03/2022 120 days male 195 sub-adult 

S3 

 

18/12/2021 17/04/2022 120 days female 177 sub-adult 

S4 

 

23/02/2024 22/06/2024 120 days female 200 sub-adult 

S5 

 

22/02/2024 22/06/2024 121 days male 220 sub-adult 

S6 

 

23/02/2024 23/06/2024 121 days female 160 sub-adult 

S7 

 

13/03/2024 12/07/2024 121 days male 195 sub-adult 

S8 

 

14/03/2024 13/07/2024 121 days female 210 sub-adult 

S9 

 

25/03/2024 21/09/2024 181 days male 220 sub-adult 

S10 17/04/2024 14/10/2024 180 days female 340 adult 
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3.1 Horizontal Movements 

The tracks of the tagged individuals were recorded in the South Atlantic Ocean, 

between approximately 40°S and 5°S (Figure 4). The individual tracks revealed 

diverse movement patterns throughout the tracking period, with a general 

predominance of movements toward the continental shelf and adjacent waters. 

Individuals tagged in 2021/2022 (S1–S3) exhibited trajectories with no differences 

between sexes. Initially, all individuals tagged during these years showed a tendency 

to move northwards, later reversing direction towards the south, heading towards 

the continental shelf. They remained adjacent to it and moved mainly in its proximity 

until transmission ceased. 

Individuals tagged in these years accumulated a total of 10 tracking days in waters 

shallower than 200 m and 317 tracking days in waters deeper than or equal to 200 

m. Although their movements were predominantly oriented towards the continental 

shelf, the individuals still spent a considerable amount of time in offshore waters 

while moving towards this region.  

In contrast, individuals tagged in 2024 (S4-S10) exhibited more variable and 

extensive spatial distributions, spanning a wider latitudinal range. Collectively, they 

accumulated 46 days of tracking in waters <200 m deep and 911 days of tracking in 

waters ≥200 m deep, indicating a greater use of open ocean areas, similar to that 

observed in individuals from the previous year. Several individuals followed direct 

southward trajectories after tagging, often passing near a seamount located within 

the study area before approaching or entering the continental shelf. 

Among the individuals tagged in 2024, some exhibited movement patterns that 

deviated from the general trends observed. Individuals S4, S7, S8, and S9 crossed a 

seamount along their trajectories, with S7 and S8 being tagged in its vicinity, while 

S4 and S9 passed directly over this feature. Individual S6 travelled southwards after 

approaching the continental shelf, reaching the southernmost coordinates 

recorded in this study, near Cape Town, South Africa. 
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Finally, individual S10 displayed the northernmost distribution among all tagged 

specimens, remaining within a restricted area and reaching the highest latitude 

recorded, close to the island of Saint Helena. This individual did not approach the 

continental shelf, nor did it follow the southward movement pattern exhibited by the 

other individuals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Trajectories of I. oxyrinchus individuals tagged with electronic devices in 

the South Atlantic Ocean. Red circles indicate tagging locations, while black circles 

represent transmitter pop-off locations. 
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3.2 Maps of daily environmental variables as a function of 

individual location 

Chlorophyll concentrations exhibited considerable variability. At the surface (0 m), 

the maximum value of 1.57 µg L⁻¹ was recorded on 6 June 2024 by individual S4 at 

25.1° S, 13.5° E, whereas the minimum of 0.0463 µg L⁻¹ was observed on 28 

December 2021 by individual S3 at 24.4° S, 2.41° W. Overall, surface chlorophyll 

concentrations were higher in coastal regions, particularly between 35° S and 20° S, 

and decreased towards the open ocean (Figure 5A). At 100 m depth, concentrations 

were generally lower, with a maximum of 0.448 µg L⁻¹ recorded on 28 December 

2021 by individual S2 (14.1° S, 3.70° E) and a minimum of 0.0226 µg L⁻¹ observed on 

13 June 2024 by individual S9 (31.2° S, 17.2° E). These values reflect the vertical 

stratification of primary productivity (Figure 5B). 

Dissolved oxygen concentrations (ml L⁻¹) also displayed pronounced spatial and 

vertical gradients. At the surface, the maximum of 5.95 ml L⁻¹ was recorded on 6 

June 2024 by individual S4 (25.1° S, 13.5° E), while the minimum of 4.60 ml L⁻¹ was 

recorded on the same date by individual S10 (10.1° S, 0.869° W). Surface waters 

were relatively homogeneous in terms of oxygen, maintaining predominantly high 

concentrations, as expected from gas exchanges between the ocean surface and 

the atmosphere (Figure 5C). At 100 m, oxygen concentrations were generally lower 

and more variable, with a maximum of 5.83 ml L⁻¹ observed on 20 September 2024 

by individual S9 (34.8° S, 8.49° E) and a minimum of 0.199 ml L⁻¹ recorded on 16 

March 2022 by individual S3 (21.0° S, 13.1° E). The lowest oxygen concentrations 

were particularly evident along the northern coastal zone, approximately between 

5° N and 20° S (Figure 5D). 

Temperature (°C) displayed a pronounced latitudinal contrast. At the surface, the 

maximum of 25.6 °C was recorded on 6 June 2024 by individual S10 (10.1° S, 0.869° 

W), whereas the minimum of 14.5 °C was observed on 25 June 2024 by individual S7 

(29.1° S, 15.9° E). Surface temperatures were highest between 0° and 30° S in 

oceanic regions and lower near the coast (Figure 5E). At 100 m, temperatures were 

generally lower, ranging from 11.5 °C (25 June 2024, individual S7; 29.1° S, 15.9° E) 
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to 19.7 °C (21 December 2021, individual S2; 14.2° S, 0.118° E). This pattern reflects 

the characteristic vertical cooling of water masses (Figure 5F). 

The thermal gradient (ΔT) indicated strong stratification in tropical and northern 

regions, with a maximum of 0.167 °C recorded on 27 April 2024 by individual S10 

(14.6° S, 1.15° E), and weaker stratification in the southern and cooler regions, with 

a minimum of 0.006 °C observed on 22 April 2024 by individual S9 (30.1° S, 11.6° E) 

(Figure 5G). 

Shark vertical distribution corresponded to these environmental gradients. The 

maximum depth recorded was 1,168 m, observed on 18 April 2024 by individual S6 

(35.2° S, 16.4° E), who also reached the southernmost coordinates of the study area. 

The minimum depths of 16 m were recorded on 22 May 2024 and 17 September 

2024 by individual S10, at 15.4° S, 3.92° E and 7.38° S, 3.15° W, respectively; this 

individual represented the northernmost location in the study area. In general, 

sharks in southern regions reached depths exceeding 900 m, whereas those in 

northern regions typically remained at depths below 500 m, evidencing a clear 

latitudinal gradient in vertical habitat utilisation (Figure 5H). 
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Figure 5: Maps at the surface (0 m) and at 100 m depth showing (A, B) chlorophyll 

(dark green: high concentration; light green: low), (C, D) dissolved oxygen (blue: high 

values; red: low), (E, F) temperature (red/orange: warmer waters; green/blue: 

colder), (G) thermal gradient (warm colours: stronger stratification; cool: weaker), 

and (H) maximum daily depth (from 600 m onwards, dark tones). 

 

3.3 Seasonal and Sexual Variation in Depth and Temperature 

Used 

Overall, males and females exhibited broadly similar depth-use patterns across 

seasons, although some sex differences were evident. The most pronounced 

differences occurred in summer, when females displayed a larger vertical range in 

dive depths. By contrast, spring and winter showed very similar patterns between 

sexes. In autumn, females had a slightly higher median depth than males, but this 

difference was not statistically significant (Figure 6). 

During autumn, females (n = 210 dives; median = 206 m, IQR = 180–228 m) and 

males (n = 239 dives; median = 198 m, IQR = 175–219 m) exhibited very similar depth 

distributions, with close medians and substantial overlap in the interquartile ranges. 

Both sexes reached a maximum seasonal depth of 394 m.  In spring, both sexes had 

identical medians (191 m), with females (n = 19 dives; IQR = 145–220 m) and males 

(n = 20 dives; IQR = 157–213 m) showing comparable depth-use patterns. Most dives 

in spring occurred between 134 and 245 m, with few outliers outside this interval. 

Summer showed the greatest variability in diving depths across the dataset. 

Females (n = 345 dives; median = 167 m, IQR = 130–268 m) and males (n = 152 dives; 

median = 191 m, IQR = 138–295 m) reached a maximum observed depth of 486.6 m. 

During summer, a total of 33 dives exceeding 400 m were recorded for females and 

22 for males. Both sexes therefore regularly engaged in deep diving (>400 m), 

although females displayed a broader interquartile range, indicating greater 
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variability among individuals. This variability was driven by several females (e.g., IDs 

S4–S6) whose median and maximum depths exceeded the population range. 

In winter, both sexes showed reduced median depths and narrower vertical ranges 

compared with summer. Females (n = 163 dives; median = 163 m, IQR = 127–192 m) 

and males (n = 282 dives; median = 161 m, IQR = 128–192 m) reached a maximum 

observed depth of approximately 281 m. 

 

 

Figure 6: Maximum daily depths recorded for tagged mako sharks (I.oxyrinchus) in 

the South Atlantic, separated by sex (females in pink and males in blue) and season. 

Boxes represent the interquartile range (IQR), the centre line indicates the median, 

and dots represent outliers. 

 

3.4 Depth and Temperature Profile Analysis 

The overall analysis of vertical profiles revealed a predominant occupation of 

depths between 10 and 500 m, with marked inter-individual variability in both depth 

utilisation and temperature exposure. Among all tagged individuals (n = 10), median 

depths ranged from 40 to 112 m (mean depths: 69–166 m), while maximum recorded 

depths varied between 456 and 1168 m. The proportion of time spent in the surface 

layer (0–10 m) ranged from 17% to 26%. Minimum recorded temperatures were 
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between 3.4 and 8 °C, and maximum temperatures ranged from 22.2 to 26.9 °C, 

resulting in thermal ranges of approximately 14.6–23.2 °C. 

A general trend was observed towards longer residence times in warmer mid-depth 

waters (200–350 m), interspersed with occasional deep dives, particularly during 

the warmer months. These temporal variations often coincided with changes in 

thermal stratification, suggesting a potential relationship between the vertical 

thermal structure and the vertical behaviour of individuals. 

However, it was also observed that when temperatures in the 0–10 m layer were 

elevated, individuals tended to perform deeper dives. For example, individual S4 

initially encountered relatively warm waters (0–150 m; up to 21 °C) in March, during 

which it conducted deep dives reaching 900 m. From April onwards, as the water 

cooled (15–20 °C), the individual increasingly occupied shallower layers (0–150 m) 

(Figure A1D). Similarly, individual S5 (Figure A1E) was associated with higher 

temperatures (21–27 °C) between March and April, a period characterised by several 

deep dives beyond 1000 m. From May onwards, temperatures decreased markedly 

(9–15 °C), and a pronounced thermal gradient developed by June, when the 

individual remained within 0–300 m. 

Among the monitored individuals, distinct depth–temperature patterns were 

identified. Individuals S5 (Figure A1E) and S6 (Figure A1F) stood out for exhibiting the 

greatest median and maximum dive depths, reaching 1056 m and 1168 m, 

respectively. Both experienced the lowest minimum temperatures (3.6 °C and 3.4 

°C) and spent little time in surface waters (0–10 m; 18.1% and 17.4% of the total 

time). These individuals also displayed the widest thermal ranges (23.2 °C and 20.7 

°C). 

Individual S9 initially experienced homogeneous and warm thermal conditions (21–

27 °C; 0–500 m), but from June onwards there was a sharp drop in temperature (9–

15 °C), particularly within the 0–250 m range (Figure 7A). Individual S10 (Figure 7B) 

experienced the highest maximum temperatures (up to 25 °C) and showed the 

lowest proportion of time spent in the surface layer (17%), remaining mostly 
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between 0 and 600 m. Despite the elevated surface temperatures, this individual 

did not perform dives deeper than 600 m. 

