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ABSTRACT

The cetaceans have inhabited the mid-Atlantic Ocean for a long time, and the Azorean 

community has depended on them for centuries. At the beginning of the last century, 

the Azorean community were whalers, but after the whaling moratoria, the tourism 

business growth around the cetaceans. In addition, cetaceans have an essential role in 

the environment, supporting the integrity of the marine ecosystem. 

Nevertheless, the processes that drive their presence in the Azores are complex, and 

identifying them is a challenge. Therefore, there are multiple options: ecological 

processes, anthropogenic activities, or blended.  

Clear up the relationships between cetacean and their drivers is essential to predict how 

the changes in the environment and anthropogenic activities can influence the group's 

resilience and the service ecosystem support.  

The species distribution maps will help to improve the efficiency of cetaceans sightings 

search without increasing the impact on the animals in two ways, to select lookout 

places and identify with precision the most relevant areas for cetaceans. 

The cetacean distribution is also crucial for managing other marine activities like 

shipping traffic, which could use the information to implement measures to avoid 

collisions with cetaceans. Therefore, the maps will help improve the marine economy's 

sustainability. 

Most of the cetacean distribution models in the literature focus on environmental 

variables because they are relevant and available. Here to create more realistic models, 

the candidate variables include, besides the traditional variables, prey and 

anthropogenic variables. SEAPODYM provides the simulated prey variables. However, 

the anthropogenic variables are built in this thesis, including a method to detect when 

the cetacean watching boats are in a cetacean sighting.  

Besides the model evaluation, the animal exposure to the cetacean watching and the 

risk of lethal collision of cetaceans with shipping traffic are analysed. 

The models, maps and method produced in the thesis are helpful tools for managing the 

marine spatial in the Azores, which will help implement the blue growth agenda. 

Besides, the results are essential to cetaceans in other areas and for other taxa.  
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RESUMO 

Os cetáceos têm habitado o Oceano Atlântico desde há muito tempo, e a comunidade 

açoreana tem dependido deles por séculos. No início do último século, a comunidade 

açoreana eram balieiros, mas depois da moratória de caça de baleias, o negócio do 

turismo cresceu a volta dos cetáceos. Além disso, os cetáceos têm um papel essencial 

no meio ambiente, sustentando à integridade do ecosistema marinho. Os processos que 

guiam a sua presença nos Açores são complexos e identificá-los é um reto. Há multiplas 

opções: processos ecológicos, atividades antropogénicas, o a mistura deles. 

Encontrar as relações entre cetáceos y os seus geradores de presença é essencial para 

predizer como as alterações no ambiente e das atividades humanas podem influir na 

resiliência de grupo e no serviço deles ao ecosistema. 

Os mapas de distribuição de espécies vai ajudar a melhorar a eficiência dos avistamentos 

de cetáceos sem incrementar o impacto nos animais de duas maneiras, a escolher os 

lugares de vigias e a identificar com mais precisão as áreas relevantes para os cetáceos. 

A distribuição dos cetáceos é também importante para a gestão de outras atividades 

marinhas como o tráfego marítimo, que poderia utilizar esta informação para 

implementar medidas para evitar as colisões com cetáceos. Então, os mapas vão ajudar 

a melhorar a sustenibilidade da economia marinha. 

Muitos dos mapas de distribuição de cetáceos na literatura estão desenvolvidos focados 

nas variáveis ambientais porque são relevantes e disponivéis. Aquí para desenvolver 

modelos mais reais, para além das tradicionais foram utilizadas variáveis de presa y de 

atividades humanas. O modelos SEAPODYM proporcionou presas simuladas. Mas as 

variavéis de atividades humanas foram desenvolvidas nesta tese, além dum método 

para detetar quando os barcos de observação de cetáceos estão num avistamento de 

cetáceos. 

Além da evaluacão dos modelos, também se analisou a exposição dos cetáceos à 

atividade de observação de cetãceos e o risco de colisão letal com o tráfego maritimo. 

Os modelos, mapas e o método producidos nesta tese son ferramentas úteis para a 

gestão do espaço marinho nos Açores, podem ajudar a implementar a “Blue Growth 

agenda”. Os resultados são essencias para os cetáceos na região mas também em outras 

áreas e para outras taxa. 
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Chapter 1 

CHAPTER 1  

1. INTRODUCTION 

1.1. BACKGROUND 

Cetaceans have moved the curiosity of humans since ancient times [1] but for many 

centuries they were seen exclusively as a resource to be exploited [2]. Today, the role of 

cetaceans in maintaining the delicate balance of marine ecosystems is increasingly 

appreciated [3]. 

Due to their huge body sizes and high consumption rates, large whales (baleen whales 

(Mysticete) and the sperm whale, Physeter macrocephalus) cetaceans can exert strong 

effects on the energy flow in marine food webs through direct predation or trophic 

cascades [4]. Therefore, the extraction of large whales from the trophic chain, as of 

other large predators, can significantly alter the structure and dynamics of marine food 

webs and the functioning of marine ecosystems [5]. For example, the reduction of whale 

populations during whaling, in combination with possible environmental alterations, is 

believed to have contributed to a 400% increment in biomass of pollock (Pollachius 

virens) in the Bearing Sea [6]. Large whales are important vectors of organic material 

and nutrients [7, 8]. Through their high mobility and ocean-wide migrations, they can 

contribute to the horizontal transport of biomass and nutrients. They also play an 

important role in nutrient recycling, by feeding at depth and releasing nutrients-rich 

faecal plumes in photic waters, which can stimulate phytoplankton growth and influence 

ecosystem dynamics [9]. In addition, the carcasses of whales that sink to and rest on the 

bottom of the oceans provide an abundant food source to various organisms and 

become colonized by rich macrofauna communities [7]. Therefore, large whales play a 

crucial role in fundamental ecological processes, such as the provisioning, transfer and 

cycling of biomass and nutrients, shaping biodiversity and structure of pelagic and deep-

sea communities, and climate regulation [10]. 

Most large cetacean species were severely overexploited by commercial whaling over 

the last two centuries [11]. Since the international moratorium on commercial whaling 

in 1986, some populations have recovered but most have not yet reached their pre-

whaling numbers [12-15]. These whales now experience numerous other pressures 

including ship collisions, entanglement in fishing gear, exposure to noise (e.g., shipping 

traffic, seismic exploration, military sonars), chemical, nutrient, and plastic pollution, 

changes in food webs from overfishing and introduction of invasive species, disturbance 

from maritime activities, possible impacts from global climate change, among others 

[16]. These pressures, acting singly or in combination, threaten the recovery of large 

whales, and can affect the services provided by marine ecosystems [17, 18].  
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Large whales range widely but information on their distribution, as well as on potential 

impacts from human activities, are only available for limited parts of a species’ 

distributional range. This lack of knowledge prevents an understanding of the 

consequences of anthropogenic impacts at the population level, and is a major 

impediment to the development and implementation of conservation actions at 

relevant geographic scales [19].  

1.2. THE AZORES: A HOTSPOT FOR LARGE WHALES 

The Azores is the most remote archipelago in the North Atlantic, distancing about 1,000 
nm from continental Europe and 3,000 nm from North America (Figure 1). The 
archipelago consists of nine volcanic islands divided into three groups: Central (Pico, 
Faial, S. Jorge and Terceira islands), Eastern (S. Miguel and Sta. Maria islands) and 
Western (Corvo and Flores islands). The archipelago is located on the Mid-Atlantic Ridge 
(MAR), where the African, Eurasian and North American tectonic plates converge. The 
Exclusive Economic Zone (EEZ) of the Azores, of ~1 million km2, encompasses diverse 
topographic features, including the narrow island shelves, steep slopes, a fraction of the 
Mid-Atlantic Ridge, and vast expansions of deep ocean (>3000 m) areas with numerous 
seamounts (~480) [20]. The region is characterized by complex ocean circulation 
patterns resulting from the interaction of the North Atlantic Current (in the North) and 
the Azores Current (in the south) with many unstable eddies and meanders [21-25]. The 
Azores Current depends on the subtropical Azores Front has branches with seasonal 
variations [26]. This front defines the limit with the South Subtropical Mode Water, 
warmer than in the north [27]. Waters are oligotrophic and most of the nutrients are 
expected to emerge by dynamic processes like oceanic filaments or eddies [28]. This 
unique blend of a dynamic oceanography interacting with high seafloor complexity in 
the middle of the North Atlantic basin is thought to provide the particular conditions 
which attract pelagic megafauna [29], namely large whales. The richness of the area 
motivated several Marine Protected Areas (MPAs) under regional, national or 
international regulations (Rede Natura 2000, Ospar, IBA, NEAFC, Gift to the Earth) [30] ( 
Governo dos Açores ,2021).  
Sperm whales are distributed worldwide but males and females have distinct ranges 
[31]. Females stay in tropical and subtropical waters year-round, where they live in long-
term social groups with immature and calves of both sexes, while males disperse from 
their natal group and move to higher latitudes, reaching polar waters [31]. Adult males 
migrate periodically to the warm waters inhabited by females to mate [32].  
The waters around the Azores archipelago are an important feeding, calving and possibly 

mating ground for sperm whales in the North Atlantic [33, 34]. Whales of both sexes and 

all age classes use the area year-round, but the majority of the observations consist of 

social groups, formed by adult females, and their immatures and calves, and occur in 

late spring and summer [34]. Sperm whale social groups are nomadic, and the Azores 

encompasses only a part of their range. Although the movements of the population are 

not well known, the information currently available suggests that this population may 
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have its core habitat within Macaronesian waters (Azores, Madeira and Canary Islands; 

Steiner et al. 2015 [35]).  

 

Figure 1. Study area map. Az: Azores Current, CaC: Canary Current. M.A.R.: Mid-Atlantic Ridge. 

9 islands: Corvo, Flores, Faial, Pico, São Jorge, Graciosa, Terceira, São Miguel and Santa Maria 

island. 

 
Blue (Balaenoptera musculus), fin (B. physalus) and sei (B. borealis) whales are also 
cosmopolitan, found in all ocean basins, especially in offshore waters [36]. The Azores 
are also an important migratory and mid-latitude foraging habitat for North Atlantic 
blue, fin and sei whales [37-39]. Earlier studies using satellite tags showed that blue and 
fin whales remained foraging around the Azores for periods of up to a few months, 
before resuming their migration towards the central and northeastern Atlantic waters 
(e.g., Greenland, Iceland British Islands) [37], whereas sei whales left the Azores shortly 
after tagging and continued their northbound migration towards the Labrador Sea [38]. 
 
Notwithstanding, the patterns and underlying mechanisms of sperm whale and baleen 

whale presence and distribution in the region are still not understood. 

1.3. MODELLING WHALE DISTRIBUTION IN THE AZORES 

Shipboard or aerial line-transect surveys have been proved the most adequate tool to 

obtain information on cetacean distribution and density. So far, a single line-transect 

survey was conducted in the Azores, covering only a small part of the waters around the 

Azores [40]. Use of opportunistic data can provide reliable estimates of cetacean 
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distribution and absolute or relative density, as long as appropriate statistical methods 

are employed to address bias associated with the opportunistic sampling [41]. 

The Azorean Fisheries Observer Program (POPA) is a fishery-based data collection 

program that collects cetacean sighting and effort information in the Azores since 1999. 

The potential of POPA dataset to monitor cetacean populations is well established [42, 

43] but use of these data requires advanced processing and modelling to minimize bias 

from the extreme heterogeneous distribution of sampling effort. Species distribution 

models (SDMs) relate species' occurrence data with relevant environmental variables 

and enable projecting their potential distribution over unsampled areas [44, 45]. The 

models’ reliability depends partly on the sample size of species’ data [46], on the 

availability in space and time of environmental variables from the sampling area [47], 

and on the influence of these variables on the target species [45].  

Traditionally, the primary sources of environmental data for whale SDMs have been 

physiographic data (bathymetry and derived variables), and in-situ or remotely sensed 

oceanographic data (e.g., sea surface temperature or chlorophyll a concentration), used 

as proxies of prey availability and distribution [45, 48]. However, such distal predictors 

have limited explanatory power due to potential large lags between oceanographic 

processes and biological response at trophic levels relevant to whale ecology [49]. Prey 

abundance and quality directly influence whale distribution [50, 51], and as such should 

ideally be included in most cetacean SDMs as proximal predictors. However, examples 

of whale SDMs incorporating prey are still rare since those data are extremely 

challenging to obtain and are rarely unavailable at the spatiotemporal scales used to 

build the models [49].  

Recent advances in ecosystem models enable overcoming these limitations, by 

providing spatially-explicit predictions of low to mid-trophic organisms to incorporate 

into predator SDMs. The Spatial Ecosystem And Population Dynamics Model 

(SEAPODYM) [52, 53] is one of such models; it is driven by biophysical variables 

(including ocean currents, temperature and primary productivity) and uses a system of 

advection–diffusion–reaction equations to generate spatiotemporally resolved 

predictions of production and biomass of mesozooplankton and six functional groups of 

mid-trophic level (micronekton). SEAPODYM has been applied to successfully model the 

distribution of blue, fin and sei whales during their migration from the Azores to their 

northern foraging grounds [54], to explain fin whale acoustic detections and vocal 

behaviour in the Azores [55], and to model delphinid usage of two Azorean seamounts 

[56]. In addition, prey simulations have been used to develop SDMs for sperm whales, 

baleen whales, and other cetaceans, in various other regions [57, 58]. 

Incorporating prey covariates into SDMs of large whales can therefore improve spatial 

and temporal predictions of whale distribution, contributing to a better understanding 
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of their ecology and enabling to predict and manage potential impacts from human 

activities in the area. 

1.4.  ANTHROPOGENIC THREATS TO LARGE WHALES IN THE AZORES 

Entanglements in fishing gear and collisions with ships are the two major sources of 

injury and direct mortality for large whales worldwide [16]. While records of whales 

entangled in the Azores are extremely rare [59], the number of ship collisions with sperm 

and baleen whales, as well as of observations of whales with recent injuries likely caused 

by interaction with ships, has increased in recent years [60].  

The demand for maritime transport is growing worldwide. In the last decade, the 

number of large merchant vessels went from 83,000 to 99,000 [61]. The Azores 

archipelago is located nearby major shipping routes connecting both sides of the Atlantic 

Ocean and the main Azorean harbours are used by some of these vessels. In addition, 

local maritime traffic links the islands of the Azores, the Azores islands to the mainland, 

and other countries [62]. Marine traffic is expected to continue increasing, increasing 

collisions with megafauna [63], chemical and underwater noise pollution [64, 65], gas 

emissions [66], and transport of non-indigenous species [67]. Large whales are 

particularly vulnerable to ship collisions, because they are large and slow-moving [68, 

69], spend extended time near the surface [70, 71], and transverse heavy traffic areas 

during their seasonal migrations and movements across ocean basins [72]. Ship 

collisions have become the main cause of large whale mortality in several regions 

around the world, leading the International Whaling Commission to identify ship strikes 

as a priority conservation concern back in 2005 [73]. 

A major challenge to estimating large whale mortalities or injuries from ship collisions 

in the Azores (and elsewhere) is the fact that many interactions are not reported and, 

because they occur far from the islands, carcasses remain floating and never wash 

ashore, or they sink. Hence, the known collision cases most likely underestimate the true 

number of whale strikes in the Azores. Given the need to identify where hidden ship 

collisions may be occurring, estimating collision risk from ship density patterns and 

whale distributions are required.  

Most previous studies estimating ship-whale collision risk for various locations around 

the world overlayed a map of shipping traffic (i.e., using data from a single year) with 

predictions of whale distribution averaged over several years and months [74-76]. This 

approach cannot explicitly account for the spatiotemporal variability in shipping 

patterns, whale distributions, or both. Thus, near real-time modelling tools are 

necessary to provide more accurate predictions of collision risk, as well as to evaluate 

the effectiveness of static area-based management approaches, commonly used to 

mitigate collision risk [76, 77]. 



 
6 Objectives and outline 

Until recently, human activities causing non-lethal impacts on cetaceans, such as 

cetacean watching activities, were assumed to have insignificant effects [78-80]. 

However, in the last three decades, it has been discovered that long-term effects from 

non-lethal activities can adversely impact population viability [81-83]. Presence and 

noise from cetacean watching boats can induce avoidance behaviours, disrupt critical 

activities, and increase stress levels [84]. Noise from boats can mask important sounds 

and reduce the functional acoustic ranges of cetaceans, interfering with their ability to 

receive and transmit acoustic information [65, 85]. Repeated exposure of whales to 

cetacean watching disturbance may lower reproductive and foraging success, ultimately 

impacting population dynamics [78].  

The growth of the cetacean watching activity in the Azores has increased concerns for 

potential impacts from repeated disturbance to some cetacean species. Sperm whales 

may be particularly vulnerable, not only because they are the main target of the activity, 

but because some social groups use the area for foraging, nursing and mating for several 

months [86]. Baleen whales could also be adversely affected if repeated exposure to 

cetacean watching interfered with their ability to forage successfully and regain energy 

during their spring migration [37]. If the proportion of habitat or individuals exposed to 

whale-watching is relatively small, negative effects of the activity at the population level 

could be minor. Investigating the overlap of cetacean watching activity with predicted 

distributions of whales and quantifying the amount of non-exposed habitat, may 

provide important insights into the potential impacts of the activity on whale 

populations using the Azores 

1.5. OBJECTIVES AND OUTLINE  

The main goals of this thesis are to produce accurate predictions of the distribution of 

sperm, blue, fin and sei whales in the waters around the Azores, and to assess their 

exposure to cetacean watching and the risk of fatal collisions with large vessels. To 

achieve these objectives, a series of modelling tools will be developed to characterize 

the spatiotemporal patterns of cetacean watching, shipping traffic, and the relative 

density of the four whale species. Then, these outputs will be combined to identify the 

areas of greatest concern for the conservation of these whales species in the region. The 

purpose of this thesis is to contribute to a better comprehension of the ecology and 

conservation needs of sperm, blue, fin and sei whales in the Azores, and to provide a 

modelling approach and tools to support cetacean conservation and management of 

marine activities in the region. 

Beyond the first chapter, which aims to provide a general background and some insights 

into the methodologies used throughout the work, this dissertation is organized into 

four research chapters. 
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Chapter 2 reports the development and validation of a method to identify the behaviour 
of cetacean watching boats during cetacean observation, using only vessel positioning 
data. This chapter presents the outcomes of the application of the method to available 
data to produce effort maps of the activity for cetacean watching zone A. The tools 
created in this chapter are transferable to other regions with cetacean watching 
activities. The results of this chapter will be the basis for studying cetacean exposure to 
cetacean watching activity in Chapter 5. 
 
Chapter 3 uses AIS data to characterize and map shipping traffic for all ships and for 
ships with high risk of lethal collisions with large whales. The outputs are used in Chapter 
5 to examine the influence of shipping density on the distribution of large whales and to 
estimate their risk to lethal collisions. 
 
Chapter 4 investigates the spatial and temporal distribution of sperm, blue, fin and sei 
whales in the Azores waters using sighting and effort data collected by the POPA (2001-
2016), environmental variables, and simulated prey by the SEAPODYM model.  
 
Chapter 5 incorporates shipping traffic calculated in Chapter 3 into SDMs of large whales 
to investigate the influence of this stressor on whale relative density. In addition, results 
from Chapter 2 are overlapped with predictions of whale distribution (Chapter 4) to 
identify areas of higher cetacean watching exposure and quantify the amount of habitat 
available free of this activity for the four species. Finally, predictions of shipping traffic 
(Chapter 3) and whale distribution (Chapter 4) are combined to produce estimates and 
identify areas of potential fatal collision risk by species. These results are discussed in an 
integrated way to present the areas of highest concern for these large whales in the 
study area. 
 

Chapter 6 discusses the main problems and limitations, and summarizes and discusses 

key findings of the work in light of available knowledge on the ecology and conservation 

of sperm, blue, fin and sei whales.  
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Chapter 2 

CHAPTER 2 

2. CETACEAN WATCHING

2.1. INTRODUCTION 

Commercial whale-watching (or more appropriately, cetacean watching) has become a 
fast-growing, multi-million euros industry throughout the world. At a global level, in 
2009 the activity was estimated to attract 13 million tourists and be worth at least US 
$2.1 billion annually [1-3], but these figures are outdated and are likely considerably 
higher at present. In fact, a more recent estimate indicate that the number of tourists 
going cetacean watching in Europe incremented at least by 30% from 2008 to 2018 [4]. 