 

 

Figure 7: Depth and temperature profiles recorded by I. oxyrinchus individuals 

during the tagging period. (A) S9; (B) S10. Lines represent depth over time, while 

colour shading indicates water temperature. 

 

3.5 Variation in the Percentage of Time Spent by Sharks at 

Different Depths and Temperatures 

In general, individuals moved between coastal and oceanic zones, spanning depths 

of approximately 200 m to over 2,000 m. In most cases, the greatest depths were 

recorded at the onset of movements, immediately following offshore tagging. 

Although there was a general tendency to approach the continental shelf, several 

individuals never entered areas shallower than 200 m during the monitoring period. 

S1 remained exclusively in waters >200 m for 92 days. Similar patterns were 

observed for S4, S5, S8 (121 days) and S10, none of which were recorded at depths 

<200 m (Figure A2A; 2D; 2E; 2H and 2J). In contrast, S2, S3, S6, S7 and S9 

occasionally moved onto the continental shelf, albeit infrequently. S2 spent 119 

days >200 m and 2 days <200 m; S3 120 days >200 m and 8 days <200 m; S6 115 

days >200 m and 6 days <200 m; S7 113 days >200 m and 8 days <200 m; S9 149 
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days >200 m and 32 days <200 m. These results indicate a clear preference for 

deeper habitats, even among individuals that sporadically approached shallower 

shelf areas (Figure A2B; 2C; 2F; 2G and 2I). 

 

TAD results show that the monitored individuals demonstrated a clear preference 

for the upper layers of the water column, irrespective of the available depth. Most of 

the tracked time was spent in shallow waters (<50 m), ranging from 53.4% to 77.5%, 

followed by the mid-depth range of 50–200 m (25.4–44.6%). Occupancy of deeper 

waters (>200 m) was minimal, representing between 1.59% and 23.2% of the total 

tracking time. These results confirm that sharks predominantly remain in surface 

layers, even when local bathymetry allows access to much deeper habitats. Dives 

exceeding 200 m were rare and isolated, even in individuals tracked over areas with 

pronounced bathymetry, such as S1, S4, S5, S8 and S10 (Figure A2A; 2D; 2E; 2H and 

2J). Individuals such as S2, S3, S6, S7 and S9 occasionally approached depths <200 

m, but these incursions were infrequent (Figure A2B; 2C; 2F; 2G and 2I). 

 

TAT results further indicate that sharks preferred temperate waters, with the highest 

frequency recorded between 19 °C and 25 °C. During the early months of the year 

(January–March), occupation of warmer waters (23–25 °C) predominated, whereas 

from April to July there was a greater occurrence of lower temperatures (17–19 °C), 

reflecting migration to shallower waters with greater thermal variability. Occasional 

deep dives exposed some individuals to extreme temperatures, reaching 7 °C in 

isolated cases (e.g., S6, S9 and S10). Overall, 87.1–99.2% of the recorded time was 

spent in waters between 15 and 25 °C. Temperatures below 15 °C were observed 

only sporadically (0.797–12.9%), and temperatures above 25 °C were virtually 

absent (<1%). These results indicate a strong preference for moderate thermal 

conditions, with only occasional exposure to colder waters during deep dives. 
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3.6 Distribution of Average Maximum and Minimum Depths 

and Temperature by Sex and years 

 

The analysis of the mean maximum diving depth of shortfin mako sharks by sex 

(Figure 8B) did not reveal substantial differences between females and males. Both 

groups exhibited identical medians of 188 m. The first and third quartiles ranged 

from 146–237 m in females and 159–223 m in males, indicating slightly greater 

variability among females, which may reflect individual differences in vertical 

habitat utilisation. The whiskers extended from 68 to 355 m in females and from 89.7 

to 318 m in males. A total of 38 outliers were identified in females and 42 in males, 

with values exceeding 355 m (up to approximately 400 m). These data confirm that 

some individuals undertook markedly deep dives, although such occurrences were 

infrequent. 

Regarding the mean minimum diving depth (Figure 8A), a strong similarity between 

sexes was again observed. Females exhibited a median of 2 m, whereas males 

showed a median of 1.82 m. The whiskers ranged from 0 to 8.22 m in females and 

from 0 to 9.21 m in males. Outliers were also recorded, with 21 in females and 12 in 

males, reaching maximum depths of approximately 20–30 m. These results suggest 

that both sexes frequently utilise the upper layers of the water column, with no 

marked differences in near-surface behaviour. 

Figure 8: Boxplots of the daily average of maximum (A) and minimum (B) depths 

recorded by individuals of I. oxyrinchus, broken down by sex. 
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Potential differences in habitat utilisation between males and females were 

examined by analysing the distributions of mean daily depth and mean daily 

temperature associated with each individual throughout the monitoring period. 

 

In the distribution of mean daily depth utilised by individuals according to sex. Both 

sexes display similar patterns, with peak densities concentrated between 90 and 

100 metres. This overlap suggests that both sexes exhibit a broadly similar pattern 

of habitat use in terms of depth. Nevertheless, subtle differences are apparent. 

Females tend to show slightly higher densities at shallower depths (<80 m), whereas 

males exhibit a more pronounced tail at depths exceeding 120 m, indicating that 

some males more frequently explore deeper environments Figure 9C and Figure 9D. 

Descriptive statistics reinforce this difference: the mean depth was 97.8 m for 

females (median = 91.1 m) and 100.0 m for males (median = 92.9 m). The Wilcoxon 

test indicated that this difference was statistically significant (p < 0.001), 

demonstrating that males generally occupied slightly greater depths than females 

over the sampling period. 

The mean daily temperature recorded for each sex is presented in Figure 9D. In both 

sex, there was a higher frequency of use at temperatures between 16°C and 18°C, 

suggesting a shared thermal preference. However, females exhibited a broader 

distribution, with a notable proportion occurring at temperatures above 19°C. In 

contrast, males displayed a narrower distribution, with activity more concentrated 

within intermediate thermal ranges. Descriptive statistics indicate that the mean 

daily temperature was essentially identical between sexes: 16.6°C for females 

(median = 16.6°C) and 16.6°C for males (median = 16.5°C). The Wilcoxon test 

revealed no statistically significant difference between the groups (p = 0.0545), 

indicating that, at the 5% significance level, thermal variation was insufficient to 

infer a differentiated pattern between sexes. 

The distributions of mean daily temperature and depth of tagged sharks revealed 

significant interannual differences, indicating that sharks occupied shallower and 

warmer waters in 2021/22, whereas in 2024 they explored deeper and cooler 
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environments, suggesting potential environmental or behavioural shifts between 

years. Individuals from 2024 reaching depths beyond 200 m represent an 

exceptional pattern, likely reflecting adaptive or exploratory behaviour. 

In Figure 9A, the pink curve (2021/22) indicates a concentration of higher 

temperatures, predominantly between 18°C and 20°C. Conversely, the blue curve 

(2024) reveals a shift towards lower temperatures, concentrated between 14°C and 

17°C. Descriptive statistics corroborate this trend: in 2021/22, the mean 

temperature was 17.7°C (median = 17.6°C), whereas in 2024 it was 16.1°C (median 

= 16.3°C). The Wilcoxon test confirms that this difference is statistically significant 

(p < 0.001). 

Figure 9B illustrates the distribution of mean daily depth between years. In 2021/22 

depths were more concentrated between 50 and 100 metres, with a mean of 78.2 m 

and a median of 77.7 m. In 2024, the distribution shifted towards greater depths, 

peaking around 100 metres and extending beyond 200 metres, indicating increased 

variability. The mean was 107 m and the median 95.3 m. The Wilcoxon test 

reinforced this difference (p < 0.001), confirming a significant increase in depth 

utilisation between years. 
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Figure 9: Distribution of mean depth (m) and temperature (°C) used by individuals 

throughout the monitoring period, stratified by year (A–B) and sex (C–D). 

 

 

3.7 Analysis of Maximum Depth and Bathymetry  

Integration of bathymetric data indicated that individuals in 2021/22 were 

predominantly located in areas deeper than 200 m (491 records; mean depth = 153 

m, maximum = 712 m), with only 13 records in shallower regions (mean depth = 139 

m). In 2024, sharks continued to conduct the majority of dives in open-ocean 

habitats (1,198 records; mean depth = 219 m, maximum = 1,168 m), with a smaller 

number of records in shallower areas (54 records; mean depth = 173 m), indicating 

a slightly broader habitat use compared to 2021/22 (Figure 10). 

In 2021/22, individuals generally exhibited relatively shallow dives. By contrast, in 

2024, dives were considerably deeper and associated with greater thermal 

variability. Figure 10 illustrates the daily variation in maximum recorded depth 

(MaxDepth) for individuals tagged in 2024 (Figure 10 C and D) and in 2021/22 (Figure 

10  A and B). Points are coloured according to bathymetry levels (m), highlighting the 
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relationship between the maximum depth reached and the depth available at the 

respective sites. 

Individual S6 (Figure 11A) was the most distinct. This shark exhibited both the 

greatest maximum depth (1,168 m) and the highest mean depth (338 m), as well as 

recording the lowest mean minimum temperature (10.3 °C). These values indicate 

that this individual dives deeper and accesses colder waters, suggesting a more 

oceanic and exploratory behaviour. Individual S5 (Figure A3 E), also stood out for its 

considerable depths, reaching maximum values of up to 1,056 m, closely following 

S6. Individual S4 (Figure A3 D), exhibited a similar pattern, attaining nearly 1,000 m 

in maximum depth, albeit at slightly higher temperatures. 

By contrast, individual S10 (Figure 11B) was remarkable for a different reason, 

displaying an extremely high bathymetry (4,366 m), reflecting its presence over a 

very deep oceanic region. Moreover, it recorded the highest mean maximum 

temperature (24.4 °C), suggesting that it spends more time in shallower, warmer 

waters, despite having access to deeper zones. 
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Figure 10: Daily variation in maximum recorded depth (MaxDepth) for individuals 

tagged in 2024 (C and D) and individuals tagged in 2021/22 (A and B). The points are 

coloured according to the bathymetry levels (m), illustrating the relationship 

between the maximum depth reached and the depth available at the site. 

 

 

Figure 11: Relationship between maximum depth and maximum (MaxTemp) and 

minimum (MinTemp) temperature for ID S6 (A) and S10 (B). Points are coloured 

according to local bathymetry at the time of recording.  

 

 

3.8 Relationship between Thermal Gradient and Maximum 

Diving Depth 

The analysis of maximum dive depths of shortfin mako sharks revealed that most 

dives occurred in relatively shallow waters, with the highest concentration within 

the 200–400 m range (46.3%), followed by the 0–200 m range (43.8%). Together, 

these two depth intervals accounted for approximately 90% of all recorded dives, 

highlighting the predominant use of the upper layers of the water column by this 

species. 

Deep dives were comparatively rare. Approximately 5.4% occurred between 400 and 

600 m, 2.2% between 800 and 1000 m, and only 0.5% exceeded 1000 m (six cases 

in total). All these deeper dives occurred under conditions of reduced thermal 
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gradient (<0.1). The frequency of dives deeper than 600 m decreased markedly with 

increasing thermal gradient, representing only 0.47% of dives in gradients ≥0.1 

compared with 5.1% in gradients <0.1 (Figure 12A). These results reinforce the 

predominance of shallow-water activity and suggest that steep thermal gradients 

may constrain dive depth, possibly due to physiological limitations or reduced prey 

availability in colder waters. This trend of decreasing maximum dive depth with 

increasing thermal gradient was confirmed by the Gamma regression model (log-

link), which yielded a coefficient of –1.55 (p < 0.01). The result indicates a significant 

negative relationship between the two variables, albeit with a moderate effect size. 