For small and peripheral regions, marine ecotourism can have a big the socioeconomic 
impact, and constitute one of the pillars of a sustainable blue economy strategy [5]. Case 
in point, Ressurreiçao et al (2022)(5) estimated that, in 2014, marine ecotourism 
generated nearly 80 million euros for the economy of the Azores archipelago (Portugal), 
equivalent to 2.2% of the Gross Domestic Product of the region. Cetacean watching 
direct and indirect revenues accounted for nearly 71% of that value [5]. 

The rapid worldwide expansion and growth of this activity has motivated dedicated 
research as well as implementation of legal regulations and/or best-practice guidelines 
in several places [6-8]. Most of the research related to this activity has focused on 
economic aspects, and on the short- and (less frequently) long-term effects of boat 
presence and noise on the targeted animals and populations [2, 9]. Due to great 
uncertainties about the effects of the activity on animal populations, and conflicting 
concerns in animal conservation and local economic interests, cetacean watching 
regulations and best-practice guidelines often combine and have to balance science-
based principles, a precautionary approach, and socio-economic growth goals [10-12]. 
For those reasons, and while many share the same basic points, regulations and 
guidelines can vary widely at national and regional levels [2, 13-15].  

The concept of carrying capacity has been hailed as a way of guaranteeing the activity’s 
sustainability over time, by estimating the amount of interference from the activity 
which the animals can sustain without incurring in population-level adverse effects [16-
19]. As such, many regulations include measures to limit the number of boats (using 
licensing schemes), activity-specific regulations (e.g. swimming, professional audio-
visual recordings, scientific work), maximum observation time, seasonal closures and 
spatial zoning [2, 7, 20, 21]. However, these limitations are mostly based on a 
precautionary approach rather than on science-based evaluation [22]. In fact, assessing 
the carrying capacity is a complex endeavour that requires knowledge on cetaceans’ 
distribution and abundance, behavioural, energetic, and physiological effects of 
stressors, as well as the effective distribution and effort of the cetacean watching 
activity.  
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Cetacean abundance and distribution can be estimated with models fitted to sighting 
survey or mark-recapture data [23, 24]. There are also efforts to understand the long-
term effects of cetacean watching, giving rise to a growing body of literature on the 
matter [9, 25]. Strikingly, much less effort has been put into developing methodologies 
to characterize and quantify cetacean watching distribution and density over spatial and 
temporal scales [26, 27]. This information is essential to guide management efforts 
towards the long-term sustainability of the cetacean watching activity. 

Calculating the effort of an activity, using some appropriate metric, is crucial to estimate 
its effects on a given resource. Assessing cetacean watching effort helps to identify the 
areas where exposure of cetaceans is higher, and scale the potential effects of the 
activity to the animals [26, 27]. Cetacean watching effort can be calculated by 
reconstructing boat tracks based on geographic positions recorded at regular intervals 
[26, 27]. However, disentangling actual cetacean watching periods from transiting and 
other boat activities is a complex task that has not been fully resolved. Furthermore, 
those data are not always available, and currently there is no standard to record and 
process cetacean watching vessel activity. 

Currently, vessels can be outfitted with a variety of positioning equipment, allowing for 
remote tracking and storage of information on their cruising behaviour, along with 
relevant metadata. The Automatic Identification System (AIS), a standard radio 
communication and maritime safety system, is now a widespread ship tracking system. 
As of 2004, merchant ships over 300 gross tonnage and all passenger vessels are 
required to be equipped with AIS, but the system is also widely used by other ship types 
[28]. The system has increasingly been used in smaller ships either as a result of evolving 
regulations or voluntarily, as a safety measure, and the monitoring network is expanding 
around the world [28, 29]. AIS equipment broadcasts encoded messages in real-time 
that include information on the ship’s geographic position derived from a global 
navigation satellite system (GPS or other), navigation status, identity, and other 
metadata such as dimensions, cargo, origin and destination, and security related 
messages. AIS messages are transmitted via a radio VHF-transceiver, which can be then 
received by other ships or land stations, and more recently by satellite, and can be 
stored efficiently on servers in near real-time [30]. 

There are two AIS classes (termed class A and class B), with slightly different 
transceivers. Class A transponders are the standard in the shipping industry and transmit 
a large set of data about the ship identity and configuration, status, cargo, and safety-
related information. Class B is a simplified version that transmits less information and at 
a lower transmission frequency than class A. Other differences among the two classes 
are that class A has priority over class B when there is a bandwidth overload, and that 
class A transceivers transmit at a higher power output (usually 12.5 Watt) compared to 
class B (usually 2.0 Watt). Despite its reduced capabilities, those differences make class 
B more appealing for smaller ships due to smaller size, lower power consumption, and 
reduced cost [30].  

Recently, the Regional Government of the Azores started a program to instrument 
several cetacean watching boats with AIS class B units, on a voluntary basis, in order to 
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enable the characterization of the activity. The cetacean watching operators usually 
prepare their boats with GPS equipment to monitor their surveys, some of the operators 
of the Azores have shared this data. 

The time-series of high-precision geolocation data based on GPS and relayed by systems 
such as AIS, enable accurate reconstruction of ship tracks, calculation of vessel speeds, 
and can be used to infer boat activities and behaviours. Several methods have been used 
to infer fishing ship behaviour (e.g., transiting, searching, fishing and handling time) from 
AIS or Vessel Monitoring Systems (VMS) data [31-35]. Fish behaviour can be classified 
into multiple behavioural states or commonly simplified into two behaviours, when the 
speed distribution follows a clear bimodal pattern [36], such as transiting (higher 
speeds) or fishing (lower speeds) [31]. Machine learning, data mining and filtering 
approaches have been applied to discriminate among multiple fishing ship behaviours 
[36]. Among these, the most widely used procedure includes an algorithm to define ship 
states and a model to estimate the component parameters to define the speed interval 
[32]. Some examples are a density-based clustering algorithm using a Gaussian curve, 
an expectation maximization (EM), or the Gaussian Mixture Model (GMM) and Bayesian 
Hidden Markov Models (BHMM) [31-35].  

The most appropriate approach to infer boat behaviour ultimately depends on the type 
of activity and the way boats manoeuvre during different behaviours [36], as well as on 
the available data. Some algorithms require extra information on onboard operations 
not provided from the AIS or VMS systems, and that require observers or ship logbooks 
[31, 33, 36, 37]. Other limitations are the processing power necessary to handle large 
datasets, the application of time-consuming algorithms or models, and how to validate 
or test the methods [30]. Vespe et al. [33] described a method for mapping fishing 
activities using the bimodal distribution of speed when they are travelling and during 
fishing events. The method is elegant for its simplicity and presents a good performance 
with a relatively small amount of ship information. While the method has good potential 
for characterising the behaviour of other shipping activities, it has never been used to 
characterize the behaviour of cetacean watching boats. 

This chapter presents a methodology for classifying cetacean watching boat activities 
from archived positional data from GPS loggers or via AIS, inspired on Vespe et al. [33] 
with changes to conform with cetacean watching specificities. The algorithm presented 
by Vespe et al. [33] was modified to split the cetacean watching trips into different 
behaviours and identifying periods when boats were transiting or watching cetaceans. 
The method was validated by applying it to an independent dataset, for which boat 
behaviour was known. Finally, method was applied to the cetacean watching dataset 
collected in the Azores archipelago to assess the distribution of cetacean watching in 
the area. 

2.2. METHODS 

Data analysis was structured in five sections: data pre-processing, development of the 
algorithm for trip identification, data exploration, development of the algorithm to 
identify cetacean observation periods, and the creation of effort maps. 
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Data pre-processing aimed at unifying in a single database all cetacean watching tracking 
data from different sources (GPS and AIS). Subsequently, an algorithm was developed 
to split the boat data into unique trips. Data exploration included two steps: 1) 
standardizing the time interval between boat positions; and 2) characterizing boat 
activity by home port. The methodology to identify periods when cetacean watching 
boats were engaged in observation of cetaceans (hereafter called cetacean watching 
boat behaviour) also included two steps: 1) developing a method to identify the 
behaviour of cetacean watching boats during cetacean observation that could be 
adapted to the large databases available; 2) validating this method using the boat’s 
logbook and a sequence of maps as an example of all phases of the validation process. 
Finally, the methodology was applied to create effort maps using only trips when boats 
were engaged in cetacean observation. 

2.2.1. DATA PRE-PROCESSING 

Cetacean watching geolocation data were collected for boats from Faial and Pico Islands, 
in the Central Group of the Azores archipelago (Figure 2.1). These islands are inside a 
cetacean watching spatial management area (Zone A around the triangle of Faial, Pico 
and S. Jorge islands) defined by specific cetacean watching regulations issued by the 
Azores Autonomous Regional Government (DLR 10/2003/A, 22 Mar.; Portaria n.º 
5/2004, 29 Jan.). The study area includes coastal waters with complex bathymetry that 
can present depths in excess of 1,000 meters, between and around these islands. 

Geolocation data from cetacean watching boats were collected in one of two ways. 
Several cetacean watching operators provided data from GPS loggers placed on board 
their boats from 2013 to 2018 (Table 2.1). Additionally, in 2018 several cetacean 
watching boats were equipped with AIS class B transceivers (Table 2.1). A dedicated 
antenna and a server for data storage were installed in Faial to record AIS messages 
relayed by boats in the study area. Hereafter, data originating from GPS loggers will be 
referred as ‘GPS’ data and from AIS transceivers as ‘AIS’ data. 

A total of 675,405 unique records with geolocation and metadata were collected from 
14 (of a total of 24) cetacean watching boats licensed to operate in zone A (Table 2.1). 
Boat identity was given either by the boat operator or by the unique boat identifier 
(Maritime Mobile Service Identity – MMSI) present in all AIS messages. Boat identities 
were only used to derive the physical characteristics of the boats. All operators gave 
their consent for data storage and processing. Data included two types of variables: 1) 
static, related to the characteristics of the boat (MMSI, name, size, type, flag), and 2) 
dynamic (date, time, latitude, longitude, and speed). 

Messages from the AIS transceivers were decoded using the software AISDecoder 
(https://arundaleais.github.io), and stored as daily CSV tables. To decode data from GPS 
loggers, either Garmin Basecamp® or DNRGPS (https://www.dnr.state.mn.us) software 
were used to decode and convert raw data into CSV tables with a similar structure to 
that of the AIS CSV tables. Custom R scripts (R Core Team 2020) were written to clean, 
normalize and merge the data. For AIS data, a filter for MMSI was applied to retain only 
records from cetacean watching boats. Static information from boats was added to the 
GPS tables using a custom script, following the same format used in the AIS data tables. 
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The home port, corresponding to the operation port (which may or may not coincide 
with the registration port), was also added for all boats (AIS and GPS) to aid in some of 
the subsequent analyses.  
 
AIS transponders send different messages with redundant information for safety and 
technical reasons, producing a large amount of duplicate information. Another issue 
with the system is that some of the static information must be written manually, and as 
a consequence is prone to errors. Therefore, CSV tables originating from both data 
sources were cleaned by removing incomplete and redundant records and 
uninformative characters and words. Superfluous fields containing information not used 
for the analysis were also removed to reduce the database size. Variables were renamed 
and consolidated (for example, columns containing dates and times in different formats 
were transformed into a single format). Finally, a point-in-polygon approach was used 
to remove all data points falling on land. Once GPS and AIS data were cleaned and 
harmonized, tables were merged into a single database for subsequent processing. The 
workflow and R packages used to build the database are represented in Figure 2.2. 
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Figure 2. 1. Study area. Top: Azores archipelago. Red boxes: exclusion boxes for the ports 

and other marine activities used to identify and classify different trips (refer to text for 

further details). Bottom: Detail of the study area. In light grey: Cetacean watching recorded 

positions. 
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Table 2. 1. Dataset used to calculate cetacean watching effort. Boat: each boat was identify by a unique number (except boat 3 for which the same GPS was 

shared by two different boats); Boat length (m); Type: RIB (rigid inflatable boat) or cabin; Year: year data recorded; Month_i: initial month of monitoring; 

Month_f: final month of monitoring; Home port: port from which boat operates; System: AIS or GPS data; Process: data used to calibrate the method or to 

validate it; CW. Dataset: Azorean cetacean watching fleet (yes) or survey (no) datasets; Count: total number of locations. 

Boat Boat length (m) Type Year Month_i month_f Home port System Process CW. dataset Count 

1 9 RIB 2018 3 10 Horta,Faial AIS calibration yes 53987 

2 7,5 RIB 2018 3 10 Madalena,Pico GPS calibration yes 48725 

3 7,5-10 RIB 2016 9 10 Madalena,Pico GPS calibration yes 9319 

3 7,5-10 RIB 2017 3 9 Madalena,Pico GPS calibration yes 224938 

4 8 RIB 2013 4 9 Lajes,Pico GPS calibration yes 17479 

5 9 RIB 2018 3 10 Horta,Faial AIS calibration yes 38971 

6 11 cabin 2018 5 10 Horta,Faial AIS calibration yes 27863 

7 10 RIB 2018 3 10 Madalena,Pico AIS calibration yes 12293 

8 8,5 RIB 2017 6 10 Lajes,Pico GPS calibration yes 35202 

9 8 RIB 2018 6 10 Madalena,Pico AIS calibration yes 24420 

10 13 cabin 2017 6 9 Lajes,Pico GPS calibration yes 4396 

11 12 RIB 2017 6 9 Lajes,Pico GPS calibration yes 8484 

12 13 cabin 2018 3 10 Horta,Faial AIS calibration yes 32649 

13 12 RIB 2018 5 9 Madalena,Pico AIS calibration yes 31638 

14 9 RIB 2018 3 10 Horta,Faial AIS calibration yes 56444 

14 9 RIB 2017 4 6 Horta,Faial GPS validation no 40427 

15 8,6 cabin 2015 4 8 Horta,Faial GPS calibration no 3000 

15 8,6 cabin 2014 4 8 Horta,Faial GPS validation no 5170 
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Figure 2. 2. Data pre-processing and standardization. Prior to analysis, data from the AIS and 

GPS were cleaned and standardized using custom R scripts. After pre-processing, data were 

merged into a single database. R packages used to run the scripts are shown. Information on 

software used to process raw GPS and AIS data is given in the main text. 

2.2.2. TRIP IDENTIFICATION ALGORITHM 

The data from each boat included a series of date and time-stamped geolocations with 

associated static and dynamic variables. By connecting geolocations in chronological 

order it was possible to create pseudo-tracks that closely reproduce the actual boat 

trajectory [34]. However, a single boat often made multiple trips on a single day. 

Additionally, some boats may be utilized interchangeably for cetacean watching, other 

touristic activities (such as scuba diving or bird watching), and passenger ferrying within 

the study area. Thus, prior to analysis, boat tracks had to be split into single trips, and 

individual trips were classified into cetacean watching or non-cetacean watching. 

In studies evaluating fishing activity, the separation of tracks into 

inactivity/transiting/fishing segments is often based on long periods of inactivity, 

periods with no transmissions, or with speeds thresholds <5 kn to infer stops at ports. 

These periods are then used to split boat tracks into different trips [33-35]. However, 

that approach was not suitable in the present case, since cetacean watching boats can 

make multiple trips with very short intervals between them. Instead, the Trip 

Identification Algorithm developed here used a spatial approach to identify the start and 

end of a trip. Polygons were defined around each harbour with cetacean watching boats 

within the study area (cetacean watching ports), and a point-in-polygon approach was 

used to identify any points falling inside the ports. The algorithm used that information 

to split cetacean watching data into separate trips. 
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Subsequently, the Trip Identification Algorithm used a series of criteria to identify 

cetacean watching trips. First, polygons were defined around the main diving spots, bird-

watching areas, and principal harbours (aside from those already defined as cetacean 

watching ports). Second, the start and finish times of each trip were used to calculate 

trip duration and to identify the diel period (night time was defined as the period from 

22:00 and 07:00 to allow for variation in length of daylight across the cetacean watching 

season and for trips ending later than sunset time). Finally, cetacean watching trips were 

defined as those meeting all of the following criteria: 1) occurred during daytime, 2) 

occurred within waters delimited by the cetacean watching management zone A 

(around Faial, Pico and S. Jorge islands (Figure 2.1), 3) did not stay extended periods of 

time in diving areas or ports, 4) had a duration of one to five hours, and 5) were longer 

than 20 km in length [2, 39, 41-43]. 

2.2.3. DATA EXPLORATION 

2.2.3.1. TIME INTERVAL STANDARDIZATION 

The time interval between consecutive boat locations varies depending on the 
monitoring system, the type of equipment, reception, transmission and recording [44, 
45]. Also, messages or signals transmitted via satellite or terrestrial antennas sometimes 
are lost, which can be due to 1) the low quality of the transmitting or reception 
equipment; 2) the low quality of messages/propagation signal due to 
atmospheric/ionosphere conditions, physical obstacles, or the low number of satellites 
available; or to 3) disconnection of GPS devices or AIS transponders [34, 46, 47]. 
Furthermore, in AIS the propagation is related to the distance to the nearest AIS station, 
and its transmission quality can be modified by the saturation of the system in high-
density areas [48]. In AIS data, the time interval between position records can also be 
influenced by the vessel speed [49, 50]. Therefore, the number of cetacean watching 
trips calculated in this work will likely underestimate the true number of trips. 

The final database included (non-duplicated) AIS and GPS positions recorded every 10 
min between 2013 and 2018. This database was subsequently divided into two datasets: 
a subset of the data from 15 boats (14 cetacean watching and one research cetacean 
boats) were used to develop and calibrate the method (train data), and a second subset 
containing the records from two boats in two different years was used to validate the 
method (test data) (Table 2.1). 

2.2.3.2. BOAT ACTIVITY BY HOME PORT 

Differences in cetacean watching trips (length, duration and spatial distribution) by 
home port (Figure 2.3), were tested using only the training data. The distribution of trip 
length and duration was analysed using the Anderson-Darling Normality test and the 
Shapiro test. A Kruskal-Wallis rank sum test was performed to investigate whether trip 
length and duration varied significantly among home ports. When the Kruskal-Wallis 
was significant, a post-hoc analysis was performed using the correction method from 
Benjamini and Hochberg 1995 [51] to identify which ports differed from the others. 
Finally, Kernel density maps were created including 90% of the total positions to analyse 
the spatial range of the activity based on the homeport.  
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Figure 2. 3. Homeports of cetacean watching in the study area and the positions of the lookout 

hotspots used to detect cetaceans for which data is available 

2.2.4. IDENTIFYING CETACEAN WATCHING BEHAVIOUR  
2.2.4.1. METHOD DEVELOPMENT 

The first step was to define the behaviour of the boats when engaged in cetacean 
observation or when approaching an observation area. Boats are expected to move 
slowly than when transiting, not only because of cetacean travel speed, but also because 
the current legislation sets a maximum speed in the vicinity of the animals [16, 39, 52]. 
Hence, I performed a test and plotted a density graph to test this hypothesis using the 
train data. The distribution of the speed variable was studied based on excess mass. 

Graphs for feature significance were created to estimate the kernel density of the speed 
of each boat and to attempt to identify sections within trips where speed differed. Then, 
the Kolmogorov-Smirnov test for two samples, the Hartigan’s test, and the bimodality 
coefficient were used to further investigate the distribution of speed values among 
different sections and detect significant differences. Finally, a Gaussian Mixture Model 
(GMM), with the unsupervised classification method, was used to classify trip segments 
in two distinct activity classes, based on the confidence interval of speeds during 
cetacean watching and transiting periods.  
 

2.2.4.2. VALIDATION METHOD 

The method validation was carried out using the test dataset with 39,059 locations from 
65 trips conducted by two boats (boat 14 in 2017, and boat 15 in 2014; Table 2.1). One 
of these boats was dedicated to cetacean watching activity and the other to cetacean 
research. These boats were selected to validate the method because they were the only 
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ones with a logbook containing the required information for every cetacean sighting: 
trip identification, the initial time and location of a sighting, the end time and location 
of that sighting. 

The trips were split into 5-minute segments and each segment was classified according 
to two activity classes: transiting or cetacean watching. Predictions of a GMM model 
(described above) fitted to the same data were then used to build a confusion matrix 
(Table 2.2), to assess performance of the model according to the true activities recorded 
for the boats in the logbooks. 

Table 2. 2. Confusion matrix for the validation of the method identifying cetacean watching 

behaviour. GMM: Gaussian Mixture Model. Logbook: boat register of the cetacean sighting.  

Results 
Logbook 

Absence Presence 

GMM confidence 
interval 

(Prediction) 

Transiting 
- 

True negative 
(negative 

prediction CO 
absence) 

False negative 
(negative 

prediction CO 
occurrence) 

Cetacean 
Observation (CO) 

+ 

False positive 
(positive 

prediction CO 
absence) 

True positive 
(positive 

prediction CO 
occurrence) 

2.2.4.3. CETACEAN WATCHING EFFORT MAPS 

The final step of the process was to build effort maps for cetacean watching activity. The 
effort maps were built from the train dataset using only data from 2013 and 2018 
because these years had a larger sample size the season. Kernel density Silverman (1986) 
of cetacean watching effort was calculated within a 10 km2 grid, from the activity class 
attributed to each of the segments produced by the GMM model. Yearly (2013 and 
2018), and monthly (May to September) cetacean watching density maps were 
produced using the kernel density tool in ARCGIS 10.3.1, in order to identify temporal 
variations in the activity distribution. 

2.3. RESULTS 

2.3.1. DATA EXPLORATION 

2.3.1.1. TIME INTERVAL STANDARDIZATION 

After processing the data, a total of 1,335 cetacean watching trips were identified in the 

training dataset (Figure 2.4). 
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Figure 2. 4. Geographic positions recorded for 1,335 cetacean watching trips used to fit the 

GMM predictive model. 

Once the cetacean watching trips were selected, the time intervals between consecutive 

geographic positions for each cetacean watching boat were calculated (Figure 2.5). The 

average intervals ranged from 10 s to 10 min (Table App. 2.1). Most boats with AIS 

devices had intervals of approximately 40 s. All the GPS equipment had time steps of 

about 10 s except for one boat, where the interval was set to 10 m for technical reasons. 
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Figure 2. 5. Daily variation in the time interval (s) between consecutive geographic positions per 

boat. The x-axis shows the julian day, from the first day of the cetacean watching season. 

2.3.1.2. BOAT ACTIVITY BY HOME PORT  

Trip length and duration varied significantly between home ports (Kruskal-Wallis test, 
trip length: H=221,5, p<0,05; trip duration: H=60,9, p<0,05). The post-hoc analysis 
showed that boat trips from Horta were significantly longer in duration and distance 
travelled, followed by those from Madalena and lastly those from Lajes (Figure 2.6). The 
kernel maps showed that the boats from Horta used an area of 1,5x103 km2, those from 
Madalena 1,4x103 km2, and those from Lajes 6,2x102 km2 (Figure 2.7). While the boats 
from Lajes used a much smaller area south of Pico island, they shared almost half of that 
area with the boats from the other ports (Figure 2.7). 

 

Figure 2. 6. Duration (left) and length (right) of the cetacean watching trips (min and km 

respectively) based on the home port (H: Horta, L: Lajes, and M: Madalena). The boxplot shows 

the median (horizontal bar), the interquartile range (IQR) (box), 1.5 x IQR (whiskers) and outliers 

(dots).  
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Figure 2. 7. Area used by the cetacean watching boats monitored in 2013 and 2018. The contour 

lines represent the 90% kernel utilization distribution of boats from Horta (red), Madalena (blue) 

and Lajes (green).  

2.3.2. IDENTIFICATION OF CETACEAN WATCHING BEHAVIOUR

2.3.2.1. METHOD DEVELOPMENT 

The analyses of the speed densities showed the same pattern across all trips and 
therefore only an example is presented below. The kernel density estimator (KDE) 
indicated that boats attained higher speeds at the beginning and end of the trips, than 
during the remainder of the trip. In 11 of 14 boats, the initial section of the trip had 
significantly higher speeds than the final section (Figure 2.8). 
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Figure 2. 8. Example of Feature significance for kernel density estimation for one boat. The 

graph shows how speed (y-axis) varied with the duration of trip (cumulative sum of time, 

csum). Red and yellow indicate higher and lower density estimates, while the green contours 

flag significant KDE gradient regions. 

Based on the results of the kernel density estimator, the trips were split into three 
sections: leaving the port, core and entering the port. The Two-sample Kolmogorov-
Smirnov test showed that the speed distributions when leaving or entering the port 
were significantly different from that of the core section of the trip, both for each boat 
and when all boats were pooled together (p<0,05 for all comparisons; results not shown 
here). Hence, the variable speed was used to indicate the two main activities of cetacean 
watching boats: cetacean watching behaviour or transiting. 

The two modality tests, Dip and bimodality coefficients, yielded slightly different results 
(Tables in appendix B) but showed a bimodal distribution of speeds for the majority of 
boats (the most conservative test rejected the hypothesis of bimodality in one out of 14 
boats) (Table App. 2.2). The bimodal distribution of speeds was associated with their 
two main activities, the mode with the lowest speeds corresponding to cetacean 
watching, and the mode of higher speeds, reflecting transiting. 

Subsequently, the behaviour of boats was classified based on the confidence interval of 
speeds calculated with the GMM for each boat (Table 2.3). Using the bimodal 
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distribution of speeds, the mean and variance of speed for boats engaged in cetacean 
observation was estimated as ranging from 1-5,8 kn and 1,9-15,1, respectively, for all 
the boats studied. 
Table 2. 3. Confidence interval by boat. Boat: id number of the boat, n: number of modes, μ: 

mean of the lowest speed mode, s2: variance of the lowest speed mode. 

Boat n µ s2 

1 2 3,58 5,44 

2 2 2,74 2,11 

3 2 3,06 3,36 

4 2 2,20 3,34 

5 2 3,48 5,32 

6 2 4,84 14,61 

7 2 3,49 5,18 

8 2 2,79 2,34 

9 2 3,34 5,16 

10 2 2,58 1,97 

11 2 5,11 9,94 

12 2 5,81 15,18 

13 2 3,80 6,72 

14 2 3,40 5,92 

15 2 2,54 3,60 

2.3.2.2. VALIDATION METHOD

The validation was carried out using data from boat 15 in 2014 (235 sightings) and from 

boat 14 in 2017 (321 sightings). The method correctly identified 81% of cetacean 

observation periods in trip segments, and 81-88% of transiting periods (Table 2.4).  

Table 2. 4. Results of confusion matrix. Boat: id number of the boat. True_P: true positive, 

False_N: false negative, True_N: true negative and False_P: false positive. COB: percentage of 

segments (5min) where boats were engaged in cetacean observation, S: percentage of segments 

(5min) where boats were transiting. 

Boat True_P False_N True_N False_P COB S 

14 81 19 88 12 55 45 

15 81 19 81 19 66 34 

2.3.2.3. CETACEAN WATCHING EFFORT MAPS 

The effort maps included 11,753 data points from 10 cetacean watching boats, from 
2018 and 2013. These two years were used as case studies of the Faial-Pico channel and 
the Lajes do Pico fleets, respectively. 

Figure 2.9 (top) shows the effort of cetacean watching in 2013 and Figure 2.9 (bottom) 

in 2018 calculated from the combination of AIS and GPS data. For boats from Lajes, 

cetacean watching was entirely concentrated south of Pico, and mostly around the 
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home port. For boats from Madalena and Horta, most cetacean watching occurred N-

NE of Faial Island and along the southern coasts of Faial and Pico Islands. Cetacean 

watching effort clearly increased from May to July and decreased again in September 

for boats from Lajes home ports (Figure 2.10). Boats from Madalena and Horta also 

exhibited monthly variations in the location of the activity, with the effort mostly 

concentrated in the southern sector on most months, with the exception of August, 

where the majority of cetacean watching occurred north of Faial (Figure 2.11).  

Figure 2. 9. Spatial pattern of cetacean watching effort from boats from Lajes in 2013 (top) and 

Madalena and Horta (bottom). The kernel density of the number of trips was calculated by 10 

km x 10 km cells, and scaled to 0-1. Effort was calculated from GPS data. 
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Figure 2. 10. Monthly variation in the spatial pattern of cetacean watching effort from boats 

from Lajes in 2013. May: (top left), June (middle left), July (bottom left), August (top right), 

September (middle right), October (bottom right).The kernel density of the number of trips was 

calculated by 10 km x 10 km cells, and scaled to 0-1. Effort was calculated from GPS data. 
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Figure 2. 11. Monthly variation in the spatial pattern of cetacean watching effort from boats 

from Horta and Madalena in 2018. May: (top left), June (middle left), July (bottom left), August 

(top right), September (middle right), October (bottom right). The kernel density of the number 

of trips was calculated by 10 km x 10 km cells, and scaled to 0-1. Effort was calculated from AIS 

and GPS data. 

2.4. DISCUSSION 

In this chapter I developed a multiple-step method to automatically identify the activity 

of cetacean watching boats using AIS and GPS tracking data, and to map cetacean 

watching effort, without inflating effort by including time when boats are engaged in 
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other activities, including transiting. Similar approaches have been applied to classify 

activity of fishing boats [32-35], but to the best of my knowledge, this is the first time 

the method has been used to clearly distinguish activities of cetacean watching vessels. 

The data exploration process revealed that cetacean watching trips from different home 

ports have different lengths, durations and spatial distributions. These differences have 

not been previously described but have significant implications for the estimation of 

cetacean watching effort and to the characterization of the activity. The boats with 

home ports in Horta and Madalena, both located in the channel between Pico and Faial 

islands, have a greater home range than those from Lajes do Pico. In addition, boats 

from Lajes make shorter trips (in length and time). Despite these differences, all the 

boats analysed showed the same distribution of speeds. Thus, the approach to identify 

cetacean watching activity was applied to all boats, regardless of their home port. 

One possible caveat of using AIS derived positions to estimate boat activity is that 

messages may be missed depending on boat distance to ground stations, atmospheric 

conditions, and equipment failure [34, 54]. Notwithstanding, in this work, missing 

messages did not have an effect on the distribution of speed frequencies. That may be 

in part because cetacean watching vessels stayed within reception range from ground 

stations and the contact is seldom lost. This result supports the use of AIS derived data 

for this purpose. 

As expected, boat speed was a reliable indicator of the activity of cetacean watching 

boats. All the methods used demonstrated that, in general, boat speed followed a 

bimodal distribution, with the highest speeds attained in the beginning and end of the 

trips, when the boats were transiting from and to the home port, and the slowest speeds 

in the middle (core) of trips, when boats spent more time engaged in cetacean watching.  

Validation of the method using an independent dataset from two boats showed that the 

method was capable of identifying cetacean watching behaviour with very good 

accuracy. Validation showed that 81% of the trip segments were correctly identified by 

the algorithm as periods of cetacean observation, and 81-88% of the segments were 

correctly classified as not being in cetacean observation. Interestingly, although I could 

expect different behaviours from cetacean watching and research boats, given they 

have different goals, they showed similar speed distribution patterns while searching 

and observing cetaceans.  

The method developed proved reliable and enables calculating and mapping cetacean 

watching effort much more easily and quickly than by crossing annotated sighting 

locations to the trips of each boat. Furthermore, it enables calculating the effort for the 

boats that do not record sighting information during their trips, which is the large 

majority of cetacean watching boats in the study area. However, the method does not 

enable detecting individual cetacean encounters, nor does it enable identifying the 
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cetacean species encountered. To study in more detail the location and frequency of 

encounters per species, it would be necessary to collect that information from the boat 

logbook. This was beyond the focus of this chapter, however, which aimed to find a 

robust way to characterize the activity effort in general, and not to know which species 

were targeted.  

2.4.1. CETACEAN WATCHING EFFORT 
Lost AIS messages can underestimate the calculation and mapping of cetacean watching 

effort. Therefore, the results presented in this chapter represent the minimum effort 

made in the area by the boats analysed. These maps should not be interpreted as 

cetacean distribution because other factors influence the distribution effort of the 

activity, including proximity to the home port, sea state and weather conditions, 

information on the presence of cetaceans from lookouts and from other boats, among 

others [41, 42, 55, 56].  

Annual maps revealed a heterogeneously distributed cetacean watching effort within 

the study area. The 2013 map shows that boats from Lajes do Pico concentrated their 

effort around the port. On the 2018 map, Horta and Madalena boats concentrated their 

activity north of Faial and south of Faial and Pico islands. Maps show an overlap in use 

from boats of all home ports southwest of Lajes do Pico. The areas of greatest effort 

reflect the most widely used observation hotspots by the lookouts: Lajes do Pico, São 

Mateus, Monte da Guia, Cedros, and Santana. This reinforces the idea that the 

distribution of cetacean watching effort is strongly influenced by the location of the 

lookouts that guide the boats to the cetacean sightings. The monthly maps of cetacean 

watching effort agree with published information on the cetacean watching activity in 

the area, which begins in spring, increases in summer and decreases in autumn [42, 56, 

57]. These maps also show a slight displacement of the effort of the boats operating 

from Horta and Madalena towards N of Faial in August. 

Mapping the effort of the cetacean watching activity is an important step for the 

characterization of this activity in the Azores archipelago and fundamental for managing 

this activity. In chapter 5, these maps were used to study the overlap with distribution 

of blue, fin, sei and sperm whales, and to evaluate whether these whales have suitable 

habitats outside the whale-watching area. 

2.5. CONCLUSIONS 

Cetacean watching boats of at least eight countries have AIS devices, voluntarily or 

mandatory [58, 59]. The number of cetacean watching boats equipped with AIS devices 

is expected to increase in the coming years, providing a unique opportunity to monitor 

cetacean watching boats remotely. In addition, several cetacean watching boats 

routinely collect their GPS tracks. However, neither AIS nor GPS raw data provide 

detailed information on the activity of the boats that enables separating navigation or 
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transiting periods from times when the boat is actively engaged in cetacean searching 

or watching. If cetacean watching effort is calculated without differentiating the 

behavioural state of the boat (transiting versus cetacean watching), it could lead to the 

overestimation of the effort of the activity and to the incorrect identification of 

observation areas.  

The method applied here provides a robust way of detecting periods of cetacean 

watching during trips, enabling a more accurate quantification of the effort and areas 

used by the activity. The method follows the approach applied to identify fishing events. 

It relies on the analysis of the distribution of boat speeds and on using robust methods 

(such as the GMM used here) to find the confidence interval of speed values associated 

with different boat activities. The method is easily reproducible and provides an efficient 

and fast way for processing large AIS or GPS datasets, in an automated manner.  

Since AIS is a near-real time data system, after model parametrization this method 

enables classifying individual trips also in near-real time, offering a powerful tool for 

management and enforcement. For example, it can be used to monitor breaches of 

restricted areas or periods. It also enables adaptive and dynamic management, by 

providing up to date information on the activity dynamics. The method can also be tuned 

to other marine tourism activities (such as scuba diving, bird-, pinniped-, and shark-

watching) and support policy making towards better management of marine 

ecotourism. 
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Chapter 3 

CHAPTER 3 

3. SHIPPING TRAFFIC

3.1. INTRODUCTION 

Maritime traffic was the most significant contributor to international trade in Europe in 

the last decade (2010-2019) [1]. In 1980, it was estimated that the world fleet had a 

carrying capacity of 672,142 dead-weight tons (dwt, an indicator of the cargo carrying 

capacity of a ship); in 2021, this capacity exceeded 2,134,640 dwt [2]. In the last decade 

(2011-2021), the number of vessels went from 83,000 to 99,000. International trade 

encourages the global circulation of goods and people, favouring the growth of the 

economy. However, marine traffic can pose a significant threat to biodiversity [3], by 

increasing collisions with wild animals [4], chemical and underwater noise pollution [5, 

6], gas emissions [7], and transport non-indigenous species [8]. 

The first scientific studies of vessel collisions with cetaceans began in the early 2000s 

and were based on recordings in the vessels' logbook and analysis of stranded cetaceans 

[9, 10]. These earlier studies provided the first information about the severity of the 

problem, identified some high risk areas and species [9]. In 2007 a global database of 

vessel collisions with cetaceans was established [11, 12]. Nevertheless, quantifying 

vessel collisions with cetaceans is difficult because many incidents go unnoticed or are 

not recorded, and carcasses of cetaceans struck can sink to the bottom of the sea [13].  

Maritime traffic safety was improved by monitoring the vessels with the Automatic 

Identification System (AIS) to prevent collisions between ships and other accidents [14]. 

The monitoring data includes enough information to estimate the shipping density, 

which provides relevant information for maritime spatial planning and impact 

assessment [15]. Shipping density can also be used to estimate the risk of oil spills or of 

bioinvasions, predict shipping noise levels and noise exposure of different marine taxa 

[16, 17]. AIS data also provides an opportunity to estimate the probability of vessel 

collisions with cetaceans, identify high-risk areas, or evaluate effectiveness of measures 

to mitigate collisions [12, 18-21]. 

The Azores archipelago is located nearby major shipping routes connecting countries on 

both sides of the Atlantic Ocean and the Azorean harbours are also used by some of 

these vessels. In addition, local maritime traffic links the islands of the Azores, the Azores 

islands to the mainland, and other countries [22]. Marine traffic can pose a significant 

threat to cetaceans using the Azores region, particularly large baleen whales and sperm 

whales (Physeter macrocephalus) that are very susceptible to collisions with vessels. In 

addition, marine traffic may also directly impact other taxa (e.g., sea turtles, seabirds, 
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large sharks), alter important habitats through chemical or acoustic pollution (many of 

which are protected under regional, national or international regulations [23-27]), 

thereby affecting the structure and functioning of marine ecosystems in the Azores. It is 

therefore fundamental to characterize the shipping traffic in the region and to identify 

high-shipping density areas to investigate potential impacts to marine life. 

Freely available data on shipping traffic usually consists of images or layers hosted in an 

online map viewer with aggregated information for whole months or years [28]. 

Although the data provide a general vision of the maritime activity, they contain 

insufficient detail to characterize the shipping density or to support predictions of vessel 

collisions with cetaceans. To overcome this limitation, in this chapter I analysed a 

dataset of AIS class A collected by ten land stations in the Azores archipelago obtained 

in the scope of project MACAIS and REDAIS [29]. The aim was to develop a framework 

for characterizing shipping traffic, taking into account differences in vessel 

characteristics and operations known to influence the potential severity of collisions 

with cetaceans. This was achieved by calculating shipping density for different vessel 

types, speeds and sizes, as these attributes determine not only the probability of 

collisions with cetaceans but also the probability that those interactions are fatal.  

3.2. METHODS 

3.2.1. AIS DATA 

Vessels equipped with AIS class A transmitted information to each other and land 

stations. The transmission of messages occurred via VHF, every few seconds or minutes, 

with dynamic or static information of each vessel [30]. These messages were received 

by ten land stations in the Azores archipelago (Table 3. 1, appendix C) and were 

individually stored in the AIS database. 

Table 3. 1. Land stations in the Azores archipelago. 

Station Island 

 Pico Alto Sta Maria 
 Pico Bartolomeu S. Miguel
 Pico das Camarinhas S. Miguel
 Serra do Cume Terceira
 Serra de Sta Bárbara Terceira
 Pico Timão Graciosa
 Macelinha S. Jorge
 Pico Geraldo Pico
 Cabeço Gordo Faial
 Morro Alto Flores

The spatial coverage of these VHF antennas depends on their range to the horizon from 
the coordinates they receive, in addition to atmospheric conditions [15, 31]. The study 
area was defined as the area where the estimated detection probability of each station 
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was equal to one. The detection range of each station D was calculated by the simplified 
formula of distance between transmitter antenna and horizon 

𝐷 = √2 ∗ 𝑅𝑒 ∗ ℎ1 

where h1 was the height of the transmitter antenna. This was then multiplied by the 

radius of Earth (6370 km) in wgs84 datum [32] and by 2 [33]. The sum of the VHF 

coverage of each antenna defined the extent of the study area (Figure 3.1). 

Figure 3. 1. Study area defined by the vhf coverage. 

3.2.2. DATA PROCESSING 

The process of decoding AIS messages and exporting to CSV format was explained in 

Chapter 2. Maritime traffic data were collected from 22 of October 2012 until 31 of 

December 2016, with some missing days (25 days in 2013, 32 in 2014, 31 in 2015) 

(appendix D, Table App. 3. 2 ). Data from December 2014 and January 2015 were 

removed from the analysis due to the detection of a large number of mistakes.  
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The huge amount of AIS data analysed in this chapter required the development of 

scripts to automatically clean and correct errors and inconsistencies in the database (as 

detailed in appendices E and F) in an iterative process. The AIS records contained several 

variables with information on the identity of the vessels (Maritime Mobile Service 

Identity – MMSI, International Maritime Organization number - IMO, Name, Callsign) 

(Table 3. 2). Although the IMO code is vessel-specific, only 75% of the AIS records 

included this code. The MMSI code has the disadvantage that is not vessel-specific but 

was available for 100% of the records. Therefore, MMSI was the primary code used to 

identify the vessels, and IMO was only used as a secondary identifier.  

Table 3. 2. Summary of dynamic and static AIS variables. 