Analysis of the thermal gradient values associated with the deepest dives revealed 

similar mean conditions between the two sampling years. In 2021/2022, the mean 

gradient was 0.0649 (range: 0.011–0.151), with individual values ranging from S3 

(0.0457) to S2 (0.0789). In 2024, the mean value was 0.0656 (range: 0.006–0.167), 

with the highest gradient recorded for S10 (0.115) and the lowest for S9 (0.0429). 

These findings suggest a stable vertical thermal structure between years, with no 

substantial interannual differences in the intensity of the thermocline experienced 

by the sharks. 

Given this overall pattern, an additional analysis was conducted to assess whether 

bathymetry influenced the relationship between thermal gradient and maximum 

dive depth. The relationship was examined under two distinct contexts: oceanic 

environments (depths >200 m) and coastal regions with bathymetry <200 m. 

In oceanic waters (Figure 12B), thermal gradients ranged from 0.006 to 0.167, while 

maximum dive depths varied between 5 and 1168 m (mean = 191 m; median = 160 

m). Dive distribution indicated a clear predominance of shallow and mid-depth 

ranges, with 529 dives between 0–200 m and 574 between 200–400 m. Deep dives 

were infrequent, with 68 recorded between 400–600 m, 23 between 600–800 m, 28 

between 800–1000 m, and only 6 exceeding 1000 m. These very deep dives occurred 

under reduced thermal gradients (0.018–0.048; mean = 0.032). Spearman’s rank 

correlation analysis indicated a positive but weak association between thermal 

gradient and maximum depth (p < 0.001). These results suggest that, despite wide 
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variation in thermal gradients, dive depth is primarily determined by other 

environmental or biological factors rather than by thermal stratification alone. 

In coastal regions (<200 m bathymetry) (Figure 12C), thermal gradients ranged from 

0.018 to 0.123, while maximum dive depths varied between 8 and 476 m (mean = 

173 m; median = 176 m). Dives were strongly concentrated in shallower depth 

classes, with 34 dives recorded between 0–200 m and 21 between 200–400 m. In 

this context, the correlation between thermal gradient and maximum dive depth 

was not statistically significant (p >0.01). 

A direct comparison between the two bathymetric contexts revealed significant 

differences in thermal gradients (Wilcoxon test, p < 0.001), whereas maximum dive 

depths did not differ significantly (p > 0.1). These results indicate that, although 

thermal gradients vary between oceanic and coastal zones, this variability is not 

consistently reflected in the maximum dive depths reached by individual sharks. 

Linear models fitted separately for each context revealed distinct temporal 

patterns. In oceanic waters (>200 m), a significant annual effect was observed (β = 

82.55; p = 0.001), whereas the thermal gradient and its interaction with year showed 

no significant influence (p > 0.1), explaining only ~2% of the variance (R² = 0.022). In 

contrast, in coastal regions (<200 m), year had a significant negative effect on 

maximum dive depth (β = –151.89; p = 0.01), while both the thermal gradient and the 

year × gradient interaction remained non-significant. The explanatory power was 

higher in this context (R² = 0.366). 

To assess whether the overall relationship observed under oceanic conditions might 

have been disproportionately influenced by a single individual, an additional 

analysis was conducted. When all individuals were included, the linear model 

revealed a significant negative relationship between thermal gradient and maximum 

dive depth (β = –389.8; p >0.001). However, after excluding individual S10, this 

relationship was no longer statistically significant (β = –245.2; p >0.1). This result 

indicates that the significance of the thermal gradient effect was largely driven by 

that individual, highlighting its distinctive behavioural contribution within the 

dataset. 
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Overall, the behavioural pattern of shortfin mako sharks was consistent across 

years and bathymetric contexts, characterised by a predominance of shallow dives 

(0–400 m) and a limitation of deep dives under conditions of pronounced thermal 

stratification. Individual S10 displayed atypical behaviour, accounting for much of 

the detected statistical effect, whereas S3 and S2 showed lower thermal gradients 

and more stable diving patterns.  
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Figure 12: Relationship between thermal gradient and maximum diving depth of 

tagged mako sharks: (A) all dives combined (open-ocean and <200 m bathymetry), 

(B) dives in open-ocean environments, and (C) dives in regions with bathymetry 

<200 m. Each point represents an individual dive (triangles: 2021/22; circles: 2024). 
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3.9 Influence of Environmental Variables on Maximum Daily 

Depth 

The analysis of environmental factors revealed distinct patterns in how they 

influence the maximum diving depth of sharks. Overall, the mean maximum depth 

recorded remained at 258.5 ± 180.5 m, with values ranging between 32 m and 1168 

m, regardless of the environmental parameter considered. For each variable 

(chlorophyll concentration, dissolved oxygen, temperature, thermocline gradient 

and onset depth, and lunar illumination), generalised linear models (GLMs) were 

fitted and complemented with descriptive statistics to characterise the observed 

variation. 

For chlorophyll, surface concentrations (0 m) averaged 0.30 ± 0.25 µg·L⁻¹ (min = 

0.05; max = 1.57), with the highest concentration recorded in individual S4 (1.57 

µg·L⁻¹, maximum depth 43 m) and the lowest in S3 (0.046 µg·L⁻¹, maximum depth 

120 m). The model revealed a significant negative relationship between chlorophyll 

and maximum depth (coefficient = –119.84; p < 0.001), suggesting that increases in 

chlorophyll are associated with shallower dives (Figure 13A). At 100 m, the mean 

concentration was lower (0.20 ± 0.09 µg·L⁻¹, range 0.02–0.45), varying from 0.448 

µg·L⁻¹ (individual S2, maximum depth 104 m) to 0.023 µg·L⁻¹ (individual S9, 

maximum depth 208 m). The model showed a significant positive relationship 

(coefficient = 359.09; p < 0.001), indicating that higher chlorophyll concentrations 

at this depth are linked to deeper dives (Figure 13B). 

Regarding dissolved oxygen, surface concentrations (Figure 13C) averaged 5.16 ± 

0.24 mg·L⁻¹ (range 4.60–5.95), with the maximum recorded in individual S4 (5.95 

mg·L⁻¹, maximum depth 43 m) and the minimum in S10 (4.60 mg·L⁻¹, maximum 

depth 232 m). The model revealed a significant negative relationship (coefficient = –

141.88; p < 0.001), indicating that higher oxygen values are associated with 

shallower dives. At 100 m (Figure 13D), the mean concentration was 4.12 ± 1.28 

mg·L⁻¹ (range 0.20–5.83), with the maximum observed in S9 (5.83 mg·L⁻¹, maximum 

depth 416 m) and the minimum in S3 (0.20 mg·L⁻¹, maximum depth 239.5 m). A 
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significant positive relationship was observed between oxygen and maximum depth 

(coefficient = 36.95; p < 0.001). 

For temperature, the mean at the surface was 20.6 ± 2.5 °C (range 14.5–25.6), 

ranging from 25.6 °C (individual S10, maximum depth 232 m) to 14.5 °C (S8, 

maximum depth 79.75 m). The model indicated a significant positive relationship 

(coefficient = 12.85; p < 0.001) (Figure 13E). At 100 m (Figure 13F), the mean 

temperature was lower (15.7 ± 1.7 °C, range 11.5–19.7), with extremes recorded in 

S3 (19.7 °C, maximum depth 112 m) and S7 (11.5 °C, maximum depth 79.75 m). A 

significant positive association with maximum depth was also observed (coefficient 

= 23.77; p < 0.001). 

With respect to the thermal gradient (Figure 13G), a mean of 0.063 ± 0.030 °C·m⁻¹ 

(range 0.01–0.16) was recorded, with extremes of 0.159 °C·m⁻¹ (S10, maximum 

depth 71.75 m) and 0.011 °C·m⁻¹ (S3, maximum depth 120 m). The model revealed 

a significant negative relationship between thermal gradient and maximum depth 

(coefficient = –693.75; p = 0.004). Dives deeper than 700 m were not observed when 

the gradient exceeded 0.08 °C·m⁻¹, highlighting the importance of thermal stability 

in the water column for deep-diving behaviour. 

For the depth of thermocline onset (Figure 13 H), mean values were 35.5 ± 18.8 m 

(range 5–149), with maximum thermocline depths of 149 m recorded in individuals 

S6 (maximum dive depth 376 m) and S9 (384 m), and a minimum of 5 m in S4 

(maximum depth 66.5 m). A significant positive relationship was found with 

maximum dive depth (coefficient = 2.75; p < 0.001), indicating that deeper 

thermoclines are associated with correspondingly deeper dives. 

Finally, in the case of lunar illumination (Figure 13I), the mean illuminated fraction 

was 0.53 ± 0.35 (range 0.00–1.00), with the maximum close to full moon (0.999, 

individual S5, maximum depth 104 m) and minima of 0.00022 recorded in the same 

individual (maximum depth 233.5 m) and in S8 (maximum depth 48 m). The model 

did not reveal a statistically significant relationship (coefficient = –14.10; p = 0.51). 

The observed trend remained virtually stable, suggesting that moon phase does not 

exert a relevant influence on daily vertical behaviour. 
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Figure 13: Relationships between maximum diving depth and environmental 

variables: (A, B) chlorophyll concentration at the surface and at 100 m depth; (C, D) 

dissolved oxygen at the surface and at 100 m depth; (E, F) temperature at the surface 

and at 100 m depth; (G) thermal gradient; (H) depth of the thermocline onset; (I) 

lunar phase (percentage of illumination). 

 

3.10 Time Distribution by Depth Interval during Day and Night 

The records of ten individuals were analysed over 154 distinct weeks, considering 

only those with more than 60% data availability per individual, resulting in a total of 

78 valid weeks. Overall, occupancy was concentrated between 0 and 100 m depth, 

with a predominant use of the surface layer (0–10 m) both during the day (33.1%) 

and at night (31.7%). Collectively, individuals exhibited a consistent pattern, 

characterized by a higher frequency of deeper occupancy during daytime periods 

(Figure 14). 

However, six individuals displayed atypical behaviours, expressed as occasional 

nocturnal displacements to depths exceeding 200–250 m, in some cases reaching 

700–800 m. Although infrequent and representing a low percentage of overall 

activity, these episodes constitute notable deviations from the predominant pattern 

observed across most individuals. 
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None of the individuals exhibited nocturnal predominance at depths greater than 

150–200 m. However, detailed analysis revealed that several individuals reached 

depths exceeding 200 m during the night, which is not typical behaviour, namely 

Individual S4 (Figure A7), S5 (Figure 15A and 15B; Figure A8) and S6 (Figure 16A, 16B 

and 16C; Figure A9). Less frequent occurrences at depth were observed in 

individuals S7 (Figure A10), S8 (Figure A11) and S10 (Figure A13). 

 

 

 

Figure 14: Distribution of the percentage of time spent by individuals across 

different depth intervals. 
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Figure 15: Distribution of daytime and nighttime occurrence percentages by depth 

stratum for individual S5 during weeks 5 (A) and 6 (B). 

 

 

 

Figure 16: Distribution of daytime and nighttime occurrence percentages by depth 

stratum for individual S6 during weeks 4 (A) 5 (B) and 9 (C).  
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3.11 Analyses of Time Above the Thermocline 

Observation of the trajectories of the IDs (Figure 17), coloured according to the time 

spent above the thermocline, shows that individuals spent more time above the 

thermocline between latitudes –20° and –30°, particularly in coastal areas. 

Extended periods above the thermocline were also observed in areas farther north. 

 

 

  

 

 

 

 

 

 

 

 

Figure 17: Spatial distribution of time spent above the thermocline, based on the 

trajectories of tagged individuals. The colour scale represents the percentage of 

time spent above the thermocline along individual trajectories. 