Name Description Units Priority 

MMSI Nine-digit numerical code Essential 

Datetimechanged Real time coordinates UTC sec Essential 

IMO Seven-digit numerical code Optional 

Stationid Identifier for this Message Optional 

Name Vessel registered name Optional 

Callsign 7 bit ASCII characters Optional 

Country Country of vessel registration Optional 

Cargotype Type of vessel/cargo Optional* 

Length Length of the boat meters Optional* 

Beam Beam of the boat meters Optional 

Draught Draught of the boat meters Optional 

Latitude Coordinate of the boat at that time Essential 

Longitude Coordinate of the boat at that time Essential 

Speed Speed over the ground (SOG) knots Optional* 

True heading Correcting for magnetic variation yields degrees Optional 

Status 
Vessel activity (15 categories related with common 
activities; ex. anchored) Optional 

Destination Expected destination  Optional 

Arrivaldatetime Expected date and time of arrival UTC sec Optional 

*Optional variable to identify vessels by AIS, but essential to the analysis of this chapter.

In the first step, AIS records with invalid MMSI code, or without latitude or longitude 
were removed. Then, the data on the type and the size of the vessel were analysed and 
completed. The vessels suspected of having erroneous size information, with a length 
outside the range 10-400 m, or with a beam larger than the length, were corrected.  

Vessel types were classified into ten categories [34] (Table 3. 3), with some 
modifications, such as the inclusion of the High-Speed Craft (HSC) category that presents 
a high probability of collisions with cetaceans [35-37].  
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Table 3. 3. Vessel classification1. 

Standard AIS classification Simplified AIS 
classification 

Anti-pollution equipment, law enforcement, medical transport, rescue 
vessels and Search and rescue vessel (SAR) 

Rescue vessels 

Bulk carrier, cargo (Hazmat, A,B,C or D), cointainer ship Cargo 

Cable layer, diving Ops, dredging, motorhopper, offshore supply vessel, 
offshore support vessel, other (Hazmat, A,B,C or D), Reserved, ship 
according to RR resolution no.18, spare-local vessel, suction dredger, 
towing, WIG(Hazmat, A, B, C or D) 

Other 

Fishing Fishing 

HSC(Hazmat, A,B,C or D) HSC 

Military ops, military vessels Military vessels 

Passenger(Hazmat A,B,C or D) Passenger 

Pilot, port tender, tug, vessels used for port services Vessels used for 
port services 

Pleasure boats, pleasure craft, sailing, scientific ship, recreational vessel Pleasure boats 

Tanker(Hazmat A,B,C or D) Tanker 

Messages with mistakes in vessel coordinates giving unreliable positions were detected 
and subsequently removed by: i) finding duplicate coordinates (with the same date and 
time); ii) calculating the vessel speed between consecutive coordinates of the same trip; 
iii) identifying records with speed over ground (SOG) > 80 kn. Finally, true heading values
outside the 0-360º range were eliminated.

The cleaned AIS data were processed to split the vessels´ trips based on the MMSI, IMO 
and date. Trips were also split every time a vessel arrived at a harbour. A rectangular 
buffer was created around all harbours in the Azores archipelago ([38], in appendix G 
Figure .App. 3. 2), and the messages falling within these areas were used to split trips.  

3.2.3. ANALYSIS OF MARITIME TRAFFIC

3.2.3.1. SHIPPING DENSITY 

The shipping density was calculated at different temporal scales and by type of vessel, 

using only AIS records with speed over the ground (SOG)>1 kn [39]. The AIS records were 

used to calculate the time intervals between messages. This interval was influenced by 

several conditions, as explained in Chapter 2. Therefore, AIS records were pre-filtered 

to a consistent time interval of 20 min to standardise the samples to calculate shipping 

density. The daily shipping density was calculated by counting daily messages per unique 

trip within a 25x25 km grid cell (the resolution of environmental and prey variables used 

in Chapter 4). The daily shipping density was stored in individual rasters to use as a 

covariate in species distribution models in Chapter 5. The daily shipping density was 

Note 1: adapted from Le Tixerant et al (2018) [34].
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averaged for 2013-2016 to investigate overall spatial patterns, and the standard 

deviation was used to assess variability in these patterns. All analyses were done in 

Arcgis10.3 and R version 4.0.3 (R Core Team 2020). 

3.2.3.2. SHIPPING DENSITY WITH HIGHER PROBABILITY OF LETHAL COLLISIONS  

The probability of lethal collisions between vessels and cetaceans increases at vessel 

speeds over 14 kn [35]. At these speeds, the highest probability of lethal collision was 

found for vessels over 80 m in length [9]. Therefore, to identify the spatial patterns of 

shipping with a higher likelihood of lethal interactions with cetaceans (hereafter called 

lethal probability (LP) shipping), two different categories were created: one using only 

data from vessels travelling at speeds >14 kn, and the other using data from vessels >80 

m length at speeds >14 kn (Table 3. 4). Each category was then used to compute the 

daily shipping density in 25x25 km grid cells. As above, daily shipping density was then 

averaged over years and the standard deviation was calculated to examine variability 

over the years.  

Table 3. 4. Categories of lethal probability (LP) shipping. SOG: speed over ground, Length: length 

of the vessel. 

Category LP shipping Speed (SOG) (kn) Length (m) 

Speed 14 - 80 All 
Speed & Size 14 - 80 >80

3.2.3.3. TRANSFORMED SHIPPING DENSITY 

The total shipping density and the shipping with higher probability of lethal collisions 

were transformed to improve the visualization of the spatial and temporal patterns 

(Figure 3.2). The daily shipping density was averaged per vessel type by month and year 

to investigate intra- and inter-annual patterns, respectively. Then, values were scaled 

(by dividing by the maximum value) to range from 0 to 1 (1 being the maximum density) 

to account for differences in transmission and reception conditions, enabling 

comparison of shipping density across temporal periods and vessel types.  
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Figure 3. 2. Workflow to map shipping density per month and year. 

3.3. RESULTS 

3.3.1. NUMBER OF VESSELS AND TRIPS 

A total of 8509 vessels were detected in the study area between 2012 to 2016. The 
number of vessels rose in the three first years of the study (from 852 to 3294), remaining 
above 3060 vessels in the following years (Table 3. 5). The number of vessel nationalities 
followed a similar trend, reaching 70 different nationalities in the latter years.  

Table 3. 5. Summary of AIS data used in this study (October 2012- December 2016). 

Year Vessels Countries Days Messages Trips 

2012 852 51 65 17487 3646 

2013 2818 63 339 94542 22921 

2014 3221 68 333 109464 24794 

2015 3062 74 334 118306 28483 

2016 3294 71 366 132533 31990 

Cargo vessels accounted for the highest number of vessels in all years (64%), followed 
by tankers (24%), pleasure boats (4%), other (3.8%), fishing (1.5%) and passenger (1.5%), 
with the remaining vessel types comprising only 1.2% (Figure 3.3). This same pattern 
was observed in all years of the study (data from 2012 was excluded because it was only 
from the end of October onwards).  
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Figure 3. 3. Annual number of vessels in the study area per vessel type (October 2012 -December 

2016). Military vessel (Military v.), other vessels (Other), pleasure boat (Pleasure b.), vessels used 

for port services (Port), High-speed craft (HSC), and rescue vessel (Rescue v.) 

The number of trips by vessel type also followed similar trends throughout the years 

(Figure 3.4). The higher number of trips was made by cargos (~9,000 trips/year), 

followed closely by passenger vessels (7,000-10,000 trips/year). Fishing vessels reached 

almost 4,000 trips in 2015 and 2016, while tankers made around 2,000 trips in all years. 

The remaining vessels seldomly reached 1,000 trips/year (Figure 3.4). 

Figure 3. 4. Annual number of trips in the study area per vessel type (October 2012 -December 

2016). Military vessel (Military v.), other vessels (Other), pleasure boat (Pleasure b.), vessels used 

for port services (Port), High-speed craft (HSC), and rescue vessel (Rescue v.) 

The number of vessels per month usually ranged from 800 to 1400, with three peaks in 
February, June-July, and November (Figure 3.5). The number of trips ranged from 2000 
to 5000 in January-March and September-December, and between 3000 and 7200 from 
April to August (Figure 3.5).  
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Figure 3. 5. Monthly variation in the number (n) of vessels (left) and trips (right) (October 2012 -

December 2016). Black 2012; orange 2013; blue 2014; green 2015 and yellow 2016. Left to right, 

January to December. 

The temporal patterns in the number of trips per vessel type showed two different 

situations (Figure 3.6). On the one hand, a group of vessel types had consistent patterns 

across the years. One of the most consistent was the passenger vessels, which increased 

in March, reached a peak in July-August, and decreased after the summer. The HSC 

vessels regularly transited through the area between May and September, whereas the 

pleasure boats had more trips between March and July. The tanker, rescue and military 

vessels had relatively constant values over time. The other group of vessel types showed 

a great variation in the number of trips across the years. Cargo vessels had some peaks 

in March, May, July and November in two study years. In 2015 and 2016 there were 

clear summer peaks in the number of trips from fishing vessels.  
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Figure 3. 6. Monthly variation in the number of trips per year for each vessel (October 2012 -

December 2016).  
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Figure 3. 6 (CONT). Monthly variation in the number of trips per year for each vessel (October 

2012 -December 2016).  

3.3.1.1. TOTAL SHIPPING DENSITY VS LETHAL PROBABILITY (LP) SHIPPING DENSITY 

As expected, density was higher for total shipping compared to shipping of vessels >80 

m length at speeds >14 kn, associated with higher probability of lethal collisions (Figure 

3.7). Total shipping density reached the maximum values of 18 contacts/day per 25km2 

in areas connecting the islands 3-18 contacts/day per 25km2 and intermediate values of 

2-3 contacts/day per 25km2 on the N and S routes in the archipelago. In comparison, the

LP shipping density did not surpass three contacts/day per 25km2, with the highest

densities in between the islands. The standard deviation (SD) of shipping density was

small suggesting little variability over time (Figure 3.7). The highest SD values occurred

close to the ports (Horta, Ponta Delgada, Velas), and the intermediate values lied on the

main traffic routes. Interestingly, there was higher temporal variability in LP shipping

density than in the density of total traffic, with the highest variability E of Graciosa and

of São Jorge, and intermediate SD values distributed throughout the study area.
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Figure 3. 7. Mean and standard deviation (SD) of daily shipping density for total (TOP) and LP shipping (bottom).
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3.3.2. SPATIAL AND TEMPORAL PATTERNS IN SHIPPING DENSITY 

Shipping density was scaled (0-1) to assess spatial and temporal patterns in shipping 

density, without the influence of other confounding factors. Mapping the mean daily 

shipping density for the entire study period (January 2013-December 2016; data from 

2012 was excluded because it only covers autumn and winter) revealed four main 

shipping routes: one to the north of the archipelago, one on the south, a route linking S. 

Miguel to the central group of islands, and another one connecting the islands within 

the central group (Figure 3.8). The highest shipping density was around the main 

harbours and in the Faial-Pico channel. Distribution of shipping density was very similar 

among years (Appendix H), especially from 2014 to 2016, when the number of AIS 

records was similar.  

Figure 3. 8. Mean daily shipping density for the study period (January 2013 - December 2016). 

The four main shipping routes were also evident in the monthly density maps (Figure 

3.9). The main routes tended to be more prominent from November through March. 

The north route had the maximum values in June, while the connection between S. 

Miguel and the central group of islands reached maximum values in July and August, 

and the southern routes had maximum values in December and January. Despite the 

intra-annual spatial and temporal differences, peaks in density were consistently 

detected around the Faial Pico channel and the Ponta Delgada harbour in S. Miguel. 
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Figure 3. 9. Monthly patterns in mean daily shipping density (October 2012 – December 2016).  

. 
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Figure 3. 9. (Continued). Monthly patterns in mean daily shipping density (October 2012 – 

December 2016).  

Figure 3.10 presents maps of mean daily shipping density by vessel type. These maps 

use the same density scale, so the results are comparable. Most vessel types (HSC, port 

services ships, military, rescue, and other vessels) had lower densities in the whole area 

and traffic was concentrated mainly around the islands. Traffic of cargo and tankers was 

more spread out within the study area, although the highest densities occurred around 

the islands and along some of the main shipping routes. Interestingly, these routes were 

not clear in the maps of passenger vessels, which showed highest density around the 

islands. The pleasure boats had the highest values within the inter-island routes and SW 

of Faial. The fishing vessels were detected around the islands, seamounts and in a new 

route to the south of Terceira. Traffic from military vessels was mainly along a straight 

line from S. Miguel to the west. Although the vessel types displayed different spatial 

patterns, most had maximum density values located in some of the main ports of the 

Azores archipelago (Ponta Delgada in S. Miguel, Angra do Heroísmo in Terceira, Horta in 

Faial) except for military vessels. 
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Figure 3. 10. Mean daily shipping density per vessel type (October 2012 – December 2016). The 

density scale is the same for all maps. 
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Figure 3. 10. (Continued). Mean daily shipping density per vessel type (October 2012 – December 

2016). The density scale is the same for all maps. 

Figure 3.11 shows the shipping density on the 2nd January 2013 and on the 1st July 2013, 

to illustrate differences in density between winter and summer days. Both maps showed 

the highest density in the Faial-Pico channel and around S. Miguel but density was lower, 

more scattered and with large gaps in the winter than in summer . 

Figure 3. 11. Shipping density on 2nd January (LEFT) and 1st July (RIGHT of 2013) 

3.3.3. SPATIAL AND TEMPORAL PATTERNS IN LP SHIPPING DENSITY 

The two subsets of LP shipping categories (vessels >14 kn and vessels >14 kn and > 80 m 

length) shared almost identical records (94%) and the same vessels (85%), and showed 

indistinguishable shipping density patterns. Therefore, only maps for vessels >14 kn and 

>80 m in length are shown in this work.

The mean daily density map of LP shipping (Figure 3.12) was very similar to that of total 

shipping (Figure 3.8), showing the same traffic routes and increased density around the 

islands, particularly near the ports and on inter-islands routes. Similarly, intra-annual 

differences were minor and monthly patterns were essentially the same as those for 

total shipping (Figure 3.9). Thus, only annual maps are presented below (Figure 3.12). 

The year 2013 was the most similar to the mean daily shipping density. In 2014, the 

density between Faial and Flores was slightly higher, increasing in 2015 and 2016.  
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Figure 3. 12. Mean daily LP shipping density (speed >14 kn, length >80 m; January 2013 – 

December 2016). 

Figure 3. 13. Annual patterns in mean daily LP shipping density (speed >14 kn, length >80 m; 

January 2013 – December 2016). 
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The fishing and port services vessels showed speeds consistently lower than 14 kn, and 

therefore did not fit the criteria of vessels with high probability of lethal collisions with 

cetaceans (Figure 3.14). For most vessel types (e.g., tanker, pleasure boat, HSC, military 

and rescue vessels), there were huge areas where LP shipping density was null. LP 

shipping was highest for cargos, followed by tankers and passenger vessels and occurred 

throughout the study area, albeit more concentrated around the islands and along the 

main shipping routes. For HSC ships, LP shipping was restricted to a well defined corridor 

linking the eastern and western groups and the islands within these groups. 
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Figure 3. 14. Mean daily LP shipping density per vessel type (speed >14 kn, length >80 m; October 

2012 – December 2016). 
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3.4. DISCUSSION 

3.4.1. CAVEATS AND LIMITATIONS 

Different approaches have been used to calculate shipping density from AIS data: a) 

construct vessel tracks from the consecutive AIS positions for each vessel, and sum total 

tracks (number or length in kilometres) [40, 41] within a grid square [42]; b) calculate 

how long a vessel takes to travel between two consecutive AIS locations, and calculate 

the time spent in each grid cell by all vessels [43-45]; and c) count the number of AIS 

messages within a grid cell [46]. In this study, the median interval between AIS records 

was 20 min. It could not be assumed that vessels navigated in a straight line between 

AIS records amidst the islands of the Azores archipelago. The chosen method adopted 

here was to calculate the shipping density using the number of AIS records by grid cell. 

This method avoids vessel tracking inferences and reduces bias from assigning vessel 

presences to incorrect grid cells. Nevertheless, this method is also more prone to errors 

resulting from varying time intervals between messages. To reduce this source of bias, 

AIS records with time intervals <20 min were removed. In addition, the shipping density 

was calculated per day to avoid differences in the number of days with AIS records per 

year. 

It is also important to emphasise that the AIS dataset used in this study came only from 
tracking through AIS land stations, and only includes messages broadcasted within the 
radio range of the antennas. To minimise bias from variation in the probability of 
detecting AIS messages across the study area, the detection range of each receiving 
antenna was used to define the study area. I adopted a conservative approach by setting 
the study area as the area where the detection probability of each antenna equalled 1, 
and disregarded all messages transmitted from outside this area. As a consequence, the 
study area did not cover the western islands of the Azores (Corvo and Flores) and only 
covered a limited area to the north of Terceira and south of Sta. Maria islands. In spite 
of the conservative approach, given than detection range is also influenced by 
environmental conditions [47, 48] , some bias arising from differences in detectability is 
unavoidable, although at present I am unable to assess its severity. 

Finally, calculations of shipping density presented here underestimate maritime traffic 

[49] in the area because not all vessels are equipped with AIS (see also Chapter 2). As a

result of IMO requirements, all large vessels are fitted with AIS, but smaller vessels are

outside the scope of these regulations. In addition, EU requires that all fishing vessels

larger than 15 m long carry AIS but this has not been fully implemented in several places,

including the Azores [31, 50]. In 2016, only 28 of the 600 Azorean fishing vessels were

detected in this work. Although there is no obligation to use this equipment for pleasure

boats, some ships have started using it for safety reasons. In addition, in 2016, this study

detected 799 trips from class A AIS transponders whereas the official records indicated

4048 trips for the same year [51]. This shows that AIS equipment covered less than 5%

of fishing boats and 25% of pleasure boats. Nonetheless, smaller vessels, such as

pleasure boats, can reach high speeds on transit and potentially pose a high risk of
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collision with cetaceans [9, 37, 52, 53]. The characterisation of the vessel types is 

essential to interpret shipping patterns. The discrepancies between the number of 

fishing vessels detected and present in the fishing fleet show that this segment is highly 

underestimated and shipping patterns of fishing vessels may be biased. Future studies 

should attempt to complement AIS data with other data sources (e.g., VMS).  

As expected, LP shipping density was lower than total shipping density. The 
characterization of the maritime traffic indicate that the majority of vessels that 
currently emit with AIS (class A) in the region are longer than 80 m. Therefore, as 
anticipated, AIS data better represents traffic of large vessels in the area. This also 
implies that vessel speed was the main driver of differences in total and LP shipping 
density in Azorean waters. 

3.4.1.1. SHIPPING DENSITY 

Despite the shortcomings mentioned above, to the best of my knowledge, this study 

provides the first characterization of shipping density for the Azores archipelago, 

allowing the identification of important shipping routes and traffic hotspots. Not 

surprisingly, two of these routes and some of the hotspots are related to inter-island 

connections (from commercial ships like cargo and tankers; from passenger vessels and 

pleasure boats) and to port approaches (e.g., the Faial-Pico channel, the area around 

Ponta Delgada, in S. Miguel, and NE of Terceira). Although to a lesser extent, the rescue 

and others vessel types also contribute to the inter-island routes and traffic around the 

ports. Another route was located to the north of the archipelago and the other crossed 

the archipelago just south of S. Miguel. These routes reflected the traffic of cargo ships 

and tankers, which together accounted for the large majority of vessels, trips and, 

consequently, messages. However, the activity of passenger ships also contributed to 

explain these spatial patterns, especially in late spring and summer (see below). 

Although fishing vessels showed slightly different patterns, they matched partially with 

the main traffic routes. 

The main routes and density hotspots persisted over all months and years of the study. 

In general, shipping patterns varied more within months than between the 

years. Although the main routes were apparent in all monthly maps, density along those 

routes was higher from April to September, than in the remainder of the year. Overall, 

the highest shipping density was found in the Faial-Pico channel, followed by the area 

offshore Ponta Delgada and NE Terceira. The intense traffic between Faial, Pico and S. 

Jorge can primarily be attributed to the daily ferry connections, which became more 

frequent in spring and summer (April to August), but also to the movement of fishing 

vessels in and out of the harbours in Horta (Faial) and Madalena (Pico). The shipping 

density between S. Miguel and the central group of islands (Terceira, Graciosa, Faial, 

Pico and S. Jorge) was also higher in July and August than in the rest of the year. 

Unexpectedly, this increase in density during the summer appears to be more related to 
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higher traffic of the HSC, cargo and pleasure boats, than to the weekly inter-island 

ferries.  

3.4.1.2. SHIPPING DENSITY WITH HIGH PROBABILITY OF LETHAL COLLISIONS WITH

CETACEANS

The physical encounter between a moving vessel and a cetacean may have very different 

impacts on the animal, depending on the vessel characteristics and operations [9, 54]. 

In particular, vessel size (i.e., length) and speed are positively associated with the 

increased probability of a collision resulting in physical injuries on the animals, resulting 

in mortality [9, 35]. These factors were used to filter the AIS records in this study to 

describe shipping patterns associated with a higher probability of lethal collisions and to 

predict the areas where risk of these lethal encounters is higher (Chapters 4 and 5). 

In this study, both categories of risk factors (speed>14 kn, or speed>14 kn and length>80 

m) returned nearly the same patterns. Vessels that are mostly cruising through the area

or between ports (merchant and passengers ships) are associated with higher risk of

lethal collisions, because they are large and maintain constant high speeds. Cargo and

tankers generally exceeded the speed and length thresholds and were responsible for

much of the traffic associated with increased likelihood of lethal collisions. Even though

there were fewer passenger and HSC vessels in the area, they were also relevant for LP

density because they make more trips. Traffic of pleasure boats, military, rescue and

other vessels longer than 80 m and faster than 14kn was low and areas where potential

collisions are likely to be fatal were scattered within the study area. Fishing boats and

service port boats were usually smaller than 80m and thus did not fit with the criteria of

LP traffic. However, as explained above, only approximately 5% of the fishing vessels

registered in the Azores were detected in the AIS records. Some fishing vessels attain

speeds >14 kn, implying that LP shipping density may be underestimated and the spatio-

temporal patterns slightly biased. Moreover, fishing vessels can threaten cetaceans in

other ways, namely through entanglement in fishing gear [55], and their distribution

should be carefully monitored.

Distribution of shipping traffic associated with high probability of lethal collisions with 

cetaceans followed similar spatial and temporal patterns to that of overall traffic. The 

areas in the vicinity of the ports, two inter-island routes, and the northern and southern 

routes, were the areas where collisions with cargos and tankers have higher probability 

of being lethal. Cargos, HSC and passenger vessels were also responsible for the high LP 

shipping traffic on the inter-island routes. In general, vessels slow down when 

approaching ports; it is evident that the spatial resolution of this analysis did not capture 

this variation in manoeuvres. The shipping density patterns shows that many vessels 

with the highest probability of a lethal collision approach the islands. These hotspots are 

magnified by the pleasure boats. Even though tankers are highly relevant in the area, 

they only had a minor contribution to LP traffic, and restricted to Ponta Delgada port in 
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S. Miguel. The activity of tankers at high-speed was mainly observed when these vessels 

crossed the archipelago along the main routes. The passenger vessels, pleasure boats, 

and HSC depend on tourism demand, sailing events and weather conditions, and their 

traffic increased in spring and summer. The two main LP traffic routes crossing the 

archipelago were located north and south of S. Miguel. Both routes reflected the traffic 

of cargo ships and tankers, and to a lower extent pleasure boats. However, passenger, 

military, and other vessel types also contributed to LP density of the south route, 

especially passenger vessels in late spring and summer (see below). 

The spatial pattern of traffic associated with a high probability of lethal collisions with 

cetaceans is maintained inter-annually, although with some variations. The main routes 

had higher shipping density from April to September, associated with increasing traffic 

of goods and passengers in the region, namely around S. Miguel. The heavy traffic 

between Faial, Pico and S. Jorge is related to the daily ferry connections, increasing their 

regular travels in spring and summer. The shipping density between S. Miguel and the 

central group of islands was also higher in July and August. Unexpectedly, this increase 

in density during the summer appears to be more related to higher traffic of the HSC, 

cargo and pleasure boats than the weekly inter-island ferries.  

The influence of some variables on maritime traffic is evident in this work. The most 

touristic season and the good weather implied a greater influx of passenger vessels, HSC 

and pleasure boats. However, even something so easily predictable and constant can be 

altered by political decisions, such as the one made in 2021 to replace most inter-island 

ferry transport with cheap flights in the Azores archipelago. Therefore, care should be 

taken when attempting to extrapolate maritime traffic patterns beyond the studied 

period. 

3.5. CONCLUSIONS 

This chapter presents shipping patterns within the Azores archipelago, based on AIS 

class A records received at land stations from October of 2012 to December of 2016. In 

addition, using criteria known to affect severity of potential vessel-cetacean collisions, I 

characterized the shipping activity with a greater probability of causing cetacean 

mortality. Our results show that cargo ships were responsible for the majority of 

shipping traffic during the study period, followed by tankers. Fishing vessels and 

passenger vessels, albeit less, made frequent trips, thereby contributing to spatial and 

temporal patterns of shipping density. I have identified four main shipping routes within 

the study area: one to the north of the archipelago, one on the south, a route linking S. 

Miguel to the central group of islands, and another one connecting the islands within 

the central group. Not surprisingly, shipping density was always higher around the 

harbours, especially in Faial, S. Miguel and Terceira. These were also the areas where 

potential collisions with cetaceans have a high probability of resulting in the death of 

the animals.  
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Global marine traffic is expected to continue increasing as a result of the growing human 

population and increasing demand for goods and services. Additionally, patterns of 

global shipping might change in the future as a consequence of environmental and 

economical shifts, including the melting of the ice [56, 57] in the Arctic and Antarctica, 

the emergence of HSC [58] and trends in the structure of the international maritime 

market [57]. Shipping traffic is also expected to increase locally, with the 

implementation of the Azores Oceanic Hub project 

(https://www.azoresoceanichub.com/) that foresees the construction of new container 

and cruise terminals, and a Liquefied Natural Gas bunker station. Therefore, shipping 

patterns presented here might change profoundly in the near future and should be 

monitored closely. 
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Chapter 4 

CHAPTER 4

4. ENVIRONMENTAL AND PREY INFLUENCES IN

THE CETACEAN DISTRIBUTION 

4.1. INTRODUCTION 

Species distribution models (SDM) are numerical tools that combine observations of 

species occurrence or abundance with environmental estimates, enabling to predict 

species distribution/abundance across landscapes [1]. SDMs have become a 

fundamental tool in both ecological and evolutionary studies, enabling to document 

spatio-temporal patterns of single species or species assemblages, species interactions, 

habitat use, community structure, and assess or predict consequences of natural or 

anthropogenic environmental changes, among others [2, 3]. The performance, and 

therefore usefulness, of SDMs are strongly influenced by methodological factors, 

especially the sample size, modelling method [4], as well as the selection of explanatory 

variables [5]. 

Until very recently, most efforts to predict cetacean distribution have only considered 

cetacean occurrence data and distal environmental predictors, such as bathymetry or 

oceanographic variables [6-8]. As such, previous studies modelling the presence and 

distribution of cetaceans in the Azores archipelago relied on traditional environmental 

variables [9-13]. However, prey variables, such as distribution, density or biomass, 

should be more important at explaining cetacean distribution [14-16]. Therefore, these 

variables are instrumental in species models (e.g. Pendleton et al. 2012 [17]). 

Synchronising the sampling of cetaceans with their potential food is very challenging, 

explaining why prey data is not usually integrated into cetacean models. Some attempts 

to obtain concurrent data on cetaceans and their potential prey have used cetacean 

sightings and visual or acoustic prey sampling [18-20]. However, cetacean prey can 

hardly be detected from visual observations made at the surface. On the other hand, 

active acoustic surveys for prey may influence the detectability and behaviour of 

cetaceans that can be disturbed by the ping frequencies emitted by echosounders [19, 

20]. Prey models can provide a suitable alternative.  

The Spatial Ecosystem and Population Dynamics Model (SEAPODYM) is a numerical 

modelling framework for the management of marine resources and ecosystems. It 

includes representations of low and intermediate trophic levels (zooplankton and 

micronekton), age-structured fish populations, and fisheries. SEAPODYM MTL simulates 

biomass distributions and production of one zooplankton and six micronekton 
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functional groups, according to their diel vertical migration behaviour and enables 

obtaining hindcast and forecast estimates [21].  

The use of prey variables requires prior knowledge about the diet of the species to be 

modelled. The diet of the target species of this chapter - blue, fin, sei and sperm whales 

- has been studied in several world regions and in the Azores archipelago. The sperm

whale is a generalist feeder that preys on deep-water cephalopods, primarily meso- and

bathypelagic squids, and occasionally on fish [22, 23]. In the Azores, their diet is

dominated by the families Octopoteuthidae (39.8% by weight), Histioteuthidae (32.7%),

and Architeuthidae (12.1%), with Taningia danae, Histioteuthis bonnellii and

Architeuthis dux representing the most important species [24]. Sperm whales’ prey

show a wide range of sizes but most cephalopods consumed in the Azores had a mantle

length lower than 50 cm and weighted 400-450 g [24]. However, prey size can vary with

gender and age [25]. In the Azores, sperm whales forage mostly between 600 and 900

m depth, both during the day and at night [26].

Blue whales are dietary specialists, feeding almost exclusively on krill. While there is little 

information about the prey species taken in the Azores, in the northwest and northeast 

Atlantic Ocean they feed mainly on Thysanoessa raschii, Meganyctiphanes norvegica 

and T. inermis [27, 28]. In the western Atlantic ocean, the distribution of blue whales is 

strongly related to Nyctiphanes simplex [29, 30]. North Atlantic fin whales also consume 

mostly euphausiids (especially M. norvegica and T. raschii) but they also prey on a 

variety of small epipelagic and mesopelagic schooling fish, including capelin (Mallotus 

villosus) and herring (Clupea harengus) [27]. Sei whales feed on copepods, euphausiids, 

amphipods, and small fishes, but their diet composition seems to differ markedly by 

region, season and year. In the northeast and northwest Atlantic Ocean, they appear to 

rely mainly on calanoid copepods (especially Calanus finmarchicus) and less on 

euphausiids  

Recently, prey data derived from the SEAPODYM-MTL (Mid Trophic Level) model [31] 

were used to successfully predict the movements and habitat preferences of fin, blue 

and sei whales during their northward migration across the mid-North Atlantic Ocean, 

and the acoustic presence of foraging odontocetes, including sperm whales, at 

seamounts [32, 33].  

In this chapter, environmental variables and simulated micronekton distribution from 

SEAPODYM-MTL were used to develop SDMs of sperm whales, blue whales, fin whales, 

and sei whales for the Azores archipelago. The goal was to improve previous SDMs for 

the region that were based only on physiographic and dynamic ocean variable, taken as 

proxies of prey availability [9, 10]) to create more realistic models. I utilised a 

Generalised Additive Model (GAM) modelling approach to create monthly predictive 

distribution maps for the four species in spring and summer. The models produced in 
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the scope of this chapter are an essential tool to inform marine ecosystem conservation 

and management in the Azores region.  

4.2. METHODS 

4.2.1. THE STUDY AREA 

The environmental setting and the biological importance of the study area for the 

studied species were described in the general Introduction of the thesis. Data analysed 

in this chapter were collected in an area of approximately 260.000 km2 around the 

Azores archipelago, between 35ºN 23ºW and 41ºN 33ºW (Figure 4.1). The study area 

includes diverse bathymetry (1-4,000 m depth) and various underwater topographic 

features, including the shelves and slopes of the nine Azorean islands, shallow and deep-

water seamounts, canyons and ridges, and the Mid-Atlantic Ridge. 

Figure 4. 1. Cetacean on-effort positions of POPA transects between 2001 and 2016 around the 

azores. 

4.2.2. CETACEAN SURVEY DATA

Cetacean and effort data were collected during 2436 fishing trips (corresponding to 

2481 days at sea) conducted from May 2001 to October 2016 by tuna-fishing vessels 

monitored by the Azorean Fisheries Observer Program (POPA). Further details on the 

POPA and on the methodology used to collect the data are provided by Tobeña et al. 

2016 [10]. POPA places trained observers on board the Azorean tuna fishing fleet (some 

Madeiran vessels) operating within the Azores EEZ from April/May to October. While 
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the vessels are travelling to or from the harbours, or searching for tuna, observers 

located on a high platform (~8m height) searched for cetaceans by naked eye or 

binoculars [34, 35]. During these dedicated cetacean-surveying periods (hereafter 

cetacean on-effort), the observers recorded information about the vessel (speed, 

heading, etc), weather and environmental conditions (Beaufort sea state, glare, cloud 

cover), and cetacean sightings (location, species, group size, behaviour). For each 

sighting, observers also recorded the reliability of species identification ranging from 0 

(low confidence) to 3 (high confidence).  

Fishing vessels occasionally operated together, duplicating survey tracks within the 

same area and day. In order to minimise spatial and temporal oversampling, vessel track 

lines were split into continuous on-effort segments of ~10 km. This involved computing 

the length of all on-effort vessel tracks: tracks shorter than 5 km were removed; tracks 

5 to 10 km long were retained as segments; and tracks >10 km were split into ‘n’ 

segments of 10 km, until only one segment <10 km remained. If the remainder was <5 

km, it was distributed uniformly among the other n segments (resulting in segments 

slightly larger than 10 km). Subsequently, to avoid duplication of sightings made by 

different fishing vessels, segments of different vessels <5 km from each other within the 

same day were identified. From this selection, a single segment was retained based on 

the following decreasing order of priorities: segment that had i) more blue whale 

sightings, ii) sightings of larger number of target species, iii) larger number of individuals. 

This was done to remove duplicate on-effort segments, while retaining the segments 

with the most information for modelling. Blue whale sightings were prioritised because 

there were fewer sightings compared to the other species. The current protocol resulted 

in 30,120 segments with a mean length of 8 km (SD= 2.1 km, range of 5-15 km), totalling 

242,239,625 km of survey effort (Table 1). 

The total number of individuals from each whale species was calculated for each 

segment. Only sightings made in good sea state conditions (i.e., Beaufort scale ≤3) and 

with high confidence in species identification (score 3) were used in the analysis. After 

data quality control (sea state condition, reliability of species identifications, 

oversampling correction and variable availability), the final dataset used for modelling 

included 1580 sperm whale individuals, 199 fin whales, 91 sei whales, and 44 blue 

whales. Most of the individuals were sighted singly, 44% for sperm whales, 50% for fin 

whales, 60% for sei and blue whales. Most of the sightings corresponded to adult 

individuals but calves or small juveniles made up 9% of the data records of blue whales, 

4% of sperm whales, 2% of fin whales and 1% of sei whales.  

Finally, the centroid of each effort segment was calculated and used to extract values of 

candidate explanatory variables, as described below. Besides the information on 

explanatory variables, each centroid includes data on the segment length (in kms) and 

the number of individuals by species (Table 4.1). 
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Table 4. 1. Cetacean data used for modelling. 

Sperm whale Fin whale Blue whale Sei whale 

Nº individuals 1580 199 44 91 
Effort (Km) 242,232,281 242,239,625 242,239,625 242,239,625 

4.2.3. HABITAT AND PREY DATA 

Knowledge on the ecology of the four species was used to select the candidate 

physiographical, biogeochemical, topographical and prey candidate variables (Table 4.2) 

[7, 36, 37]. All the variables were first processed in UTM zone 26N with horizontal datum 

WGS84. Then all variables were projected to an Equidistant Cylindrical projection with 

horizontal datum WGS84 and resampled to the exact extent, with 2.5 arc-minute 

resolution. Weekly numerical data of all variables used for the model development were 

extracted from various sources (Table 4.2). Several variables were obtained from 

GLORYS.2v3 ocean reanalysis carried out by the European Copernicus Marine 

Environment Monitoring Service (hereafter, CMEMS ocean reanalysis), while others 

were output from the SEAPODYM-MTL model. The variable set was ordered in four 

groups: general variables, Derived environmental variables, Outputs from SEAPODYM-

MTL, and Time variables. Depth was acquired from the grid-centered bedrock version of 

the ETOPO-1 digital elevation model [38]. Seamount coordinates and type (large or 

small) were defined by Morato et al. (2008). The Euclidean distance to seamount and by 

type (large or small) variables were derived from Seamount variable using a Geographic 

Information System (ArcGIS 10.3.1; ESRI, Inc.; hereby referred to as ArcGIS). The physical 

variables (Sea surface temperature and Sea water potential temperature) were 

obtained from the CMEMS ocean reanalysis. Sea surface temperature (sst) was based 

on analyses combining in-situ and satellite sources from both infrared and microwave 

radiometers. Sea water potential temperature (temperature) was acquired for the 

surface down to 5500 m of depth. The biogeochemical variables (Mass concentration of 

chlorophyll a in sea water (CHLA), Net primary production of carbon (NPP) and Euphotic 

depth (ZEU)) were obtained either from the sum of small and large phytoplankton 

production simulated using the PISCES or the ESSIC biogeochemical model (CMEMS 

ocean reanalyses). 

Derived environmental variables were transformed (logarithm, square root). Logarithm 

of sea surface temperature (sstL) was derived from sst provided by CMEMS ocean 

reanalyses. Logarithm of depth (DepthL) and Slope within a 3x3 pixel kernel (Slope) were 

derived from Depth variable. Derived variables with the square root transformation 

from Depth and Seamount variables were: Euclidean distance to shoreline (Distance to 

shore), Euclidean distance to n meters isobaths (Dist(n), with “n” representing isoline 

depth), Euclidean distance to seamount (sd-Seamounts), Euclidean distance to large 

seamount (sdL-Seamounts), Euclidean distance to small seamount (sdS-Seamounts). 

Time-lagged Chlorophyll-a concentration and NPP for one and two months prior to the 

sighting month were logarithmized. 
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The Euclidean distance to SST fronts (Ed_Fronts) and Euclidean distance to eddies 

(Ed_Eddies) were run in the MGET-tool on ArcGis, with Canny algorithm, and Find eddies 

Okubo-Weiss, respectively. Ed_Fronts was calculated in WGS84_UTM_26N [39]. The 

Ed_Eddies downloads the SSH images from AVISO DUACS 2014 gridded sea surface 

height using the OPeNDAP protocol Chelton et al 2011 [40]. 

The SEAPODYM-MTL estimates the biomass and production of macrozooplankton and 

six functional groups of micronekton (consisting mainly of various fish, cephalopods, 

crustaceans of 2-20 cm length) between the surface and 1,000 m depth [41]. The model 

is driven by a series of advection–diffusion-reaction equations linked to environmental 

and physical variables, to describe the spatial dynamics and recruitment of the 

micronekton population [36]. The model defines three micronekton layers (epi, meso 

and bathypelagic) based on the euphotic depth, which are further divided into vertical 

migrant and non-migrant. The SEAPODYM-MTL candidate variables were: biomass and 

production of epipelagic, mesopelagic, migrant mesopelagic, highly migrant 

bathypelagic, and lower trophic level plankton. Baleen whales forage predominantly on 

prey available within the epipelagic layer [42]. Therefore, biomass and production 

outputs from the SEAPODYM-MTL pertaining to the bathypelagic and migrant 

bathypelagic prey, which are not available within the upper layer of the water column, 

were not included as candidate variables in the baleen whale models. Mesopelagic, 

bathypelagic and epipelagic prey layers were used to develop the sperm whale model 

[22, 24, 43, 44]. 

SEAPODYM-MTL outputs were provided at 0.25x 0.25 degrees and at a weekly 

resolution. Thus, all other variables were aggregated to match this spatial and temporal 

resolution on the exact grid using ArcGis.  

Month and Year were included to investigate potential variations in the functional 

relationship of four whale species with the habitat and prey variables within and 

between years.  

4.2.4. MODELLING 

Generalised Additive Models (GAM) were used to model the relative density of each 

whale species, calculated as the total number of individuals of each species per survey 

segment (km) [45]. GAM were used because they have better responses to changes in 

the number of individuals than other types such BRT [45]. The natural logarithm of the 

survey effort (i.e, the segment length) was included as an offset, and habitat and prey 

data were used as covariates. I used a Tweedie distribution because of the large number 

of zeros in the sighting data [46, 47]. The smoothing splines function of the predictors 

were limited to 5 degrees of freedom to avoid overfitting, and preserve functional 

relationships and ecological interpretability. A process was used to select a subset of 

predictors based on their p-value (<0.05) [39] and on the performance of GAM models 

built for each variable of the candidate set. Covariates with a pair-wise correlation higher 
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than 0.7 were removed. These correlations were calculated using the Pearson 

correlation test and the GAM concurvity measure, both implemented in R, using the 

Hmisc and mgcv package [48, 49]. The restricted maximum likelihood (REML) 

optimization method was used to fit the models [50]. The final model for each species 

contained the selected significant variables (p<0.05) that were not correlated with each 

other.  