 

The relationship between the thermal gradient and the time spent above the 

thermocline showed no significant association in either open-ocean environments 

or coastal areas with bathymetry shallower than 200 m, In the open ocean (Figure 

18A), a total of 212 valid observations were obtained, with thermal gradient values 

ranging from 0.01 to 0.15 °C m⁻¹ (mean = 0.06 ± 0.03 °C m⁻¹, SD). The simple linear 

model did not identify a statistically significant relationship between the thermal 

gradient and the time spent above the thermocline (β = 16.2 ± 53.5; p > 0.1), and the 
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explained variance was negligible (adjusted R² = −0.004). The data exhibited high 

dispersion, with substantial inter-individual variability in vertical distribution 

regardless of gradient intensity. 

In areas with bathymetry <200 m (Figure 18 B), only three valid observations were 

available. Thermal gradient values ranged from 0.02 to 0.12 °C m⁻¹ (mean = 0.04 ± 

0.04 °C m⁻¹). The corresponding linear model also revealed no significant 

association between thermal gradient and time above the thermocline (β = 3044.9 

± 3330.9; p > 0.1), and the adjusted R² value was negative (−0.090), reflecting both 

the extremely limited sample size and the lack of explanatory power of the model. 

 

 

Figure 18: Relationship between the percentage of time spent above the 

thermocline and the thermal gradient. (A) Data from the open ocean. (B) Data from 

coastal areas with bathymetry <200 m. Linear regressions with confidence intervals 

are shown. 

 

The relationship between the depth of thermocline onset and the time spent above 

it showed more consistent trends. In the open ocean (Figure 19A), the depth of 

thermocline onset varied between 5 and 81 m (mean = 26.1 ± 10.5 m). The univariate 

model identified a significant positive association (β = 0.39 ± 0.15; p < 0.01), 

indicating that a deeper thermocline onset was generally linked to a longer time 

spent above it. However, the explained variance remained low (adjusted R² = 0.028). 

A dense cluster of points was observed for thermocline depths between 0 and 40 m, 

reflecting substantial variability under these conditions. 
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In the bathymetry <200 m dataset (Figure 19B), comprising only three valid 

observations, the onset depth ranged from 24 to 42 m (mean = 35 ± 9.6 m). The 

model suggested a positive slope (β = 1.86 ± 0.58), but the effect was not statistically 

significant (p > 0.1), likely due to the small sample size. These results indicate that, 

while a positive relationship may exist, it cannot be robustly confirmed in the limited 

coastal dataset. 

When both predictors, the depth of thermocline onset and the thermal gradient, 

were included in a multiple regression model for the open ocean (Figure 19C), the 

thermal gradient did not show a significant effect (β = 43.25 ± 53.57; p > 0.1), 

whereas the depth of thermocline onset remained positively associated with time 

spent above the thermocline (β = 0.42 ± 0.15; p < 0.01). The explanatory power of 

the model remained low (adjusted R² = 0.027), indicating that these environmental 

variables together explained only a small fraction of the observed variability. In the 

coastal dataset (Figure 19D), the regression including both predictors could not be 

reliably evaluated due to the very small sample size (n = 3). The model output 

indicated a perfect fit (R² = 1), but the parameter estimates were statistically 

unreliable, with undefined p-values. 
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Figure 19: Scatterplots of time above the thermocline versus initial thermocline 

depth and thermal gradient. (A) Open ocean. (B) Coastal areas <200 m; (C) Thermal 

gradient, points colour-coded by thermocline onset depth in the open ocean; (D) 

Thermal gradient, points colour-coded by thermocline onset depth in areas <200 m. 

 

Surface temperature also showed a clear influence on the time spent above the 

thermocline. In the open ocean (Figure 20A), surface temperature ranged from 16.4 

°C to 24.5 °C (mean = 21.1 ± 1.92 °C, SD). The simple linear model revealed a 

significant negative association (β = −3.85 ± 0.81; t = −4.76; p < 0.001), indicating 

that higher surface temperatures were linked to reduced time spent above the 

thermocline. When the thermal gradient was added to the model (Figures 20C), both 

predictors remained significant. Surface temperature retained a strong negative 

effect (β = −4.91 ± 0.89; t = −5.54; p < 0.001), while the thermal gradient exhibited a 

significant positive effect (β = 151.7 ± 55.7; p <0.01). The combined model explained 

slightly more variance (adjusted R² = 0.120), although the coexistence of opposite 

effects suggests possible collinearity or suppression between predictors. 
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In the coastal dataset (bathymetry <200 m), the relationship between surface 

temperature and time above the thermocline was not statistically significant (β = 

19.8 ± 13.4; p >0.1), despite a relatively high R² (0.685) (Figure 20D). The recorded 

temperatures ranged from 18.7 °C to 21.4 °C (mean = 19.9 ± 0.95 °C, SD). However, 

given the extremely limited sample size these results should be interpreted with 

caution.  

 

 

Figure 20: (A) Percentage of time spent above the thermocline in relation to surface 

water temperature, with fitted regression line; (B) bathymetry <200 m; (C) Open-

ocean data showing the relationship between time above the thermocline, surface 

temperature (colour scale), and thermal gradient. (D) bathymetry <200 m data 

showing the relationship between time above the thermocline and surface 

temperature and thermal gradient. 
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3.11.1 Influence of environmental variables on time spent above the 

thermocline on daytime and nighttime vertical distribution 

The physico-chemical characterisation of the water column provided a description 

of the predominant environmental patterns at the surface (0 m) and at depth (100 

m), as well as the intensity of thermal stratification and the influence of external 

factors such as moonlight. For each variable analysed (dissolved oxygen, 

chlorophyll, temperature, thermal gradient, and lunar illumination), minimum, 

maximum, and mean values were calculated, together with the most frequent 

intervals (modes) and the mean percentage of time spent above the thermocline 

associated with each interval. This approach enabled the vertical distribution to be 

related to the most representative environmental conditions, both during daytime 

and night-time periods. 

3.11.1.1 Oxygen 

At the surface (Figure 21A), dissolved oxygen values ranged from 4.63 to 5.76 mg L⁻¹ 

(mean = 5.18 mg L⁻¹), with low variability indicating relatively stable conditions. The 

most frequent interval was 5–5.2 mg L⁻¹, associated with a mean percentage of time 

above the thermocline of 71.4% during the day and 79.3% at night. At 100 m depth, 

oxygen concentrations were lower and more heterogeneous (0.66–5.61 mg L⁻¹; 

mean = 4.07 mg L⁻¹). The modal interval was 5–5.5 mg L⁻¹, with mean percentages 

of time above the thermocline of 53.1% during the day and 58.1% at night (Figure 

21B). 

Behavioural analysis revealed a negative relationship between oxygen and time 

spent above the thermocline at 100 m, particularly during the day. In contrast, at the 

surface, the trend was positive, with higher oxygen concentrations associated with 

greater presence above the thermocline, especially at night. 

3.11.1.2 Chlorophyll 

At the surface, chlorophyll values ranged from 0.046 to 1.17 µg L⁻¹ (mean = µg L⁻¹), 

with the most frequent interval being 0–0.2 µg L⁻¹, associated with mean 

percentages of 53.8% during the day and 60.4% at night (Figure 21C). At 100 m 

(Figure 21D), values were lower and more stable (0.032–0.42 µg L⁻¹, mean = 0.19 µg 
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L⁻¹). The modal interval was 0.15–0.2 µg L⁻¹, associated with higher mean 

percentages of time above the thermocline (77.9% during the day and 82% at night). 

At 100 m, higher chlorophyll concentrations were negatively related to time above 

the thermocline, with this trend being more pronounced during the day. At the 

surface, however, the trend was positive: higher chlorophyll concentrations were 

associated with longer periods above the thermocline. Nevertheless, a wide scatter 

of points was observed at concentrations between 0.0 and 0.5 µg L⁻¹ both day and 

night. 

3.11.1.3 Temperature 

At the surface (Figure 21E), temperature ranged from 14.7 to 25.1 ºC (mean = 20.5 

ºC), with the most frequent interval of 20–21 ºC, associated with 71.9% above the 

thermocline during the day and 79.6% at night. At 100 m, values ranged from 11.8 to 

18.9 ºC (mean = 15.5 ºC), with the modal interval of 14–15 ºC, associated with 

71.6% of time above the thermocline during the day and 78.4% at night (Figure 21F). 

Behavioural analysis indicated a predominantly negative trend between 

temperature and time above the thermocline at both depths. At the surface the 

individuals tended to remain above the thermocline at lower surface temperatures. 

At 100 m, higher temperatures were also linked to shorter time above the 

thermocline, with the trend being somewhat stronger during the day. In both cases, 

substantial scatter in the data suggests a variable response of individuals to thermal 

conditions. 

3.11.1.4 Thermal Gradient 

The mean gradient ranged (Figure 21G) from 0.016 to 0.14 ºC m⁻¹ (median = 0.056 

ºC m⁻¹), with the modal interval of 0.04–0.06 ºC m⁻¹ associated with mean 

percentages of 65.2% during the day and 76.1% at night. When examined in relation 

to vertical behaviour, the gradient showed a negative relationship with time spent 

above the thermocline during both day and night. As stratification intensity 

increased, individuals tended to remain below the thermocline, with this trend 

slightly more pronounced at night. 

3.11.1.5 Lunar illumination 
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The illuminated fraction of the moon (Figure 21H) ranged from 0.03 to 0.98 (mean = 

0.50), with the most frequent interval being 0.9–1 (full or nearly full moon). This range 

was associated with 64.9% of time above the thermocline during the day and 72.7% 

at night. Behavioural analysis confirmed that lunar illumination influenced only the 

nocturnal phase, showing a subtle negative trend: higher moonlight intensity 

coincided with shorter time above the thermocline. As expected, no direct 

relationship was observed during the day. 
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Figure 21: Time spent above the thermocline in relation to environmental variables 

and the day/night period: (A, B) dissolved oxygen at the surface and at 100 m depth; 

(C, D) chlorophyll at 100 m depth and at the surface; (E, F) temperature at the 

surface and at 100 m depth; (G) thermal gradient of the thermocline; (H) lunar 

illumination. 

 

3.11.2 Model Analyses 

Generalized linear (GLM) and mixed (GLMM) models were adjusted to investigate 

the effects of environmental variables on the dependent variable (time spent above 

the thermocline). Effect plots present the relationship between each predictor and 

the response variable, based on the best models selected for the day and night 

periods. 

A total of N = 296 observations from 10 individuals were analysed, with a mean of 

29.6 ± 7.11 observations per individual (range 16–38). Observations were evenly 

distributed between day and night periods (148 each). During the daytime, 

individuals spent a mean proportion of 0.639 of their time above the thermocline 

(SD = 0.223; median = 0.656). At night, the mean proportion increased to 0.727 (SD 

= 0.231; median = 0.768). 

For the nocturnal GLM, surface chlorophyll concentration had a significant positive 

effect on time spent above the thermocline (β = 2.528, p > 0.1), while thermocline 

onset depth exhibited a marginal positive effect (β = 0.031, p > 0.01). Oxygen 

concentration at 100 m showed a negative but non-significant effect (β = −0.170, p 

> 0.1). Model fit improved relative to the null model, with deviance decreasing from 

43.641 to 31.542. 

Coefficients are reported in Table 2, and effect patterns are illustrated in Figure A 

14C. 
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Table 2: Coefficients of the GLM for the nighttime period, relating time above 

thermocline to environmental variables (start thermocline, oxygen at 100 m depth, 

and chlorophyll at 0 m depth). 

RESPONSE 

VARIABLE 

PREDICTOR ESTIMATE STD. 