4.2.4.1. MODEL EVALUATION 

A cross-validation procedure was used to assess the accuracy of the final model for each 

species. The data were randomly split into training (75% of records) and testing 

(remaining 25% of records) dataset (Table App. 4.1). Models built with the training 

dataset were fit to the test data and their predictive performance was assessed using 

the concordance index (C-index), which can be applied to continuous and categorical 

data. This index is equivalent to the area under the Receiver Operating Characteristic 

curve (AUC). It is generally assumed that a C-index between 0-0.5 indicates “no 

prediction”, 0.7-0.8 “moderate discrimination”, 0.8–0.9 “good discrimination”, and 0.9–

1 “excellent discrimination” [51]. Models and Relative explained deviance (R.ExpD) 
were performed using several R packages (R Core Team (2021)) [52]. The effect of 

each covariate included in the best GAM models was plotted to visually inspect the 

functional form to determine whether species densities exhibit comparable peaks or 

changes in relation to other covariates during the whole period or by month.  

4.2.4.2. MODEL PREDICTIONS 

Finally, I produced prediction maps based on the best model for each whale 

species using outputs averaged for 2001-2016. I predicted only within the range of 

sampled covariate values to avoid extrapolation to non-modelled conditions. In 

addition, monthly predictions were only produced for May-August, because 

number of observations outside this period was considerably lower. In order 

to facilitate comparison of prediction maps, predicted densities (individuals 

per km2) were transformed using the natural logarithm of cell values in a raster. 

Model predictions were performed in R using the mgcv package [53]. 
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Table 4. 2. Description of the candidate variables used in the sdms. pb: biomass distribution, pp: production distribution. 

Environmental variable Acronym 
Transformati
on 

Resoluti
on 

Units Source 
Spatial/t
emporal 

Depth Depth none 
1 
arcmin/s
tatic 

m 

NationalGeophysicalDataCenter(NGDC), 
National OceanicandAtmospheric 
Administration(NOAA) 
http://www.ngdc.noaa. 
gov/mgg/global/global.html. (Amante & 
Eakins 2008) 

Seamounts None none 10 m 
unitles
s 

www.int-res.com/articles/suppl/ 
m357p017_app.pdf. (Morato et al. 2008). 

Euclidean distance to seamount None none 
1 arcmin 
/static 

m Seamounts 

Euclidean distance to large seamount None none 
1 arcmin 
/static 

m Seamounts 

Euclidean distance to small seamount None none 
1 arcmin 
/static 

m Seamounts 

Sea surface temperature sst 0.25° °C CMEMS ocean reanalysis (1998-2015)* 

Sea water potential temperature temperature 0.25° °C CMEMS ocean reanalysis (1998-2015)* 
Euphotic Depth ZEU  0.25° m CMEMS ocean reanalysis (1998-2015)* 
Mass concentration of chlorophyll a in 
sea water (glo glorys2 vgpm 025x7d) 

CHLA Log10 0.25° mg/m3 CMEMS ocean reanalysis (1998-2015)* 

Net primary production of carbon (glo 
glorys2 vgpm 025x7d) 

NPP  Log10 0.25° 
mmolC
/m2/d 

CMEMS ocean reanalysis (1998-2015)* 

Derived environmental variables Original variable 
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Logarithm of Sea surface temperature sstL Log10 0.25° °C CMEMS ocean reanalysis (1998-2015)* 

Logarithm of depth DepthL Log10 
1 arcmin 
/static 

Depth 

Slope within a 3x3 pixel kernel Slope log10 
1 arcmin 
/static 

degree
s from 
the 
horizo
ntal 

Depth 

Euclidean distance to shoreline 
Distance 
to shore 

square root 
1 arcmin 
/static 

m Depth 

Euclidean distance to 200 meters 
isobath 

Dist(200) square root 
1 arcmin 
/static 

m Depth 

Euclidean distance to 500 meters 
isobath 

Dist(500) square root 
1 arcmin 
/static 

m Depth 

Euclidean distance to seamount 
sd-
Seamount
s 

square root 
1 arcmin 
/static 

m Seamounts 

Euclidean distance to large seamount 
sdL-
Seamount
s 

square root 
1 arcmin 
/static 

m Seamounts 

Euclidean distance to small seamount 
sdS-
Seamount
s 

square root 
1 arcmin 
/static 

m Seamounts 

Time-lagged Chlorophyll-a 
concentration (_1 month) 

CHLA (_1 
m) 

Log10 0.25° mg/m3 CHLA 

Time-lagged Chlorophyll-a 
concentration (_2 month) 

CHLA (_2 
m) 

Log10 0.25° 
mg/m
3 

CHLA 

Time-lagged NPP (_1 month) 
NPP (_1 
m) 

Log10 0.25° 
mmolC
/m2/d 

NPP 
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Time-lagged NPP (_2 month) 
NPP (_2 
m) 

Log10 0.25° 
mmolC
/m2/d 

NPP 

Square root of Euclidean distance to 
SST fronts 

Ed_Fronts 
Canny 
algorithm, 
MGET  

0.25° m Sea surface temperature 

Euclidean distance to Eddies Ed_Eddies 
Okubo-
Weiss, MGET 

0.25° m Sea surface height, AVISO, MADT 

Outputs from SEAPODYM-MTL 

Epipelagic micronekton(pb) epi_pb 0.25° g/m2 SEAPODYM-MTL 
Epipelagic micronekton(pp) epi_pp 0.25° g/m2/d SEAPODYM-MTL 
Upper-mesopelagic(pb) meso_pb 0.25° g/m2 SEAPODYM-MTL 
Upper-mesopelagic(pp) meso_pp 0.25° g/m2/d SEAPODYM-MTL 

Migrant upper-mesopelagic(pb) 
mmeso_p
b 

0.25° g/m2 SEAPODYM-MTL 

Migrant upper-mesopelagic(pp) 
mmeso_p
p 

0.25° g/m2/d SEAPODYM-MTL 

High migrant lower-mesopelagic (pb) 
hmbathy_
pb 

0.25° g/m2 SEAPODYM-MTL 

High migrant lower-mesopelagic (pp) 
hmbathy_
pp 

0.25° g/m2/d SEAPODYM-MTL 

Lower trophic level plankton(pb) pk_pb 0.25° g/m2 SEAPODYM-MTL 
Lower trophic level plankton(pp) pk_pp 0.25° g/m2/d SEAPODYM-MTL 

Time variables Original variable 

Year Year year Date 
Month Month month Date 
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4.3. RESULTS 

4.3.1. SPECIES HABITAT PREFERENCES 

4.3.1.1. SPERM WHALES 
The best model for the sperm whale explained only 4.62% of the deviance and had a 
mean C-index of 0.60 (Table 4.3). The model included four covariates (Table 4.4), in 
decreasing order of contribution to deviance explained: Depth, Euclidean distance 
to small seamount (sdS-Seamounts), Month, and production of upper-mesopelagic 
(meso_pp). Sperm whales preferred areas of 900-2,200 m depth, at increasing distances 
from small seamounts, and with increasing mesopelagic production (Figure 4.2). In 
addition, there was a slight decrease in sperm whale density from august to november. 

4.3.1.2. FIN WHALE 

The best model for the fin whale explained 17.2% of the deviance and had a mean C-

index of 0.76 (Table 4.3). Fin whale density was best predicted by 1-month lagged 

chlorophyll concentration (CHLA (_1 m)), 2-month lagged net primary production (NPP 

(_2 m)), and biomass of epipelagic micronekton (epi_pb) (Table 4.4). Density of fin 

whales increased linearly with NPP(_2m) and epi_pb, and peaked at at lagged 

chlorophyll values ≥19 mg/m3 (Figure 4.3)  

4.3.1.3. BLUE WHALE 

The best model for blue whale had the highest deviance explained (20.6%) and a mean 

C-index of 0.86 (Table 4.3). The blue whale density was predicted by the logarithms of 
Sea surface temperature (sstL) and Depth (DepthL), and by 1-month lagged chlorophyll 
(CHLA (_1 m) (Table 4.5). Blue whales preferred colder, deeper waters which showed 
high (≥0.16 mg/m3) chlorophyll concentration on the previous month (Figure 4.4).

4.3.1.4. SEI WHALE 

The best fitting GAM for sei whale explained 13.4% of the deviance with a mean C-index 

of 0.76 (Table 4.3) and included only two covariates (Table 4.6): 1-month lagged NPP (_1 

month) (NPP (_1 m)), and biomass of upper-mesopelagic (meso_pb). Sei whale density 

correlated with increasing NPP (_1 m) and decreased with biomass of upper-

mesopelagic (Figure 4.5).  

Table 4. 3. Summary of the output and evaluation of the best model for each whale species. 

Species 
Covariates in 
best model 

Deviance 
explained 
(%) 

AIC 

TRAIN DATA TEST DATA 

Mean 
C-
index 

SD 
C-
index 

Mean 
C-
index 

SD 
C-
index 

Sperm 
whale 

Environmental 
+SEAPODYM

4.62 20080 0.60 0.02 0.55 0.04 

Fin whale 
Environmental
+SEAPODYM

17.2 18950 0.76 0.05 0.71 0.09 
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Table 4. 4. Covariates retained in the best sperm whale model. Depth, Depth; Euclidean distance 

to small seamount, sdS-Seamounts; upper-mesopelagic (pp), meso_pp. 

Covariates edf Ref.df F p-value  R.ExpD(%)
3.111 4.0 9.320 2x10-16           48Depth 

sdS-Seamounts 

2.980 3.64 5.197 8.8x10-4      24
1.097 4.0 5.510 2.01x10-6    27

month 
meso_pp 0.826 4.0 1.049 0.024            1

Table 4. 5. Covariates retained in the best fin whale model. Time-lagged chlorophyll-

a concentration (_1 month), chla(_1m); time-lagged npp (_1 month), npp (_1m), and 

epipelagic micronekton (pb), epi_pb. 

Covariates edf Ref.df F p-value  R.ExpD(%)
NPP(_2m) 1.023 4 3.845 4.71x10-5        45 
CHLA(_1m) 2.336 4 2.686 0.0035          41 
epi_pb 0.816 4 1.020 0.0240          14

Table 4. 6. Covariates retained in the best blue whale model. Logarithm of sea surface 

temperature, sstl; logarithm of depth, depthl; time-lagged chlorophyll-a concentration (_1 

month), chla(_1m) 

Covariates edf Ref.df F p-value  R.ExpD(%)

sstL 1.086 4 2.906 0.0004     49 

DepthL 0.857 4 1.341 0.0120     34 

CHLA(_1m) 0.773 4 0.794 0.0401     17 

Table 4. 7. Covariates retained in the best sei whale model. Time-lagged npp (_1 month), npp 

(_1m), and; upper-mesopelagic (pb), meso_pb. 

Covariates edf Ref.df F p-value  R.ExpD(%)

NPP (_1 m) 1.051 4 6.172 4.22x10-7   71 

Blue 
whale 

Environmental  20.6 17636 0.86 0.04 0.76 0.1 

Sei whale 
Environmental 
+SEAPODYM

13.4 19094 0.76 0.06 0.67 0.1 
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meso_pb 0.946 4 2.196 0.0019   29 

4.3.2. PREDICTED RELATIVE DENSITY 
Predicted relative density of sperm whales was considerably higher than densities of 

baleen whale species, overall and for all the months of the study period. Among the 

baleen whales, fin whales showed the highest relative density, followed by sei, and then 

blue whales. Relative density of baleen whales tended to decrease from spring to 

summer, generally reaching very low values in July and August. A comparison of model 

predictions with the pattern of sightings showed a good match for all the four species in 

the study area (Figure 4.App. 1).  

4.3.2.1. SPERM WHALE 

The model predicted relative density ranged from a maximum of 3,81 x 10-3 and a 

minimum of 5,9 x 10-5 individuals per 27,5 km2 (1/4 degree 2) (logarithm of density 

ranged between -5 and -9) (Figure 4.6, Table App.2.). The highest relative densities 

occurred around NE Terceira, W Corvo and Flores, N of S. Miguel, NE of Sta. Maria, and 

S of Faial. The lowest predicted relative densities were around Princesa Alice seamount 

(within the 1000 m depth contour south of Pico and Faial islands), and SE of Sta. Maria. 

A low standard deviation (SD) was associated with low densities, but SD increased in the 

areas where predicted densities were higher (Figure 4.App. 2). 

There were some spatial variations in predicted density across months (Figure 4.7). 

Density of sperm whales NE of Terceira decreased from spring to summer. The areas 

around Corvo and Flores had the highest densities in May and June. For the area in S. 

Miguel and Sta. Maria, the highest densities were in June and July, whereas S of Faial 

and N of Graciosa the highest densities occurred in July. The density of sperm whales in 

August was lower than in previous months. 

4.3.2.2. FIN WHALE 

Mean predicted fin whale density across the study area varied from 1,22 x 10-3 to 1,48 x 

10-6 individuals per 27,5 km2 (1/4 degree 2) (logarithm of density ranged from -6 to -13)

(Figure 4.8). The highest relative density was predicted off the Mid-Atlantic Ridge, N of

Faial, and between Terceira and S. Miguel. The lowest densities were predicted in the

southern part of the study area (35-37.7º N), especially around Sta. Maria. Standard

deviation of mean densities was generally low, increasing with increased predicted

densities (Figure 4.App.2). The model predicted higher fin whale relative densities in

May off the Mid-Atlantic Ridge, N of Faial, and NE of S. Miguel (Figure 4.9). There was a

peak in density off the Mid-Atlantic Ridge and N of the Faial in June. Fin whale relative

density decreased in July, with higher values NW of S. Miguel, and by August, density

was low across most of the area.

4.3.2.3. BLUE WHALE 
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The mean predicted density ranged from 5,95 x 10-4 to 3,31 × 10-8 individuals per 27,5 

km2 (1/4 degree 2) (logarithm of density -7 to -17) (Figure 4.10). The highest relative 

densities were SW of Sta. Maria, off the Mid-Atlantic Ridge and N of Corvo, and between 

S. Miguel and the central group of islands. The lowest density was predicted E of the

Mid-Atlantic Ridge. As with other models, SD of mean densities augmented with

increasing density values (Figure 4.App.2). Blue whale density decreased markedly from

May to August (Figure 4.11). The highest values in May occurred SW of Sta. Maria, NE of

Corvo, in the Mid-Atlantic Ridge, and between Terceira and S. Miguel, while in June were

N of S. Miguel and off the Mid-Atlantic Ridge. Density of blue whales was low in July and

August in the whole study area.

4.3.2.4. SEI WHALE 

The mean predicted density from the best model ranged from 1,02 x 10-3 to 5,05 × 10-6 

individuals per 27,5 km2 (1/4 degree 2) (-6 to -12 after logarithmized) (Figure 4.12). The 

highest relative densities were predicted N of Flores and Corvo, followed by the Mid-

Atlantic Ridge, W and S of Faial, between Terceira and S. Miguel, N of Terceira and NW 

of S. Miguel. The lowest densities were predicted E of the Mid-Atlantic Ridge and around 

S. Maria. As with the other baleen whales, sei whale predicted density decreased from

May to August (Figure 4.13). The highest relative densities were predicted in May NE of

Corvo, in the Mid-Atlantic Ridge, between S. Miguel and Terceira, and around the Pico

and Faial islands. In June, sei whales showed a similar distribution but density was

slightly lower. Density continued to decrease throughout July and August.
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Figure 4. 2. Gam smoothers for sperm whales: on top left depth and on right distance to small 

seamounts (ds-seamounts), on down left month and right upper-mesopelagic(pp), meso_pp. 

Smooth function are shown as a solid line, and shaded regions represent 95% confidence 

intervals. 
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Figure 4. 3. Smoothed functions for the selected covariates for fin whale: on top left time-lagged 

npp (_2 month), npp (_2m) and right epipelagic micronekton (pb), on down left time-lagged 

chlorophyll-a concentration (_1 month), chla(_1m). Smooth function (solid line), shaded regions 

(95% confidence intervals). 
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. 

Figure 4. 4. Smoothed functions for the selected covariates for blue whale: on top left 

logarithm of sea surface temperature, sstl; and on right logarithm of depth, depthl; on 

down left time-lagged chlorophyll-a concentration (_1 month), chla(_1m). Smooth 

function (solid line), shaded regions (95% confidence intervals). 
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Figure 4. 5. Smoothed functions for the selected covariates for sei whale: on left time-lagged npp 

(_1 month), npp (_1m), and on right; upper-mesopelagic (pb), meso_pb. Smooth function (solid 

line), shaded regions (95% confidence intervals). 

Figure 4. 6. Predicted mean density (logarithm of individuals per 27,5 km2 (1/4 degree 2)) of 

sperm whales based on the train dataset
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Figure 4. 7. Predicted density (logarithm of individuals per 27,5 km2 (1/4 degree 2)) of sperm whales from May to August based on the train dataset 
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Figure 4. 8. Predicted mean density (logarithm of individuals per 27,5 km2 (1/4 degree 2)) of fin whales based on the train dataset. 
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Figure 4. 9. Predicted density (logarithm of individuals per 27,5 km2 (1/4 degree 2)) of fin whales from May to August based on the train dataset. 
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Figure 4. 10. Predicted mean density (logarithm of individuals per 27,5 km2 (1/4 degree 2)) of blue whales based on the train dataset. 
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Figure 4. 11. Predicted density (logarithm of individuals per 27,5 km2 (1/4 degree 2)) of blue whales from May to August based on the train dataset. 
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Figure 4. 12. Predicted mean density (logarithm of individuals per 27,5 km2 (1/4 degree 2)) of sei whales based on the train dataset. 
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Figure 4. 13. Predicted density (logarithm of individuals per 27,5 km2 (1/4 degree 2)) of sei whales from May to August based on the train dataset. 
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4.4. DISCUSSION 

This chapter applied GAM models to predict the relative density of sperm, blue, fin and 

sei whales around the Azores, in spring and summer. The models were based on a long-

term dataset of effort and cetacean sightings, and included simulated prey variables that 

have rarely been used in SDMs of large whales.  

4.4.1. MODEL LIMITATIONS AND PREDICTIVE PERFORMANCE 

The dataset used in this study covered 16 years of cetacean sightings collected over a 

large area around the Azores. However, the dataset does not contain data from all 

seasons, precluding examination of year-round habitat preferences and density of large 

whales. In addition, inter-annual differences in habitat preferences could not be 

investigated, because sightings were insufficient to run models by year. Moreover, at 

the beginning and end of the fishing season, the dataset seems to cover a smaller 

geographic area, so results must be compared with caution. Another disadvantage of 

POPA data is that it was not collected along random or systematic transects, and may 

be spatially and temporally biased. POPA’s sighting effort depend on the distribution of 

tuna, the tuna species being targeted, the proximity of the vessel’s ports of 

departure/arrival, among other factors. Many of these factors contribute for the 

concentration of fishing activity and the aggregation of several vessels within the same 

area and period. To address the spatial and temporal bias in the survey effort, transects 

conducted in the same area and day were removed from the dataset.  

Modelling requires selecting variables that are ecologically relevant for each species. 

However, many covariates, including habitat and prey variables from SEAPODYM, were 

often correlated. An example was the strong collinearity (>0.7) between chlorophyll 

concentration, net primary production of carbon and biomass of lower trophic level 

plankton. There were also strong correlations between some SEAPODYM prey variables. 

When this happened, I kept the prey variable that made most sense, based on the 

known feeding behaviour of each species. Nevertheless, by removing some of the 

correlated variables, some ecological or oceanographic processes driving whale density 

may go unnoticed or be difficult to interpret. Other correlated variables were more 

difficult to select because they may indicate diverse processes or events. As expected, 

month and temperature variables were highly correlated, showing the known seasonal 

patterns. However, other environmental dynamics have also clear seasonal patterns 

[54]. Hence, temperature can indicate diverse environmental processes or serve as a 

proxy for prey (e.g., associated with the spring bloom) [55].  

Another limitation in this study was the spatial resolution of the SEAPODYM data, at 

0.25°. The highly dynamic environment of the Azores may not be adequately captured 

by variables with a resolution of more than 500 km2. In fact, recent studies revealed that 

using coarse resolution climatological data in habitat-based models for migratory 
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marine predators can decrease models’ predictive performance, particularly in highly 

dynamic regions [56]. While in this case, contemporary and not climatological data were 

used, the low spatial resolution of the data may have contributed to the poor 

performance of some of the models, and to the wide confidence intervals of the 

relationship of whale density with several covariates.  

Despite these shortcomings, with the exception of the sperm whale model, the models 

for the other whale species performed relatively well. The deviance explained for the 

baleen whale models ranged from 13.4% (sei whale) to 20.6% (blue whale). In 

agreement with the deviance results, the blue whale model showed the highest 

predictive performance, as indicated by the C-index >0.85, and the fin and sei whale 

models were close to a good accuracy, with a C-index around 0.8. In contrast, the sperm 

whale model explained 4.6% of the deviance and showed a poor ability to predict the 

species density (C-index 0.6). These results based on the training dataset (75% random 

data from 2001 to 2016) were almost identical to the C-index calculated from the test 

data.  