ERROR 

Z VALUE P-VALUE 

TIME ABOVE 

THERMOCLINE 

(Intercept) -0.03478 0.96534 -0.036 0.9713 

 
Start thermocline 0.03078 0.01593 1.933 0.0532 

 
Oxygen at 100 m -0.16985 0.18476 -0.919 0.3579 

 
chlorophyll at 0 m 2.52766 1.11259 2.272 0.0231 

 

 

During daylight, the GLM incorporated mean thermal gradient, oxygen at 100 m, and 

surface chlorophyll. The mean thermal gradient had a negative but non-significant 

coefficient (β = −3.886, p > 0.1), oxygen at 100 m showed a non-significant negative 

effect (β = −0.112, p > 0.1), and surface chlorophyll retained a positive but non-

significant association (β = 1.112, p >0.1). The model produced a modest 

improvement over the null model (null deviance 34.858 → residual deviance 30.550). 

Model selection indicated that the best daytime GLM excluded thermocline onset 

depth and illuminated fraction, suggesting that thermal stratification and moonlight 

did not substantially improve explanatory power (Table 3). 
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Table 3: Coefficients of the GLM for the daytime period, relating time above 

thermocline to environmental variables (thermogradient, oxygen at 100 m depth, 

and chlorophyll at 0 m depth). 

RESPONSE 

VARIABLE 

PREDICTOR ESTIMATE STD. 

ERROR 

Z VALUE P-VALUE 

TIME ABOVE 

THERMOCLINE 

(Intercept) 0.9672 1.1431 0.846 0.397 

 
Thermogradient -3.8864 6.4630 -0.601 0.548 

 
Oxygen at 100 m -0.1118 0.1706 -0.655 0.512 

 
Chlorophyll at 0 m 1.1115 0.9233 1.204 0.229 

 

 

Incorporating a random intercept for individual ID, the nocturnal GLMM (Laplace 

approximation) substantially improved model fit compared with the GLM, although 

a singular fit was observed, indicating near-zero variance for the random effect. 

Among fixed effects in nighttime, mean thermal stratification had a significant 

positive effect (β = 0.0793, p <0.01), and surface chlorophyll showed a strong 

positive association (β = 13.6009, p < 0.001). Oxygen at 100 m remained non-

significant (p > 0.1). Graphical inspection (Figure A14 B) revealed saturation patterns 

for thermal stratification (~40 units) and surface chlorophyll (~0.4 units), indicating 

thresholds beyond which further increases had diminishing effects. Oxygen at 

depth retained a negative relationship, with smoother and more stable predicted 

effects compared to the GLM. Coefficients are summarised in Table 4. 
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Table 4: Coefficients of the GLMM for the nighttime period, including random effect 

of ID and fixed effects (start thermocline, oxygen at 100 m depth, and chlorophyll at 

0 m depth). 

RESPONSE 

VARIABLE 

PREDICTOR ESTIMATE STD. ERROR Z VALUE P-VALUE 

TIME ABOVE 

THERMOCLINE 

(Intercept) -1.54587 1.75670 -0.880 0.3789 

 
Start thermocline 0.07930 0.02786 2.847 0.0044 

 
Oxygen at 100 m -0.45204 0.29086 -1.554 0.1202 

 
Chlorophyll at 0 m 13.60088 3.84528 3.537 0.0004 

 

The best daytime GLMM included illuminated fraction, oxygen at 100 m, and surface 

chlorophyll as fixed effects. Surface chlorophyll was significant (β = 2.736, p > 0.01), 

while illuminated fraction showed a marginal positive trend (β = 1.0499, p > 0.05), 

and oxygen at 100 m remained non-significant (p > 0.1). Effect plots (Figure A14  A) 

support these associations, with surface chlorophyll showing saturation at higher 

values and illuminated fraction indicating a potential positive influence on time 

spent near the surface. Coefficients are reported in Table 5. 
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Table 5: Coefficients of the GLMM for the daytime period, including random effect 

of ID and fixed effects (illuminatedFraction, at oxygen 100 m depth, and chlorophyll 

0 m depth). 

RESPONSE 

VARIABLE 

PREDICTOR ESTIMATE STD. ERROR Z VALUE P-VALUE 

TIME ABOVE 

THERMOCLINE 

(Intercept) 0.8428 1.0753 0.784 0.4331 

 IlluminatedFraction 1.0499 0.6324 1.660 0.0969 

 Oxygen at 100 m -0.2368 0.1978 -1.197 0.2313 

 Chlorophyll at 0 m 2.7363 1.1969 2.286 0.0222 

 

The analysis and visualization of the graphs of each model confirmed the analysed 

results. The results of the best GLM model fitted for the daytime period (Figure A 

14D) indicate distinct patterns in the influence of environmental variables on the 

response variable. The analysis of partial effects revealed that the thermal gradient 

shows a slightly negative relationship with the time spent above the thermocline, 

suggesting that higher values of thermal stratification may be associated with a 

slight reduction in the response variable. Similarly, a negative effect of oxygen 

concentration at 100 metres depth was observed, indicating that higher oxygen 

levels in this layer are associated with lower values of time spent above the 

thermocline. 

In contrast, mean surface chlorophyll exhibited a clearly positive effect, showing 

that higher levels of phytoplankton biomass are associated with an increase in the 

time spent above the thermocline. This pattern suggests that surface primary 

productivity may play an important role in explaining the variability of the response 

variable. 

The results of the best-fitting GLM for the nocturnal period (A 14C) reveal clear 

patterns in the influence of environmental variables on the time spent above the 

thermocline. 
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The start thermocline variable exhibited a strongly positive and non-linear 

relationship, indicating that, as thermal stratification intensifies, the time spent 

above the thermocline increases markedly. The effect is more pronounced at low 

values of start thermocline, stabilising near the maximum as the thermocline 

becomes stronger. This pattern suggests that the thermal structure of the water 

column plays a key role in nocturnal vertical behaviour, with individuals 

preferentially remaining in the upper layers when stratification is pronounced. 

In contrast, the oxygen concentration at 100 metres depth displayed a gently 

negative relationship, with higher oxygen levels associated with a slight reduction in 

time spent above the thermocline. This gradual decline indicates that, even at night, 

more oxygenated conditions in deeper layers may be linked to reduced utilisation of 

the surface zones. 

Finally, the surface chlorophyll concentration showed a well-defined positive 

relationship, with a consistent increase in time spent above the thermocline as 

chlorophyll concentrations rise. The pattern suggests a slight saturation effect at 

higher values, indicating that beyond a certain level of surface productivity, the 

additional gain in time above the thermocline tends to stabilise. 

The results of the best GLMM model fitted for the periods of the day revealed clear 

and consistent patterns in the influence of environmental variables on the time 

spent above the thermocline (Figure A14  A and B). 

The analysis of the moon light effect showed a positive relationship, indicating that 

as the illuminated fraction of the moon increases, sharks tend to spend more time 

above the thermocline. This suggests that lunar illumination may influence vertical 

activity patterns, possibly by enhancing visibility or altering prey behaviour near the 

surface. 

The oxygen concentration at 100 metres depth exhibited a slightly negative 

relationship. Although the overall time spent above the thermocline remained 

relatively high, a gradual decline was observed as oxygen levels increased. This 

pattern is like that recorded during the night, though slightly more pronounced 

during daylight hours. 
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The mean surface chlorophyll concentration demonstrated a positive relationship 

with a saturation pattern, comparable to that observed in the nocturnal model. 

Increases in chlorophyll near the surface were associated with longer periods above 

the thermocline, although this effect tended to stabilise at higher chlorophyll 

concentrations. This consistency across diel periods reinforces the role of surface 

productivity as a key structuring factor influencing vertical behaviour. 

Finally, the start thermocline showed a strong, non-linear positive relationship. 

When the average thermocline strength was low (indicating a shallower 

thermocline), the proportion of time spent above it increased sharply. Beyond a 

threshold (around "start thermocline ≈ 20), the relationship plateaued and remained 

consistently high. This pattern suggests that the position and intensity of the 

thermocline exert a major influence on vertical distribution, with sharks spending 

substantially more time in upper layers when stratification is weaker or shallower. 

 

 

4.Discussion 

4.1 Vertical movements 

Although information on the habitat preferences of mako sharks in the South 

Atlantic Ocean is limited when compared to that available for the North Atlantic, the 

combined analysis of vertical water column use, considering time spent at different 

depths and temperatures, reveals patterns consistent with other studies. The 

thermal preferences observed here agree with those previously reported for this 

species. Loefer et al. (2005) showed that tagging data from a specimen captured in 

the southeastern United States indicated movements between the surface and 556 

m depth, within a temperature range of 10.4 °C to 28.6 °C. Similarly, Vaudo et al. 

(2016) reported that mako sharks tagged in the northeastern United States and the 

Gulf of Mexico experienced temperatures between 5.2 °C and 31.1 °C, while 

occupying depths from the surface to 866 m. Gibson et al. (2021) further 

demonstrated that this species frequents areas encompassing a broad range of sea 
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surface temperatures, between 10.0 °C and 31.0 °C. In the present study, sharks 

showed a preference for occupying layers between 0 and 150 m, despite the 

availability of greater depths across all study areas. A tendency for prolonged 

residence between 10 and 50 m was observed in several individuals (particularly S1, 

S2, S3, S7, S8, and S9), which is consistent with the vertical profile analyses 

indicating increased time spent in warmer waters (19–25 °C), with a predominance 

between 21 and 23 °C. 

This occupation of relatively shallow and warmer waters is consistent with the 

thermal and ecological behaviour described for the species, which, although highly 

migratory and capable of extensive vertical movements, tends to prefer 

environments with higher temperatures close to its optimal thermal range. In a study 

conducted by Santos et al. (2021), individuals of the same species spent most of 

their time in temperate waters (18–22 °C) above 90 m, while this preference for 

warmer surface waters is also consistent with observations in other pelagic shark 

species, such as the blue shark (Prionace glauca), which preferentially occupies 

surface waters even in deep ocean regions (Queiroz et al., 2012; Vandeperre et al., 

2014), and the tiger shark (Galeocerdo cuvier),  was spent most of its time in the first 

50 m of the water column, at temperatures between 22 and 25 °C (Lipscombe et al., 

2020). The occasional presence of temperatures below 10 °C, associated with 

deeper dives, suggests that these movements are specific and not dominant 

behaviours in the ecological strategy of the monitored individuals.  

However, despite their frequent presence in areas with bathymetries exceeding 

2,000 meters, deep dives (>500 m) were occasional, which may be related to prey 

availability and the optimization of body temperature. The deep-diving pattern is 

presumed to be linked to the foraging behaviour in pelagic shark species such as the 

blue shark (Prionace glauca), tiger shark (Galeocerdo cuvier), Scalloped 

hammerhead (Sphyrna lewini), big-eyed thresher shark (Alopias superciliosus), and 

oceanic whitetip shark (Carcharhinus longimanus) (Stevens et al., 2010; Nakamura 

et al., 2011; Hoffmayer et al., 2013; Howey-Jordan et al., 2013). Another widely 

accepted explanation for this type of behaviour points to the need to re-establish 
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body temperature following thermal losses resulting from incursions into cold 

waters (Peter Klimley et al., 2002).  

The analysis of time spent at different depth intervals during the day and night 

reveals a typical pattern of diel vertical migration (DVM). Most individuals remained 

predominantly within the upper 150 m of the water column, with greater use of the 

0–10 m and 10–30 m strata within the mixed layer depth (MLD) both day and night. A 

higher occupation of deeper layers was observed during the day and a preference 

for shallower layers at night, consistent with a diel vertical migration strategy 

previously described for the species. Nasby-Lucas et al. (2019) also reported that, 

although some individuals remained within the MLD both during the day and at 

night, the general trend was towards deeper distributions during daylight hours. 

Santos et al. (2021) showed that sharks tagged in the open waters of the Central and 

Northwestern regions tended to exhibit daily vertical movements characterised by 

shallower mean depths at night and greater mean depths during the day. Similarly, 

Vaudo et al. (2016);  Loefer et al. (2005) and Abascal et al. (2011) observed the same 

pattern. 

Epipelagic fishes adjust their vertical movements to exploit diel vertical migration 

(DVM), either directly or indirectly, by following the movements of their prey such as 

squids or smaller fishes which themselves feed on nektonic and planktonic 

organisms (Hays, 2003). Thus, this behaviour of spending more time in shallower 

layers at night has been associated with foraging activity.  This behaviour is common 

among other large pelagic predators and teleosts (Dewar et al., 2011; Weng & Block, 

2004; Coffey et al., 2017). However, exceptions to the classical DVM pattern were 

recorded, particularly among individuals S4, S5, and S6, which exhibited deep dives 

to depths ≥500–700 m during the night. This behaviour indicates a degree of 

behavioural plasticity that may be associated with the opportunistic exploitation of 

deep-water resources or with specific oceanographic conditions. Movement 

patterns of the porbeagle (Lamna nasus) have shown that some individuals 

exhibited reverse diel vertical migration (ascending at dawn and descending at dusk) 

in well-mixed coastal waters, while others displayed normal diel vertical migration 

in deeper, thermally stratified waters (Pade et al., 2009). Such patterns have been 
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documented in blue sharks (Prionace glauca) (Queiroz et al., 2012; Nosal et al., 

2019) and in more recent studies (Mas et al., 2024).  

In this study, the role of the thermal gradient was particularly evident in diel 

behaviour. Low gradients (0.02–0.05 °C/m) frequently coincided with deeper dives 

(>200 m), especially in individuals such as S4, S5, and S6 during days of weak 

stratification, whereas intermediate gradients (0.06–0.09 °C/m) promoted longer 

residence times within the 10–30 m or 30–50 m intervals, corresponding to the 

thermocline, and steeper gradients (≥0.1 °C/m) restricted individuals to the upper 

layers (0–10 m). During the day, sharks tended to occupy the thermocline (10–50 m), 

moving to deeper layers (50–100 m or more) when gradients were weak, whereas at 

night the predominant behaviour was a return to surface waters (0–10 m), 

particularly under strong gradients.  

The results of the analyses regarding the time spent above the thermocline, during 

both day and night, support this hypothesis. In open waters, the thermal gradient 

exhibited a negative relationship with the time spent above the thermocline, during 

both day and night. In water columns characterised by strong stratification (steeper 

gradients), individuals reduced their epipelagic occupation (65.2% during the day; 

76.1% at night). The thermal stratification model indicated a positive and significant 

effect only at night. During the day, stratification had limited explanatory power, 

suggesting that other environmental factors, such as surface temperature and solar 

radiation, may play a more dominant role in determining vertical distribution. When 

the thermal gradient was analysed together with temperature, a positive effect was 

observed, steeper gradients appeared to promote persistence in the upper layers of 

the thermocline. This findings suggests that the thermal gradient may exert a more 

significant influence than temperature alone on vertical behaviour. 

The relationship between the thermal gradient and maximum diving depth further 

explains observed differences in diving behaviour. The deepest dives occurred in 

areas of weak stratification (<0.1 °C/m), suggesting that more homogeneous water 

columns facilitate wider vertical movements, possibly due to lower energetic costs. 

Previous studies corroborate this pattern: in the North Atlantic, Brill et al. (2002) 
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reported that bluefin tuna remained closer to the surface under marked 

thermoclines, while performing deeper dives under weak stratification. In the 

Mediterranean, Bauer et al. (2017) associated alternation between surface and 

depth with the thermal structure of the water column. These findings support the 

notion that strong stratification can act as a physiological or ecological barrier, 

limiting vertical exploration. 

The initial depth of the thermocline showed a significant positive association with 

the time spent above this layer in open waters, although the explained variance was 

low. This result indicates that deeper thermoclines may allow individuals to remain 

longer in surface waters, possibly avoiding colder or less productive layers 

consistent with patterns observed in maximum diving depth. Abascal et al. (2011) 

similarly demonstrated that thermoclines between 100 and 150 m influence vertical 

activity, with individuals concentrating in the mixed layer (<150 m) after thermal 

homogenisation. 

In areas shallower than 200 m, despite the observed positive trend, statistical 

significance was not achieved due to the limited number of observations. When the 

initial depth of the thermocline and the thermal gradient were considered together, 

the effect of the gradient remained non-significant, whereas thermocline depth 

showed a consistent positive association. This pattern suggests that the relative 

depth of the thermocline may be a more influential factor than gradient intensity in 

determining vertical behaviour. The deepest dives occurred when the thermocline 

was below 75 m, indicating that a thicker mixed layer facilitates deeper incursions 

by reducing the energetic cost of traversing steep thermal transitions. The positive 

relationship between initial thermocline depth and maximum diving depth suggests 

that, in environments with reduced upper-layer stratification, sharks can more 

efficiently exploit deeper zones. Electronic tagging data have shown that various 

aspects of the thermal structure generally constrain the vertical distributions of 

pelagic fish. Some species primarily utilise the surface mixed layer. Madigan et al. 

(2021) analysed the vertical habitat use of 12 species in the tropical South Atlantic 

and found that seven of these species preferred to spend time above the 
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thermocline. Similar patterns have been reported in other studies (Musyl et al., 

2011; Howey-Jordan et al., 2013; Andrzejaczek et al., 2018) 

Nevertheless, the majority of dives were concentrated between 200 and 400 m, 

regardless of thermal gradient. Dives exceeding 600 m occurred mainly in 

environments with reduced gradients. The statistical model revealed a significant 

association between thermal gradient and depth but explained only a small portion 

of the variability and was heavily influenced by a single individual (S10). Excluding 

this individual, the relationship was no longer significant, suggesting that the 

thermal gradient has a limited and non-generalizable effect. Other factors, such as 

prey availability, oxygen profiles, or individual characteristics, may play a more 

decisive role in dive depth (Andrzejaczek et al., 2019). 

Simultaneously, the effect of surface temperature revealed a negative impact on the 

time spent above the thermocline, particularly in areas with depths less than 200 m. 

Individuals tend to remain above the thermocline both during the day and at night 

when surface temperatures are lower. A similar pattern is observed at 100 m, higher 

temperatures were associated with reduced time above the thermocline, with the 

trend being slightly stronger during the day, indicating that at higher temperatures 

individuals spend less time at depths shallower than 100 m. Other studies report 

comparable findings. Vaudo et al. (2016) showed that in warmer waters, sharks 

spent 36% of the daytime below 150 m, whereas in colder waters only 1% of the time 

was spent at these depths. These patterns suggest that organisms adjust their 

behaviour in response to thermal conditions, likely to remain within an optimal 

temperature range, as observed by Loefer et al. (2005), who noted that with 

increasing surface temperatures, nocturnal excursions into very shallow waters 

became less frequent; studies in the Atlantic have reported broader and deeper 

daytime depth ranges under warmer conditions (Santos et al., 2021), and in the 

Southeast Pacific, water temperature was identified as a key factor in determining 

vertical range, with deeper average daytime distributions and prolonged surface 

residence under colder conditions (Abascal et al., 2011). 

The association between maximum depth and recorded temperature (both 

maximum and minimum) reinforces these patterns, showing that deeper dives 
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occurred preferentially under higher temperature conditions, particularly above 15 

°C, despite cooler surface layers in 2024. Other studies indicate that as sea surface 

temperatures increased, mako sharks spent less time in the upper 50 m of the water 

column, likely seeking thermal refuges in deeper waters (Vaudo et al., 2016; Byrne 

et al., 2024). This behaviour has also been observed in other species with regional 

endothermy, namely the salmon shark Lamna ditropis (Weng et al., 2005) and the 

porbeagle L. nasus (Campana et al., 2010), but also in the ectothermic blue shark 

Prionace glauca (Campana et al., 2011). 

Nevertheless, clear differences between individuals were evident. For example, S10 

was associated with comparatively higher average temperatures (~24 °C), whereas 

S6 exhibited substantially lower values (16–17 °C), corresponding to movements 

towards more northern and southern latitudes, respectively. Interestingly, while high 

surface temperatures are generally associated with deeper dives, S10 

predominantly remained in the surface layers throughout its trajectory, even in 

areas of considerable bathymetric depth. However, this individual experienced a 

high thermal gradient along its trajectory, whereas S6 exhibited low gradients on 

multiple occasions, enabling it to perform deeper dives in response to elevated 

temperatures. This suggests that factors beyond temperature, such as local thermal 

gradients or stratification, may limit deep-diving behaviour in certain individuals, 

highlighting the complex interaction between environmental variation and 

individual behavioural strategies. 

Regarding chlorophyll-a concentration at 100 m, a negative relationship was 

observed with the time spent above the thermocline, both during the day and at 

night, particularly during the day. The same pattern was observed in the maximum 

depth results, with higher chlorophyll values associated with deeper dives. This 

suggests that elevated primary productivity at 100 m drives individuals to explore 

deeper layers, as observed by Vedor et al. (2021a), in which blue sharks adopt a 

depth-oriented diel vertical migration (DVM), following prey aggregations in deeper 

zones, such as cephalopods or mesopelagic fish. Similar behaviour has been 

reported in blue sharks in the North Atlantic (Campana et al., 2011; Queiroz et al., 

2012). Other top predators feeding on similarly vertically migrating prey, such as 
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tuna and swordfish, also exhibit dives to the deep scattering layer (DSL), likely to 

maximise foraging success (Schaefer et al., 2009; Dewar et al., 2011; Sepulveda et 

al., 2018).At the surface, the relationship was inverse, particularly at night; higher 

chlorophyll levels were also associated with shallower dives, consistent with the 

classic DVM of species migrating to the surface at night, reinforcing the idea that 

more productive areas promote residence in this layers. 

Environmental variable modelling analyses revealed that surface productivity, 

measured via chlorophyll concentration, consistently emerged as the most robust 

predictor in both periods, supporting the notion that the availability of trophic 

resources guides water column utilisation. Interestingly, a saturation pattern was 

observed, beyond a certain chlorophyll threshold (~0.4 µg L⁻¹), further increases in 

productivity did not correspond to proportional gains in time spent above the 

thermocline, suggesting that other factors modulate vertical behaviour once 

resource availability reaches sufficient levels. 

Gibson Banks et al. (2025) noted in their study a reduction in movement persistence 

in regions with elevated chlorophyll-a concentrations; this persistence serves as an 

indicator of marine productivity (Benoit-Bird & Au, 2003). Although interpreting 

foraging behaviour from movement persistence is challenging without prior 

knowledge of prey availability (Florko et al., 2023) or foraging success (Bestley et al., 

2008), areas where mako sharks remain longer continue to be essential for habitat 

conservation and protection (Hays et al., 2019). Similar patterns were observed in 

salmon sharks (Lamna ditropis), close relatives of mako sharks, which displayed 

slower and more tortuous swimming patterns in regions with high chlorophyll 

concentrations in the eastern North Pacific Ocean (Weng et al., 2008). Likewise, 

seasonal patterns of mako sharks in the eastern North Pacific Ocean tracked 

variations in temperature and elevated chlorophyll-a concentrations (Block et al., 

2011; Nasby-Lucas et al., 2019). 

Surface oxygen reinforced the chlorophyll results, as dissolved oxygen at the surface 

exhibited a positive relationship with the time spent above the thermocline, most 

evident at night, and again associated with diel vertical migration (DVM). This 

suggests that well-oxygenated waters promote epipelagic residence, leading 
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individuals to remain preferentially in shallower waters rather than performing deep 

dives.  