In general, SDM models built based on GAM perform better with more sighting data (of 

species or individuals) [57]; accordingly, I would expect the sperm whale model to have 

the best results, which was not the case. The accuracy of the sighting locations has also 

been shown to improve the model results [57]. However, all the species were recorded 

in the same way and by the same observers and accuracy should be the same. On the 

other hand, there is evidence that it is more challenging to estimate large groups than 

small groups accurately [58]. This may have affected the sperm whale model because 

sperm whales occasionally occur in numerous groups [34] with a wider separation 

between individuals [59-61]. Finally, the lower performance of the sperm whale model 

suggests that available covariates were unable to capture the drivers of the specie’s 

density, namely, their prey distribution. This hypothesis is discussed in more detail 

below.  

Nevertheless, the values of deviance explained obtained in this study generally agreed 

with those reported in other studies using GAMs. Deviance explained by models of 

sperm whale distribution and density commonly ranged from ~5%, when using only 

oceanographic covariates, to 8-12%, when including prey variables [6, 7, 16, 62, 63]. 

Usually, deviance reported for baleen whale models is slightly higher, varying between 

6 and 34% [6, 13, 15, 62, 64].  

4.4.2. HABITAT PREFERENCES 
The density of large whales was strongly associated with prey availability and dynamic 

variables linked to biological productivity, as well as depth. In addition, none of the 

developed models retained more than four variables. Therefore, they avoid complexity 

and favour their interpretation. Prey variables were retained in the best models of three 

out of four whale species, reflecting the tight relationship between whale occurrence in 
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the Azores and the availability of food in the area, and illustrating the importance of 

including prey data when attempting to predict whale distribution. Net primary 

production (NPP) and chlorophyl-a concentration (CHLA) were also important predictors 

of baleen whale density, but the correlation between these predictors and whale density 

was lagged by one or two months, which likely results from the time mediating the peak 

in phytoplankton and the subsequent development of the zooplankton, which are prey 

to baleen whales [65, 66]. Among the static covariates, depth was important at 

predicting the density of sperm and blue whales, with sperm whales showing a 

preference for a narrow range of depths, while density of blue whales increased linearly 

with depth. Nevertheless, the strength and shape of the relationship with these 

predictors varied between species, indicating distinct habitat preferences arising from 

differences in diet and foraging behaviour.  

Sperm whales in the Azores consistently forage below 600 m depth, often reaching 900-

1100 m [67], so the preference for deeper waters seems reasonable. Perhaps more 

surprising was that depth was still the most important variable in the sperm whale 

model, despite the prey variables being available to fit the model. According to sperm 

whale depth profiles in the region, most of their foraging activity occurs within the 

mesopelagic layer (<1000 m depth). Most of their prey reaches more than 20 cm in size, 

and are not part of the micronekton, so they would not be included in any of the prey 

variables output from SEAPODYM. Nevertheless, sperm whale prey are known to feed 

on small micronekton organisms [24]. Thus, I expected SEAPODYM variables to be a 

good proxy of the distribution of sperm whale prey. As anticipated, the prey layer 

retained in the best sperm whale model was the upper-mesopelagic. Still, upper-

mesopelagic production had a small contribution to the variability in the data, and other 

static and time variables had a much stronger relationship with sperm whale density. In 

addition, variations in prey preferences (species or size) by year, whale sex or age class 

[25], could confound the modelling results. Future studies may consider developing 

annual models to capture the possible inter-annual prey variations or include lagged 

prey variables. 

Another critical variable in the sperm whale best model was month, indicating a 

seasonality in the density of the species, with lower values in late summer and autumn. 

Care should be taken, however, as these results may be influenced by the contraction 

of the surveyed area in the end of the fishing season previously mentioned.  

Despite the evidence of a relationship between sperm whales and seamounts [68] and 

the abundance of these topographic structures in the study area [69], the distribution 

of sperm whales does not seem to be categorically linked to the seamounts in the Azores 

[10, 69]. Besides, there is evidence that not all seamounts have a regular presence of 

sperm whales [32]. The discrepancy in sperm whale usage of seamounts could be due 

to limitations in sampling or differences in the physiographical or oceanographic setting, 

affecting prey availability [32]. In this study, sperm whale density increased with 
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increasing distance from small seamounts and generally preferred areas about 100 km 

away from these structures. It is possible that these structures create physical processes 

(e.g., turbulence, increased mixing) that propagate horizontally or vertically across 

space. It is also possible that this relationship is an artefact and reflects the association 

of sperm whales with a variable not included in the models. The simulated SEAPODYM-

MTL has a spatial resolution on 25º and the latest SEAPODYM-LMTL on 0,08º, with this 

finer resolution it would expect to capture better the accumulation of biomass and their 

specific location. Because the new simulated SEAPODYM prey (zooplankton and 

micronekton) with higher resolution will predict accurately mesoscale features 

favourable to retention prey around seamounts and clarify whether there is an influence 

of these topographical elements on sperm whales in the area. Future studies should 

attempt to classify seamounts according to their oceanographic conditions and size to 

attempt to resolve this potential association.  

While all three baleen whale species are known to feed on epipelagic organisms, 

especially euphausiids and copepods, epipelagic micronekton was only retained in the 

fin whale model, and even so, it was not the most influential variable. One-month lagged 

chlorophyll and 2-month lagged net primary production were more important at 

explaining fin whale density than biomass of epipelagic micronekton. The former 

variables were also retained in the blue whale and in the sei whale model, respectively. 

Both these variables are indicative of the primary productivity potentially available for 

the zooplankton on which baleen whales feed. The retention of these variables in the 

models indicates that the simulated SEAPODYM prey do not accurately reflect the prey 

available for baleen whales in the area, or that the spatial and/or temporal scales of the 

outputs are unable to capture the predator-prey relationships, as mentioned previously. 

It is also possible that SEAPODYM is not capturing well the temporal responses of lower 

trophic levels to changes in productivity. In future models, epipelagic micronekton from 

the previous months could be included to assess a possible mismatch between 

simulated prey and these whales. 

Blue whales preferred slightly higher chlorophyll values than the fin whale, which might 

be related to their seasonal patterns. Predicted density of blue and fin whales was higher 

in the months around the spring bloom; however, blue whale density dropped sharply 

after the spring bloom, while fin whales were still present at moderate densities. These 

results suggest a closer relationship with this phenomenon for the blue whale than the 

fin whale. In addition to lagged chlorophyll concentration, blue whale density was 

inversely associated with sea surface temperature and positively related with depth. The 

strong association with temperature likely results from the seasonality of blue whales in 

the area, and the lower temperatures that occur in the development of the spring 

phytoplankton bloom. The relationship with depth could reflect a genuine preference of 

blue whales for deeper or more offshore areas, although the wide confidence intervals 

raise some suspicion and the relationship needs to be further investigated.  
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The diet of the sei whales in the Atlantic ocean is mainly based on calanoid copepods 

and less frequently on euphausiids and small fishes [70, 71]. Thus, epipelagic 

micronekton appeared as the strongest prey candidate in the set. Surprisingly, the best 

model for the species included 1-month lagged NPP and upper-mesopelagic biomass. 

Although previous studies indicated that sei whales rarely forage in the Azores 

archipelago [70], the best model was strongly related to a prey proxy (NPP). One 

hypothesis, is that NPP in the area reflects processes happening on large geographic 

scales and could indicate the future conditions on sei whale feeding grounds to which 

they were heading. Alternatively, sei whales may forage more frequently than assumed, 

and the relationship with lagged NPP reflects the temporal delay between primary 

productivity and the development of zooplankton on which these whales forage. The 

negative relationship with biomass of upper-mesopelagic was intriguing. It could be an 

indirect consequence of sei whales avoiding oceanographic structures or environmental 

conditions preferred by upper-mesopelagic, although this seems unlikely, as many of 

these organisms have the same dietary preferences as sei whales. Sei whales could also 

avoid areas of high mesopelagic abundance to avoid other large megafauna species, that 

could be competitors or potential predators. Despite GAM allows investigate the 

ecological relationships and is a sensible technique that give insight into the ecology, 

even fitting complex non-linear responses (asymmetrical or skewed), better than 

conventional parametric techniques [72]. At present, I cannot explain the relationship 

of sei whales with mesopelagic biomass, and future studies should explore this in greater 

detail.  

4.4.3. PREDICTED RELATIVE DENSITIES OF LARGE WHALES 

Overall predicted relative densities of whale species obtained in this chapter are 

consistent with known relative abundance of the species in the area, the sperm whale 

being the most frequently sighted species, followed by the fin, sei and blue whales [34] 

In addition, the decreasing trend in the relative density of fin, blue and sei whales from 

spring to summer is also in agreement with the known seasonality of these species in 

the region. Relative density of sperm whales also showed some variability with season, 

albeit less than baleen whales, which also agrees with previous information [34].  

No single area stood out as a high-density area for the sperm whale or any of the baleen 

whale species. Hotspots of higher whale density identified by the models were scattered 

across most of the study area. Moreover, most of these hotspots were not static but 

changed over time, reflecting the dynamics in local and regional oceanography. 

Nevertheless, some general patterns emerged from predicted density maps of the four 

species. Sperm whales tended to avoid waters shallower than ~1000 m depth, and 

therefore the areas close to the islands, banks (Princesa Alice, D. João de Castro, Mar da 

Prata) and around the Mid-Atlantic Ridge, showed lower than average densities, while 

density was generally high in most of the remainder waters. Interestingly, several high-

density hotspots of baleen whales occurred along or in the vicinity of the Mid-Atlantic 
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Ridge, in addition to the area around Faial and Pico, and between Terceira and S. Miguel. 

With the exception of blue whales, predicted density of whales around Sta. Maria, or at 

least south of this area, was low. While this result could partly reflect variation in survey 

effort at the limits of the study area, the same was not observed at the northern limit, 

suggesting that the low overall whale density around Sta. Maria was true. 

The habitat preferences of the four species were strongly linked to dynamic variables, 

which naturally vary throughout the year, creating temporal fluctuations in their density. 

For baleen whales, seasonality in density is evident, and creates a latitudinal gradient, 

that reflects the movement of blue, fin and sei whales through the area as they track 

the northward progression of biological productivity across the North Atlantic from early 

spring to the end of summer [9, 33, 70, 73, 74]. Conversely, no obvious spatial pattern 

emerged from the maps of sperm whale density. Sperm whales occur year-round in the 

Azores, although there are no resident groups in the area [75, 76]. They are primarily 

females with juveniles, although adult males are seen occasionally [76]. While sperm 

whales can cover extensive ranges [77] and adult males can travel long distances 

between their polar/subpolar feeding grounds and the temperate/tropical mating 

grounds [78, 79], there is no evidence of seasonally directional migration in this species. 

Blue whale density has a temporal pattern decreasing from May to August, which match 

with the migrations known in the mid-Atlantic [33, 34]. This whale is the only baleen 

whale with a static variable in the best model. The spatial pattern is very marked, around 

-1000 m, especially in May. This relationship may be because this month has the highest 

density values and stands out more. Alternatively, the importance of depth varies by 

season.  

The sei whale's density is strongly linked to the mid-Atlantic ridge (NW Azores 

archipelago) crossing the Azores archipelago. However, the initially important density of 

whales between islands is rapidly lost over the months. The differences between these 

two physical structures suggest that the mid-Atlantic ridge is more relevant for the sei 

whale migration. Accordingly, as seen in previous studies [80], physical structures are 

relevant for sei whales, but the best model did not capture them. In future studies, new 

topographic variables should be candidates to build sei whales models. 

4.5. CONCLUSION 

This chapter developed predictive models of density of four large whale species in the 

Azores archipelago. These models have expanded the knowledge about the seasonal 

changes in spatial density and enabled identifying important habitat areas for these 

species within the archipelago [81]. Such knowledge is fundamental to inform future 

research programmes focusing on these species, as well as marine spatial planning 

initiatives [1, 7, 82, 83]. This is especially relevant for species that are challenging to 

monitor continuously, like large whales, due to their high mobility.  
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This study was based on data collected by the fisheries observer programme that has 

been running in the Azores since 1998. Data collection by POPA follows the same 

standardized protocol and observers receive intensive training on data collection. In the 

absence of a dedicated line-transect monitoring programme, platforms of opportunity 

like POPA are an excellent way for collecting scientific data on cetaceans (and other 

taxa), that can then be used for multiple purposes, such as developing SDMs. 

Nevertheless, data collected by platforms of opportunity suffer from several limitations. 

In the case of POPA, one of the main limitations is that it only covers the spring and 

summer seasons. Combining data collected by POPA sighting surveys with data from 

other sources (e.g, satellite tagging, acoustic recordings, and photo-identification) could 

increase the knowledge on these endangered and vulnerable whale species. 

The best models for three of the four species included SEAPODYM prey variables. Still, 

prey variables always explained less variance than the other variables retained in the 

models. Therefore, the density of these whale species was only weakly related to 

SEAPODYM prey variables. There may be several explanations for this. First, these 

variables may not represent well the availability of the prey taxa being targeted by these 

whales. I believe this could be the case for the sperm whale which prey on deep water 

squid that are usually larger than the micronekton simulated by SEAPODYM. In addition, 

cephalopods have only a minor contribution to the acoustic backscatter [84] at the 

frequencies (38 kHz) used to collect data to feed and calibrate the SEAPODYM model 

[31]. Thus, data output from the model only partially reflects the density of cephalopods 

preyed by sperm whales. Second, prey metrics output from SEAPODYM may not be the 

most relevant for these whales. Several studies have shown that the density and depth 

of krill patches is more important at driving distribution and foraging behaviour of 

baleen whales than total abundance or biomass [18, 20, 28]. Third, the spatial and 

temporal resolution of SEAPODYM data may not reflect the dynamics of prey at scales 

relevant to these predators. SEAPODYM data is now available including zooplankton and 

micronekton (upper and lower mesopelagic groups) at finer spatial and temporal 

resolutions [31]. Future SDMs incorporating these data could enable examining the 

habitat preferences and estimating the relative density of large whales at much finer 

scales. However, it is unclear how these models would perform, as recent studies 

suggest that models with large-scale prey information performed better than those with 

finer scale [14, 16]. Future studies should strive to investigate the effects of changing 

the spatial and temporal resolution of input data and the scale of analysis on SDM 

performance 

The models of all four whale species highlighted variations in spatial density across 

months, and this must be taken into account when developing spatial conservation 

measures, like Marine Protected Areas (MPAs). This can be especially challenging 

because the dynamic changes imply considerable adaptive management to achieve 

successful implementation [85, 86]. Regular updates of dynamic MPAs need to be 
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transferred into regulatory frameworks and be quickly disseminated to all stakeholders, 

from competent authorities to commercial and recreational users [87]. The recent 

Dynamic Ocean Management (DOM) tool integrates near real-time covariates (new 

biological, oceanographic, economic and/ or social data) to refine spatial and temporal 

scales of management areas [88, 89]. DOM could be a valuable tool to improve the 

protection of large whales and ensure the sustainability of marine activities in the Azores 

archipelago. 
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Chapter 5 

CHAPTER 5 

5. ANTHROPOGENIC ACTIVITIES INFLUENCE IN

THE DISTRIBUTION OF CETACEANS 

5.1. INTRODUCTION 

Anthropogenic activities can have adverse effects on marine wildlife [1-4]. Shipping 

traffic represents one of the lethal threats for marine wildlife and is regarded with 

increasing concern [5, 6]. There have been reports of ship collisions with 75 marine 

species [7]. Among these, large whales are particularly susceptible to mortality or 

suffering severe injuries from ship collisions [8-11], due to their large body size [12, 13], 

limited ability to manoeuvre [14, 15], and extended time near the surface [16, 17]. 

The fin whale (Balaenoptera physalus) is the species most commonly struck by shipping 

traffic worldwide, and the sperm whale (Physeter macrocephalus) is in the top list of 

cetaceans killed by collision, followed by blue (B. musculus) and sei whales 

(Balaenoptera borealis) [18, 19]. Despite the difficulties in monitoring cetacean 

strandings and identifying the causes of these events, there are well documented cases 

of large whale deaths and injuries from ship strikes in some areas. Of 35 sperm whales 

stranded in the Canary Islands from 1991 to 2017, 60% were confirmed fatal victims of 

collisions with ships [20]. About 15% of the 81 sperm whales stranded in the western 

Mediterranean Sea from 2005 to 2017 had been struck by ships [21]. More than 10% of 

fin whale strandings in the western Mediterranean Sea between 2005 and 2017 were 

caused by ship collisions [21]. In Washington, five of the seven fin whale strandings from 

1980-2006 were confirmed as fatal collisions with ships [22]. Although there is less data 

on sei and blue whales, there are records of two sei whales killed by ships in the Canary 

Islands [23] and Washington [22], two blue whales in California [24], and another two in 

Washington [22]. In Sri Lanka, nine blue whales out of 20 stranded animals (from 2010-

2014) were killed by collisions [25]. Ship collisions can hinder the recovery of populations 

that have been severely depleted by commercial whaling [26, 27] and are still 

considered as Endangered [28, 29] or Vulnerable [30-32]. Nevertheless, the actual 

number of whales killed by ship strikes each year is unknown because the probability of 

detecting these events is low [18, 19, 22, 26, 33]. 

Information on ship collisions with cetaceans comes either from observations of 

cetaceans (dead or alive) with injuries [34], logbook records of ship damages, or from 

governmental or non-governmental databases, such as the International Whaling 

Commission (IWC) Global Ship Strikes Database [35]. Ship collisions with large whales 

are occasionally reported to the authorities by the ships involved. Other than this, traces 
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of ship collisions are difficult to detect because most interactions happen in remote 

places, far away from land and without witnesses. Marks, cuts and amputations caused 

by propellers or the ship hull on live cetaceans are sometimes recorded by researchers 

[36]. Less commonly, individuals bearing these typical injuries are found stranded, 

usually dead [34]. While there are protocols to identify traumas caused by ship 

collisions, these are often challenging to follow due to the advanced state of 

decomposition of carcasses, lack of conditions to perform a thorough examination of 

the carcass or lack of trained personnel. In the case of fatal collisions, the carcasses can 

rapidly sink and go undetected [7]. These circumstances make it difficult to accurately 

assess the number of collisions [37] and identify areas or time periods where these 

events are persistent.  

Despite all these limitations, there is evidence of increased cetacean strandings related 

to the rise in shipping traffic worldwide [24, 38]. In the Azores Archipelago, the Regional 

Stranding Network (RACA) collects information on cetacean strandings since 1990 [39]. 

RACA database includes approximately 450 stranding records, including 73 sperm 

whales, eight fin whales, four sei whales, and no record of blue whales. Only seven 

individuals were registered as victims of collision with ships, four sperm whales, one fin 

whale, one minke whale (Balaenoptera acutorostrata) and one common dolphin 

(Delphinus delphis). The cause of death has only rarely been identified, but the number 

of reports of ship collisions with large whales has increased in recent years.  

Human activities that have non-lethal impacts, like wildlife tourism [40-45], are usually 

seen as a minor threat to population viability. The cetacean watching industry has grown 

exponentially [46, 47] and continues to increase in the number of boats, places and 

number of days. The activity can contribute to the economy of small communities, help 

raise ocean literacy and awareness [48, 49], and provide opportunities for scientific 

research. Nevertheless, non-lethal detrimental effects are evident [42], and cetacean 

watching is now viewed as a sub-lethal consumptive industry.  

Presence and noise from cetacean watching boats can induce avoidance behaviours [50, 

51], such as changes in respiration, swimming speed and direction, diving behaviour, 

disrupt critical activities like foraging, resting or socialising, and increase stress levels 

[52]. Noise from boats can mask important sounds and reduce the functional acoustic 

ranges of animals, interfering with their ability to receive and transmit acoustic 

information that is essential for communication, navigation, prey and predator 

detection [53, 54]. When these short-term effects occur repeatedly over time, such as 

with the case of populations residing in cetacean watching areas that are routinely 

exposed to the activity, they may lower individual fitness, reproductive and foraging 

success, ultimately impacting population dynamics [41].  

The cetacean watching in the Azores archipelago has increased exponentially since the 

early 90s [55]. The main target are the sperm whales, but the activity also focuses on 
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baleen whales during their spring migration [56]. Little is known about the long-term 

effects of the activity on these species in the Azores but several short-term changes 

consistent with increased avoidance have been documented in sperm whales [57, 58]. 

In addition, sperm whales using the Azores also occur in Norway (males) [59], Gulf of 

Mexico or Bahamas [60], Madeira and Canary Islands (females) [61]. In all these regions 

there is a cetacean watching industry [62-64] and individuals may, therefore, be exposed 

in multiple areas within their range.  