In contrast, oxygen concentration at 100 m showed a negative association with the 

time spent above the thermocline in both periods, a result consistent with 

maximum dive depth data, indicating that when oxygen concentrations at 100 m are 

elevated, individuals tend to reach greater depths. This suggests that mako sharks 

exploit deeper zones when oxygen conditions allow. In a study in the southeast 

Pacific Ocean, mako shark dives frequently terminated at depths corresponding to 

an oxygen concentration of 3 ml L⁻¹ (Abascal et al., 2011), while off the coast of 

California, mako sharks rarely descended to depths with oxygen concentrations 

below 2 ml L⁻¹ (Vetter et al., 2008). In the Gulf of Mexico, sharks frequently reached 

depths with oxygen concentrations between 2.5 and 3 ml L⁻¹ (Garcia et al., 2014), 

demonstrating that oxygen influences the vertical behaviour of this species. 

In the present study, oxygen concentration at 100 m consistently showed a negative, 

though non-significant, effect in both periods. This suggests that physiological 

limitations associated with low oxygen levels in deeper waters are not the primary 

determinants of vertical distribution, although they may exert a secondary or 

indirect influence, potentially related to metabolism or prey availability. 

Finally, the influence of lunar illumination on the studied organisms was weak and 

restricted to the nocturnal period, exhibiting negative relationship brighter nights 

were associated with reduced time spent above the thermocline (epipelagic 

occupation of 72.7%). Andrzejaczek et al. (2024) reported consistent patterns 

across multiple taxa, observing deeper vertical movements with increasing lunar 

illumination. This pattern likely reflects prey responses, as both plankton and 

mesopelagic fish tend to remain at greater depths during the full moon as a predator 

avoidance strategy (Hays, 2003; Last et al., 2016). In top predators, such as tuna and 

swordfish (Xiphias gladius), deeper distributions during full moon nights were 

associated with greater foraging success on prey aggregated at shallower depths 

(Musyl et al., 2003; Dewar et al., 2011; Abascal et al., 2015). 
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In contrast, the mixed model for the daytime period revealed an almost significant 

positive effect of lunar illumination (β = 1.05; p = 0.097). This suggests an indirect 

effect of moonlight, possibly modulating nocturnal behaviour in a way that 

manifests during the following day. At maximum depth, lunar illumination had a 

negligible effect, remaining largely stable throughout the lunar cycle, although a 

slight reduction in depth was observed during the new moon. 

The analysis of seasonal and sexual differences in the vertical behaviour of mako 

sharks reveals a general trend towards similar depth patterns between males and 

females, although with occasional variations, more evident during summer. In 

autumn and spring, the overlap of interquartile depth ranges between sexes and the 

low dispersion of values suggests behavioural homogeneity, possibly associated 

with thermal stability of the water column during these seasons. However, the 

greater dispersion in depths used by females in autumn, as well as the occurrence 

of extreme deeper values, may indicate the existence of differentiated individual 

habitat exploration strategies. 

During summer, more pronounced differences were observed, with females 

exhibiting a wider vertical range of water column utilisation. This greater variability 

may be related to distinct physiological requirements, particularly those associated 

with reproductive strategies, thermoregulation, or prey search. The higher 

behavioural heterogeneity in summer may also reflect an adaptive response to 

warmer surface waters, compelling individuals to seek deeper and thermally more 

stable layers, as previously documented in Atlantic mako shark studies. This 

behavioural pattern finds parallels in earlier research on the vertical ecology of large 

elasmobranchs. Andrzejaczek et al. (2018) observed that Carcharhinus longimanus 

increases the amplitude and duration of vertical oscillations during summer, 

tending to avoid surface waters when temperatures exceed 28 °C, and highlighted 

sexual differences in vertical behaviour. Complementarily, Doherty et al. (2019) 

demonstrated that basking sharks (Cetorhinus maximus) in the Northeast Atlantic 

exhibit vertical water column utilisation influenced by seasonality, remaining in 

shallower waters during summer and autumn, and moving to greater depths as 

winter approaches. These patterns are explained by prey distribution and the 
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presence of physical barriers, such as the thermocline, factors that may also 

influence the patterns observed in the present study. 

Regarding maximum depth reached, despite these seasonal variations, analysis of 

mean maximum and minimum depths reveals remarkable similarity between sexes. 

Both groups demonstrated a strong association with surface layers, with very low 

medians for mean minimum depth and mean maximum depths concentrated below 

200 metres. These results reinforce the notion that habitat use near the surface is a 

common characteristic of the species vertical ecology, irrespective of sex. The 

occasional occurrence of deep dives, with maximum values exceeding 400 metres, 

indicates that both sexes are capable of large-amplitude vertical movements, 

although such behaviour is sporadic.  

Analysis of daily mean depth and temperature revealed relatively similar habitat 

occupation patterns between males and females, with some subtle but statistically 

significant differences. Both sexes exhibited a peak in depth utilisation between 90 

and 100 metres, indicating a shared general vertical utilisation pattern. Despite 

overlapping distributions, males tended to utilise depths greater than 120 metres 

more frequently, whereas females exhibited higher densities in shallower waters 

(<80 metres). Although small in absolute terms, this difference was statistically 

significant (p < 0.001), suggesting possible behavioural variations associated with 

sex-specific factors, such as physiological demands or differentiated foraging 

strategies. 

In terms of temperature, both males and females displayed a clear preference for 

temperatures between 16 °C and 18 °C, indicating a common thermal activity range. 

However, females showed greater dispersion, with significant occurrences in 

warmer waters (>19 °C). Nevertheless, statistical testing did not reveal significant 

differences between sexes (p > 0.01), suggesting that these thermal discrepancies 

do not robustly translate into sex-specific patterns. 

Overall, the observed seasonal variation with a tendency for greater permanence in 

shallower waters, especially in autumn/winter, may be related to changes in the 

thermal structure of the water column.  This dynamic was especially evident in 
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individuals as IDs S4, S5, and S8, which appeared to adjust their preferred depth 

depending on water temperature. The association between depth and temperature, 

especially in individuals that frequented areas of high bathymetry at the beginning 

of their journey and migrated to shallower areas as winter approached, suggests a 

behavioural response to environmental conditions. This pattern is consistent with 

that described by Block et al., 2011, who identified a clear seasonality in the 

behaviour of resident populations in the Open Western Atlantic, associated with 

shelf and slope waters.  

Notable interannual variations were also observed. During 2021/2022, individuals 

remained predominantly in the upper layers of the water column (mean depth 155 

m, maximum 712 m), even in areas of steep bathymetry. This pattern suggests 

reduced vertical exploration, possibly associated with more homogeneous and 

favourable thermal conditions in the upper layers, as described by Block et al. 

(2011). In contrast, in 2024, individuals exhibited greater vertical range, with regular 

dives to 500 m and occasional excursions beyond 1000 m whenever bathymetry 

permitted. This pattern reflects more intensive water column exploration, likely as 

an adaptive response to environmental or trophic changes occurring that year. 

Behavioural responses of this type have been documented by several authors. 

Andrzejaczek et al. (2019) reinforced this notion, describing how changes in the 

physical structure of the water column may lead epipelagic sharks to spend more 

time at depth as a strategy to maintain stable body temperature and access 

diversified food resources.  

These differences in depth may be associated with temperatures experienced in the 

different years, as sharks frequented warmer waters in 2021/2022 (mean 17.7 °C), 

whereas 2024 exhibited cooling, with mean temperatures of 16.1 °C, showing a 

significant difference between years (p < 0.001). These interannual variations likely 

reflect changes in water masses associated with regional climatic phenomena or 

variations in thermocline depth, including influences from marginal currents, meso-

scale oceanic gyres, and regional upwelling systems (Liu et al., 2022; Zhai et al., 

2025; Sayol et al., 2023). The lower mean temperatures recorded in 2024 may be 

linked to a higher frequency of deep dives that year or reflect seasonal variations, 
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given that most individuals tagged in 2021/2022 were recorded during warmer 

months, while a large portion of 2024 individuals traversed periods characterised by 

cooler thermal conditions along their respective tracks. 

Bathymetry did not appear to be a limiting factor in any of the analysed years. When 

the thermal gradient was examined in different bathymetric contexts, distinct 

patterns were evident. In the open ocean, characterised by greater depths, more 

pronounced variability in dives was observed, including descents exceeding 800 m, 

as well as a slight tendency to avoid deeper layers under intense thermal gradients. 

In contrast, in shallow coastal regions (<200 m), no correlation was detected 

between thermal gradient and maximum depth, suggesting that in these shallow 

environments, physical limitations imposed by bathymetry override the influence of 

thermal variables in determining vertical behaviour. It is also noteworthy that 

thermal gradients differed significantly between open ocean and coastal zones, 

reflecting the distinct thermal conditions provided by each environment. However, 

in both cases, neither the thermal gradient nor its interaction with year had 

statistically significant effects. 

 

4.2 Horizontal movements 

The horizontal movements of the tagged mako sharks indicate a clear preference for 

areas adjacent to the southeastern continental shelf, although individuals also 

utilised nearby oceanic waters. Similar spatial patterns have been reported in other 

studies, Santos et al. (2021) found that satellite-tracked shortfin makos exhibited 

variable horizontal movements but tended to concentrate in shelf waters and along 

the slopes of the Southwest Atlantic Subtropical Convergence Zone. Coelho et al. 

(2020) reported comparable findings, with the majority of makos tagged off Cape 

Verde moving towards the African shelf. Overall, our results are consistent with 

previous research. 

The tendency of most individuals to move towards the continental shelf is likely 

influenced, at least in part, by prey availability. Vaudo et al. (2024) demonstrated 

that mako foraging in pelagic environments results from interactions between 
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horizontal and vertical movements and is strongly influenced by water temperature 

and seasonal productivity; individual variability and regional differences also 

modulate these patterns. 

These areas are attractive because they support higher primary productivity as well 

as greater prey diversity and abundance compared with the open ocean (Gattuso et 

al., 2006; Chen et al., 2000; Francis et al., 2019). Several studies indicate that 

residency is more common on or near continental shelves and other productive 

areas, with limited residency in offshore waters (Block et al., 2011; Kai et al., 2015; 

Rogers et al., 2015; Adams et al., 2016; Vaudo et al., 2017; Byrne et al., 2019). In our 

study, surface chlorophyll-a concentrations were higher over the shelf, whereas 

chlorophyll at 100 m depth was relatively higher in offshore waters; this vertical 

separation of productivity may partly explain movements between shelf and 

oceanic habitats. 

Notably, the horizontal movements of two individuals (S6 and S10) reached the 

most extreme latitudes within the study area: S6 moved southwards to latitudes 

near Cape Town, South Africa, while S10 moved northwards towards Saint Helena. 

Both individuals were female; S6 was the smallest and S10 the largest tagged 

specimen. This behavioural diversity may reflect different ecological strategies 

associated with size, age, sex, physiological condition, or dynamic environmental 

contexts. Nasby-Lucas et al. (2019) suggested that body size often has a stronger 

influence on large-scale mako movements than sex, which could explain some of 

the differences observed. Alternatively, these long-distance movements may reflect 

directed migrations along environmental gradients (e.g., temperature, oxygen, 

bathymetry) or journeys to known feeding or reproductive areas. 

The overlay of environmental variables onto individual trajectories further supports 

the previously described horizontal behaviour, providing an integrated perspective 

on how physical and biogeochemical factors shape the spatial behaviour of the 

mako shark. 

The analysis of time spent above the thermocline revealed clear patterns of spatial 

variability and responses to oceanographic factors. It was observed that individuals 
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remained longer above the thermocline between latitudes –20° and –30°, 

particularly in coastal areas. This trend suggests that proximity to the coast at 

shallower depths may create favourable conditions for prolonged presence in the 

surface layer. Sea surface temperature exhibited a distinct north–south gradient. 

Warmer waters dominated equatorial and oceanic regions (as experienced by S10), 

whereas cooler waters occurred closer to the coast, reflecting coastal upwelling 

that enhances nutrient supply and primary productivity (Bakun et al., 2015). This 

upwelling is consistent with higher surface chlorophyll-a concentrations along the 

coast, notably between approximately 35°S and 20°S. Elevated chlorophyll levels 

indicate greater phytoplankton biomass, which can aggregate epipelagic prey and, 

indirectly, attract top predators. 