The growing recognition of the need to address both lethal and sub-lethal impacts on 

cetacean populations, has led to the implementation of various management initiatives 

in different areas. Measures to reduce ship collisions with cetaceans include the use of 

lookouts or acoustic recorders for whales [65], restriction of ship speed [66], fixed or 

seasonal modification of maritime routes, depending on the distribution and abundance 

of vulnerable species. Management of cetacean watching activities has often been 

based on site- or time-specific restrictions of the number of boats, as well as on 

regulations about the boats (e.g., changing from outboard to jet engines) or their 

behaviour near the animals (e.g., speed, movement direction) [45, 67].  

In the Azores, there are no specific regulations to reduce risks from shipping traffic on 

cetaceans. In August 2021, the Megafauna Observation Program in Local Transportation 

(POMET) has been implemented to place observers aboard ferries but these observers 

do not have the authority to impose any changes in traffic. Conversely, cetacean 

watching regulations have been in place since 1999 with the goal of protecting 

cetaceans from disturbance [68-73]. Measures enforced include limitations in the 

number of boat licenses for different zones of the archipelago, limitations in the number 

of boats around each group of animals, duration of the observation period, minimum 

distance, speed and the manoeuvring around these animals. Nevertheless, a key 

impediment to developing effective management strategies in the Azores has been the 

lack of information on the distribution of the activities and cetaceans. This information 

is critical to quantify the frequency of potential interactions of cetaceans with shipping 

and cetacean watching activities, and identify areas and times of year where these 

interactions are more likely to occur. 

This chapter addresses this gap by assessing the influence of shipping traffic and 

cetacean watching activities on the distribution of sperm, fin, blue and sei whales in the 

Azores archipelago, and quantifying the risk of exposure of these species to these 

activities. First, habitat models developed for these species in Chapter 4 using 

environmental and simulated prey variables were used as a basis to develop models 

incorporating also variables describing shipping traffic and cetacean watching activity. 

The relative density of each species was therefore modelled as a function of 

anthropogenic, environmental and prey variables, to evaluate the importance of 

anthropogenic activities on species distribution. Ecological relationships are complex, so 
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the distribution of animals is often related to environmental factors and prey but can 

also be affected by anthropogenic factors. The anthropogenic impact is evaluated by 

incorporating their variables into the model and analysing whether they are relevant to 

the species. It can also be analysed if they have more explanatory power than the 

traditional variables. Then, the best fitting models were used to assess the risk of lethal 

collision and the exposure to cetacean watching. Model-base predictions of whale 

density were overlapped with maps of shipping density and cetacean watching effort to 

identify areas of risk of lethal collisions and quantify the proportion of the suitable 

habitat with a high risk of exposure to the cetacean watching activity. These models and 

analyses can inform marine ecosystem conservation and management of anthropogenic 

activities in the waters around the Azores archipelago. 

5.2. METHODS 

5.2.1. THE STUDY AREA 

The description of the oceanographic and geophysical characteristics of the marine 

environment of the Azores is given in Chapter 1. The study area lies within 36ºN 24ºW 

and 40ºN 32ºW, where most of the data analysed in this chapter was available (Figure 

5.1). 

5.2.2. CETACEAN SURVEY DATA 

Cetacean survey data from the POPA programme used in Chapter 4 was subset to the 
same spatial (~90,000 km 2) extent and temporal period (from October 2012 to October 
2016) of the anthropogenic data (Table 5.1). A total of 628 surveys conducted within this 
period produced 2302 “on-effort” segments. After removing records with missing values 
and spatial autocorrelation only two cetacean species had enough sightings to develop 
SDMs: sperm whales (n=135) and fin whales (n=26). Blue and sei whales had less than 
10 sightings each. Thus, for the latter species, spatial distribution models with 
anthropogenic variables could not be developed and overlap with anthropogenic 
activities was calculated using models with only habitat and prey variables developed in 
Chapter 4. 
Table 5. 1. Summary of cetacean and anthropogenic activities data. Dataset, type of data; 

source, source of the cetacean data; period, period of the data; platform type, type of boat; 

analyses, the anthropogenic activity analysed and cw, cetacean watching. * searching cetaceans 

~meters above the water. **cetacean watching boats have at least one person looking for 

cetaceans. 

Dataset Source Period Platform type Analyses 

Cetacean POPA 2012-2016 ~8m*; 20-m
fishing 
Vessel 

Shipping 

Shipping density AIS class A 2012-2016 >80-m Shipping 
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Cetacean 
watching effort** 

GPS & AIS 
class B 

2013 & 2018 <15-m motor 
boat and RHIB 

CW 

Figure 5. 1. Location of the surveys conducted by the POPA programme (grey circles) from 2012 

to 2016 in the Azores archipelago. Zone a (blue) delimits one of the cetacean watching activity 

areas and was the focus of this study. 

5.2.3. ENVIRONMENTAL DATA 

Habitat and prey data used in Chapter 4 (Table 5.2) were also subset to have the same 

spatial and temporal coverage of the anthropogenic data. The non-migratory upper and 

lower-mesopelagic prey variables were discarded to avoid missing data in coastal and 

shallower waters where the cetacean watching activity concentrated. 

5.2.4. ANTHROPOGENIC DATA 

Cetacean watching effort and shipping density data were subset from those used in 

Chapters 2 and 3, respectively. An annual cetacean watching effort was calculated by 

10x10km cells, using only data from boats engaged in cetacean observation as 

previously explained (Chapter 2). The resulting variable was scaled to the same spatial 

resolution as the simulated prey variables (Chapter 4, Table 5.3).  

The risk of collisions of ships with cetaceans is influenced by the probability of spatial 

and temporal matches between the two, as well as by the avoidance response of 

cetaceans [12]. On the other hand, the severity of the collision is related to the ship’s 
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speed and the size, with a higher risk of lethal collisions when ships travel at >14 knots, 

and the highest risk for ships over 80 m cruising at these speeds [19]. Thus, the weekly 

shipping density was calculated separately for these two categories (Table 5.2). Each 

variable was then standardised to values ranging from 0 to 1, with 1 representing the 

maximum weekly shipping density. 

Table 5. 2. Candidate anthropogenic variables used in SDMs of sperm whales and fin whales. 

Anthropogenic 
variable 

Acronym 
Transfor
mation 

Spatial 
Description 

Shipping density, 
“Speed” 

14kn 0 -1 
0.25 
degrees 

Weekly shipping density 
with higher probability of 
lethal collisions 

Shipping density, 
“Speed and size” 

14kn 
80m 

0 -1 
0.25 
degrees 

Weekly shipping density 
with highest probability of 
lethal collisions 

Cetacean 
watching effort* 

CWe 0 -1 0.25 degrees 
Annual effort of cetacean 
watching (CWe) 

Cetacean 
watching effort 
categorical* 

CWec 

0=absenc
e, 
1=presenc
e 

0.25 
degrees 

Transformation of the 
CWe variable. 

Cetacean watching effort 
by 5 categories* 

effwwc
4 

0-4 0.25 

*Discarded variables.

5.2.5. INFLUENCE OF ANTHROPOGENIC ACTIVITIES ON SPECIES DISTRIBUTION 

5.2.5.1. MODEL DEVELOPMENT 

Generalised Additive Models (GAMs) [74] were used to investigate the influence of 
shipping density and cetacean watching density on the relative density of each whale 
species, while accounting for their habitat preferences described by the environmental 
and prey variables [75]. Separate species distribution models (SDMs) were built for 
sperm whales and fin whales using number of individuals as a response variable, and 
using as predictors the habitat and prey variables described in Chapter 4, and 
anthropogenic variables described in Table 5.2. Models were developed using data from 
2012-2016 . 
The GAMs were fitted with a Tweedie distribution to account for overdispersion [76, 
77], using the restricted maximum likelihood (REML) to optimise the parameter 
estimates [78] and adding the natural logarithm of the survey effort as an offset. GAM 
knots were restricted to 5 degrees of freedom to avoid overfitting and preserving 
ecological interpretability of functional relationships. The same modelling procedures 
described in Chapter 4 was used here. Only pairs of covariates with a Pearson’s 
correlation coefficient <0.7 were used in the models. Pearson and concurvity were 
calculated in R, using the Hmisc package [79]. Models were developed using the mgcv 
package in R version 4.1.0 (R Core Team) [80, 81].  

5.2.5.2. MODEL SELECTION AND EVALUATION 
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Model selection was based on the Akaike Information Criterion corrected for small 
sample sizes (AICc). The AICc assesses how much of the variation in the data can be 
explained by the predictor variables in the model. The model with the lowest AICc is 
considered the best-fitting model, explaining the greatest amount of variation with the 
lowest number of variables [82].  
All attempts to include cetacean watching variables (continuous or categorical) resulted 
in models with a very poor fit to the data. Therefore, these variables had to be discarded 
from all models. 

To evaluate the prediction performance of the models I used a cross-validation process 
following the methodology described in Chapter 4. For model training, 75% of the data 
from each species was randomly selected, and the rest (25%) was used for 
validation (Table 5.3). Models and Relative explained deviance (R.ExpD) were 
evaluated using the mgcv package in R version 4.1.0 [80, 81].  

Table 5. 3. Presences and absences used to fit SDMs. SDM-p-es: model with environmental 

and prey variables. SDM-p-aa: model with environmental, prey, and anthropogenic variables. 

5.2.5.3. MODEL PREDICTIONS 

The best fitting models were used to estimate the mean relative density of sperm and 
fin whales in the study area for 2012-2016. I predicted only within the range of values 
of the sampled covariates to avoid extrapolating to unknown conditions. Maps of 
predicted relative density maps represented the number of individuals per 100 km2. 
Model predictions were performed in R version 4.1.0 using the mgcv package [80, 81].  

5.2.6. ASSESSING THE RISK OF EXPOSURE TO ANTHROPOGENIC ACTIVITIES 

The risk of exposure of large whales to shipping traffic and cetacean watching was 

investigated using the relative density of each species, as predicted from the best fitting 

models, the shipping density of ships >80m at >14kn as calculated by the AIS data 

(Chapter 3), and the cetacean watching effort calculated in Chapter 2. For blue and sei 

whales, for which there was not enough data to fit models with anthropogenic variables, 

the relative density was predicted for the area and period of interest using the best 

models developed in Chapter 4.  

5.2.6.1. RISK OF LETHAL SHIP COLLISIONS  

The risk of lethal collisions (RLCi) was calculated for each grid cell i as: 

𝑅𝐿𝐶𝑖 = 𝑊𝐷𝑖  𝑥 𝑆𝐷𝑖  

Species Model 
TRAIN 
DATA 

TEST DATA 

Presences Absences Presences Absences 

Fin whale 
SDM-p-
es/aa 

18 3477 8 1541 

Sperm 
whale 

SDM-p-
es/aa 

108 3483 27 851 
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where WDi is the relative density of each whale species predicted for grid cell i by the 

best SDMs, and SDi is the weekly shipping density, averaged across the years of study, 

of ships >80m travelling at >14 kn in that grid cell. RLCi was mapped for the entire study 

area to identify areas where the risk of lethal collision was higher for each whale species. 

5.2.6.2. EXPOSURE TO CETACEAN WATCHING 

To quantify the level of exposure of large whales to cetacean watching (CWE) I used the 

formula: 

𝐶𝑊𝐸𝑖  =  𝑊𝐷𝑖 𝑥 𝐶𝑊𝑒𝑖

Where WDi is the relative density of each whale species per grid cell, as above, and CWei 

is the average cetacean watching effort for that cell. CWE was only calculated for zone 

A (Faial, Pico and S. Jorge islands) because data on cetacean watching effort was not 

available for the other zones. Cetacean watching exposure was mapped for each species 

to identify areas where exposure is higher.  

5.2.6.3. ASSESSING THE AMOUNT OF PREFERRED HABITAT EXPOSED TO CETACEAN

WATCHING ACTIVITY

I quantified the amount of preferred habitat for each species exposed to cetacean 

watching in two ways. I identified grid cells with high whale density by determining the 

percentage of cells that fell in the third quartile of the distribution of density values for 

each species. Then, I calculated the proportion of high whale density cells within 

cetacean watching areas (including all zones). Second, I calculated the proportion of cells 

with high species density that overlapped cells with cetacean watching effort higher 

than average (only for zone A). 

5.3. RESULTS 

5.3.1. INFLUENCE OF SHIPPING DENSITY ON THE DISTRIBUTION OF SPERM AND

FIN WHALES

The best fitting models for sperm whales incorporating only habitat and prey variables 

(SDM-p-es model), plus shipping density at high speeds (SDM-p –aa-1), and shipping 

density at high speeds for large vessels (SDM-p –aa-2) were (Table 5.4): 

SDM-p-es model: Sperm whale relative density ~ s(distance to SST fronts) +s(epipelagic 
production) +  s(highly migrant bathypelagic production)

SDM-p –aa-1 model: Sperm whale relative density ~ s(distance to SST fronts) + s(epipelagic 

production) + s(highly migrant bathypelagic production)+ s(shipping density >14kn)  

SDM-p –aa-2 model: Sperm whale relative density ~ s(distance to SST fronts) + s(epipelagic 

production) + s(highly migrant bathypelagic production)+ s(shipping density >14kn >80m) 
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The percentage of deviance explained by each model was very similar but slightly higher 

for the SDM-p-aa-2 model (4.73%), including shipping density for vessels >80m long 

travelling at high speeds (>14kn) (Table 5.5). This model also showed the lowest AIC and 

highest C-Index (0.60), although values were also very close to those of the other two 

models (Table 5.5).  

The relationship of sperm whale relative density and each covariate was very similar 
among the three models, and only outputs of the best model SDM-p-aa-2 are shown 
below (results for the other models are presented in Tables App.1 and App.2, Figures 
App.1 and App.2). Relative density of sperm whales increased linearly with the 
production of epipelagic and highly migrant lower-mesopelagic (although variance was 
very high for both covariates), with decreasing distance from fronts and with decreasing 
shipping density for large vessels travelling at high speeds (Figure 5.2 and 5 on top). 
Sperm whales preferred low traffic areas, relatively close to the ocean mesoscale 
structures (less than 25km), and with epipelagic production higher than that of highly 
migrant bathypelagic organisms.  

The addition of anthropogenic variables to the habitat model of fin whales did not 

improve or modify the model performance (Table 5.4 and 6). The model with the lowest 

AIC included only environmental and prey variables (SDM-p-es), explaining 14.3% of the 

deviance, and had a C-index of 0.8 (Table 5.5):  

SDM-p-es model: Fin whale density ~ s(epipelagic production) + s(Lower trophic level plankton

production) + s(temperature)  

The relative density of fin whales increased with increasing production of lower trophic 

level and epipelagic micronekton, as decreased with temperature (Figure 5.3). Fin 

whales preferred colder waters with higher productivity of phytoplankton and 

epipelagic organisms (Figure 5.5 on bottom).  
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Table 5. 4 Summary of the best fitting models of shipping density for sperm whales. Akaike information criteria, aic or * small-sample equivalent (aicc); 

concordance index, C-index. Model type abbreviations are as follows: SDM-p-es: environmental and prey variables. SDM-p-aa: environmental, prey and 

anthropogenic variables. The SDM-p-aa1 used shipping density at >14kn, and sdm-p-aa2 used shipping density at >14kn for ships >80m long. 

Species Model name Model type Deviance (%) AIC TRAIN DATA TEST DATA 

C-index SD C-index SD 

Sperm whale SDM-p –es Environmental +SEAPODYM 3.72 3870 0.58 0.005 0.49 0.006 

SDM-p –aa-1 SDM-p-es+Risk14_80kn 4.21 3871 0.59 0.005 0.49 0.006 

SDM-p –aa-2 SDM-p-es+risk14_80kn_80m 4.73 3870 0.60 0.005 0.49 0.006 

Fin whale SDM-p –es Enviromental +SEAPODYM 14.3 3513 0.80 0.008 0.82 0.1 

SDM-p –aa-1 SDM-p-es+risk14_80kn 14.3 3514 0.80 0.008 0.82 0.1 

SDM-p –aa-2 SDM-p-es+risk14_80kn_80m 14.3 3514 0.80 0.008 0.82 0.1 
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Table 5. 5. Covariates retained in the best sperm whale model (SDM-p-aa-2). Square root of

euclidean distance to sst fronts, Ed_fronts; epipelagic micronekton (pp), epi_pp and highly 

migrant lower-mesopelagic (pp), hmbathy_pp, and Shipping density, “speed and size”, 14-80kn 
80m.

Covariates edf Ref.df F p-value R.ExpD

14-80kn 80m 0.8336 

4 

1.142 0.0189      20

4 

0.0215      28Ed_fronts
epi_pp 0.8165 

4 

1.140 0.0168      26
hmbathy_pp 0.7909 

4 

0.860 0.0351      25

Parametric coefficients: Estimate SE T value p-value
Intercept -6.7817 0.1206 -56.23 <2e-16 

Figure 5. 2. Gam smoothers for the best fitting model (sdm-p-aa-2) for sperm whales: top left) 

shipping density at >14kn and >80m, top right) square of euclidean distance to fronts 

(ed_fronts), bottom left) epipelagic micronekton production (epi_pp), and bottom right) 

highly migrant Lower-mesopelagic production (hmbathy_pp). Smooth functions are shown as 

a solid line, and shaded regions represent 95% confidence intervals. 

0.8223 1.071 
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pk_pp 0.8677 

4 
1.274 0.0130  33

epi_pp 0.8148 

4 

1.015 0.0241  34

Temperature 0.8110 4 0.955 0.0285  33
Parametric coefficients: Estimate SE T value p-value
Intercept -9.440 0.3432 -26.93 2.16e-10 

Figure 5. 3. Gam smoothers for fin whales (sdm-p-es) on shipping extent: top left) lower trophic 

level plankton (pp), pk_pp, top right) epipelagic micronekton (pp), epi_pp, and bottom left) sea 

water potential temperature, temperature. Smooth functions are shown as a solid line, and 

shaded regions represent 95% confidence. 

Predictions of the relative density of sperm whales averaged for 2012-2016 from the 

best model (SDM-p-aa2) are shown in Figure 5.4 (on top). Hotspots of sperm whale 

distribution occurred SW of Faial, along 1000 m isolines, in the area between Graciosa 

and Terceira islands, and W of S. Miguel Island, along 1000 m isolines. Other important 

areas also occurred between Terceira and S. Miguel and around the Mid-Atlantic Ridge. 

Areas with low density were identified SE of S. Jorge and SW of S. Miguel.  

The fin whale best model (SDM-p-es) predicted the highest mean relative density in the 

Mid-Atlantic Ridge, in the area between Terceira and S. Miguel, and SW of Faial, N of 

Terceira and SW of S. Miguel (Figure 5.4, on bottom). Overall, low densities of fin whales 

were predicted in the channel Pico-S. Jorge and around Sta. Maria.  

Covariates edf Ref.df F p-value R.ExpD

Table 5. 6. Covariates retained in the best fin whale model (SDM-p-es). Epipelagic 
micronekton (pp), epi_pp; Sea water potential temperature, temperature and lower 
trophic level plankton (pp), pk_pp. 
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Figure 5. 4. Mean predicted relative density of sperm whales (on top) and fin whales (on bottom) 

(individuals per 100 km2) for 2012-2016 based on the training dataset for SDM-p-aa2 and SDM-

p-es respectively.. 
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5.3.2. RISK OF LETHAL SHIP COLLISIONS

Based on the overlap of the predicted relative density of each whale species and the 

density of ships >80m travelling at >14kn, sperm whales are at risk of ship collisions in 

55% of their distribution area, sei whales in 42%, fin whales in 41%, and blue whales in 

14%. These percentages of habitat at risk are not comparable among species because 

SDMs used to calculate risk for sperm and fin whales predict for a smaller area than 

those used for blue and sei whales. 

Risk of lethal collisions for sperm whales was high and spread nearly homogeneously 

throughout the study area. The highest risk occurred along the corridor linking S. Miguel 

and Terceira, and the corridor that crosses the archipelago and passes N of S. Miguel 

and S of Pico and Faial, as well as between Faial, Pico, S. Jorge, Terceira and Graciosa 

islands (Figure 5.5 on top). Higher risk of lethal collisions with fin whales was SW of S. 

Miguel, S of Terceira, in an area over the Mid-Atlantic Ridge between Flores and Faial, 

and along the shipping route crossing the archipelago. The lowest risk occurred around 

Sta. Maria (Figure 5.5 on bottom). The blue whale was at higher risk near the shipping 

route that passes S of the archipelago (S of Sta. Maria), in a large area to the N and W of 

S. Miguel, and over the Mid-Atlantic Ridge, between Flores and Faial (Figure 5.6 on top).

With the exception of the area extending from the S of S. Miguel to Sta