Multiple studies report increased residency of mako sharks in productive areas of 

the continental slope and frontal zones (Block et al., 2011; Kai et al., 2015; Rogers 

et al., 2015; Adams et al., 2016; Vaudo et al., 2017). Our results, showing a tendency 

of sharks to move towards areas with high surface chlorophyll, are consistent with 

an indirect trophic association driven by prey aggregation. Similarly, Coelho et al. 

(2020) observed movements towards the African slope in individuals tagged off 

Cape Verde. In southwestern Uruguay, sharks demonstrated fidelity to the 

Subtropical Convergence Zone, where convergent currents create a rich ecosystem 

capable of supporting high trophic levels (Acha et al., 2004; Jiménez et al., 2011; 

Gaube et al., 2017). 

Dissolved oxygen maps revealed strong vertical stratification: surface waters were 

generally well-oxygenated and homogeneous, consistent with continuous gas 

exchange between air and sea, whereas oxygen concentrations declined at 100 m, 

particularly along the northwest coast between approximately 5°S and 20°S. 

Regions of low oxygen are located near oxygen minimum zones (OMZs) and may 

influence vertical distribution (Stramma et al., 2010; Helly & Levin, 2004; Vedor et 

al., 202b), as exemplified by individual S10, which experienced the lowest oxygen 

concentrations, approached the OMZ more closely than other individuals, and did 

not undertake dives exceeding 500 m. Studies show that blue sharks and salmon 

sharks reduce their maximum diving depth when encountering low oxygen levels at 
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depth, remaining in shallower, better-oxygenated layers (Coffey et al., 2017; Vedor 

et al., 2021b). 

Consistently, sharks tended to restrict their dives to shallower depths (<500 m), 

whereas in less stratified southern regions they penetrated more deeply (>900 m), 

likely taking advantage of deeper, better-oxygenated waters. 

 

4.3 Vertical Habitat Use of Mako Sharks and Its Conservation 

Significance under Climate and Fishery Pressures 

There remain relatively few studies that comprehensively address the interactions 

between sharks and their environment, alongside the spatial overlap with fishing 

vessels. A study conducted by Queiroz et al. (2016) was the first to quantify, at the 

scale of the North Atlantic basin, the interactions between oceanic sharks and the 

environment, together with the spatial overlap with pelagic fishing fleets, mainly 

Spanish and Portuguese longliners. 

In that study, 99 sharks from several species were tracked, including the species 

examined in the present work. The results showed that sharks spent more time in 

habitats characterised by strong temperature gradients and high local productivity 

areas typically associated with elevated concentrations of nutrients and prey. 

Regarding overlap with fisheries, it was found that pelagic longliners also tend to 

concentrate in these frontal zones, leading to a considerable spatial coincidence 

between sharks and fishing operations. Among the species analysed, the shortfin 

mako shark exhibited a higher risk of capture than the blue shark, as it showed a 

stronger preference for frontal habitats the same areas most frequently targeted by 

longliners. 

Although the present study did not directly assess overlap with fisheries, the 

findings of Queiroz et al. (2016) emphasise the importance of understanding how 

environmental factors shape species’ behaviour and distribution. Several 

individuals tracked in this study moved towards areas of high primary productivity 

and elevated oxygen concentrations, regions that also attract other pelagic species 
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and, consequently, fishing activity. Furthermore, the study area spans two Exclusive 

Economic Zones (EEZs), Namibian territorial waters (564,700 km²) and South 

African waters (1,535,538 km²). These extensive maritime zones encompass 

productive coastal and oceanic habitats, which are important both for pelagic shark 

populations and for commercial fisheries, highlighting the need to assess spatial 

overlap and potential conflicts between conservation and exploitation. 

Given that the distribution and movement patterns of pelagic sharks are strongly 

influenced by environmental factors, and that there is a high degree of spatial and 

temporal overlap between sharks and fishing vessels, it is essential to implement 

international management measures and catch limitations to ensure the protection 

and conservation of these pelagic shark species. Consequently, any climate-driven 

changes in oceanographic conditions are likely to modify shark behaviour and 

habitat use, which in turn may alter the degree of spatial and temporal overlap 

between sharks and fisheries. 

Several studies have already documented shifts in the behaviour of the shortfin 

mako shark (Isurus oxyrinchus) in response to environmental variability. Vaudo et al. 

(2016) suggested that the strong association between mako shark habitat use and 

temperature may be affected by increasing ocean temperatures. Specifically, ocean 

warming could lead to an expansion of the depths utilised by this species as its 

lower thermal limit deepens, while simultaneously reducing the amount of time 

individuals spend near the surface. Similarly, Hazen et al. (2013) projected that 

suitable habitat for mako sharks in the Northeast Pacific could decrease by more 

than 25% by the year 2100, based on predicted changes in sea surface temperature 

(SST) and chlorophyll concentrations. However, since their model did not account 

for oxygen levels or the expansion of oxygen minimum zones (OMZs), the actual 

habitat loss could be even greater. 

Data from the present study also indicated that individuals tended to move towards 

cooler and deeper waters when temperatures were elevated. Although oxygen 

appeared to influence the sharks’ vertical behaviour, it did not emerge as a limiting 

environmental variable for vertical movement within the study area. Nevertheless, 

other studies have demonstrated that deoxygenation and OMZ expansion can 
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significantly affect the behaviour and distribution of this species. Byrne et al. (2024), 

for instance, reported that the ongoing expansion of OMZs, driven by climate 

change-induced deoxygenation, poses a major threat to mako sharks and other 

large pelagic fishes. 

Despite these challenges, mako sharks may be capable of tolerating moderate 

hypoxia, at least for short periods. Individuals tracked within the Eastern Tropical 

Pacific (ETP) typically remained in waters with oxygen concentrations above 3.0 mL 

O₂·L⁻¹and rarely encountered levels below 2.0 mL O₂·L⁻¹. However, during deep 

dives exceeding 300 m, they were estimated to experience oxygen concentrations 

as low as 1.3 mL O₂·L⁻¹ (Abascal et al., 2011; Vetter et al., 2008). 

These findings collectively suggest that climate-driven alterations in ocean 

temperature and oxygen availability have the potential to reshape the spatial 

ecology of the shortfin mako, with cascading implications for its vulnerability to 

fisheries and the effectiveness of conservation measures. 

The vertical behaviour of mako sharks reflects a multifactorial balance between the 

physical and biological characteristics of the water column. Surface productivity, 

expressed by chlorophyll concentration, emerges as the primary determinant of 

their vertical distribution, indicating that the availability of food resources strongly 

guides habitat use. Temperature and thermal stratification constitute secondary 

structural factors, yet they exert relevant influence in limiting or facilitating vertical 

movements, strong stratification translates into physiological constraints, whereas 

weak stratification allows greater diving amplitude. 

Oxygen acts as a complementary modulator, adjusting behaviour according to 

prevailing environmental conditions. Observed inter-individual and interannual 

differences demonstrate marked behavioural plasticity, highlighting the species’ 

capacity to adapt vertical exploration strategies to local and seasonal variations. 

Overall, it can be concluded that mako sharks dynamically adjust their vertical 

behaviour to maximise energetic efficiency and foraging success, simultaneously 

responding to thermal constraints, trophic availability, and the structural 

characteristics of their environment. 
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The present study aims to contribute to the understanding of how environmental 

variables shape the behaviour of the I.oxyrinchus in the South Atlantic, a region 

where information on this species remains scarce. These findings enhance our 

understanding of how multiple environmental factors interact in shaping vertical 

behavioural patterns within aquatic ecosystems, highlighting the dynamic and 

multifactorial nature of water column utilisation. 

However, the conservation of oceanic sharks remains hindered by fundamental 

gaps in knowledge regarding where these species aggregate across different 

oceanic zones. I.oxyrinchus is of particular conservation concern, being listed on 

the IUCN Red List. Despite these concerns, the availability of both fishery and 

biological data continues to be limited, especially within the study area, thus 

constraining the development and implementation of effective conservation 

measures. 

Future research should assess the effects of climatic variability and long-term 

oceanographic changes on the distribution and migratory phenology of shortfin 

mako sharks. It is particularly important to determine whether their movements are 

beginning to shift beyond current spatial management zones that have offered 

protection from commercial fishing and bycatch. Understanding how climate-

driven habitat changes may affect exposure risk is essential to ensure that 

conservation measures remain effective under continuously changing oceanic 

conditions. 
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Figure A 1:  Depth and Temperature Profile Analysis recorded by Isurus oxyrinchus 

individuals during the tagging period. (A) S1; (B) S2; (C) S3; (D) S4; (E) S5; (F) S6;(G) 

S7. Lines represent depth over time, while colour shading indicates water 

temperature. 
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Figure A 2: Variation in the percentage of time spent by individuals (A) S1; (B) S2; (C) 

S3, (D)S4; (E) S5; (F)S6; (G) S7; (H) S8; (I) S9; (J) S10 at different depths and 

temperatures. 
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Figure A 3: Relationship between maximum depth and maximum (MaxTemp) and 

minimum (MinTemp) temperature for ID; (A) S1; (B) S2; (C) S3, (D)S4; (E) S5; (F)S7; 

(G) S8; (H) S9. Points are coloured according to local bathymetry at the time of 

recording. 
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Figure A 4: Distribution of daytime and nighttime occurrence percentages by depth 

stratum for individual S1 during all block of days. 
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Figure A 5: Distribution of daytime and nighttime occurrence percentages by depth 

stratum for individual S2 during all block of days; (A) block 1; (B) block 2; (C) block 

3, (D) block 4; (E) block 5; (F) block 6; (G) block 7; (H) block 8; (I) block 9 and (J) block 

10. 

 

 

Figure A 6: Distribution of daytime and nighttime occurrence percentages by depth 

stratum for individual S3 during all block of day 1 (A); 2(B); 3(C). 
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Figure A 7: Distribution of daytime and nighttime occurrence percentages by depth 

stratum for individual S4 during all block of days (A) block 1; (B) block 2; (C) block 3, 

(D) block 4; (E) block 5; (F) block 6. 
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Figure A 8: Distribution of daytime and nighttime occurrence percentages by depth 

stratum for individual S5 during the block 1 (A); 2 (B); 3 (C); 4 (D); 7 (E); 8 (F); 9(G); 10 

(H); 11 (I) and 12 (J). 
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Figure A 9: Distribution of daytime and nighttime occurrence percentages by depth 

stratum for individual S6 during the block of days 1 (A); 2 (B) ; 3 (C); 6(D); 7 (E); 8 (F); 

9(G); 10(H); 11(I); 12 (J); 13(K). 

 

 

 



136 
 

Figure A 10: Distribution of daytime and nighttime occurrence percentages by 

depth stratum for individual S7 during the block of days 1 (A); 2 (B); 3 (C); 4(D); 5 (E) 

and 6 (F). 

 

Figure A 11: Distribution of daytime and nighttime occurrence percentages by 

depth stratum for individual S8 during 1 (A); 2 (B) ; 3 (C); 4(D); 5 (E); 6 (F); 7 (G); 8 (H); 

9 (I); 10 (J). 
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Figure A 12: Distribution of daytime and nighttime occurrence percentages by 

depth stratum for individual S9 during block of days 1 (A); 2 (B) ; 3 (C); 4(D); 5 (E); 6 

(F); 7 (G). 
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Figure A 13: Distribution of daytime and nighttime occurrence percentages by 

depth stratum for individual S10 during block of days 1 (A); 2 (B); 3 (C); 4(D). 
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Figure A 14: Graphical analysis of the GLM and GLMM models. (A) Best model 

GLMM at day; (B) Best model GLMM at night; (C) Best model GLM at night; (D) Best 

model GLM at day. 

 

 

 

 

 

 

 

 

 

 

 

 


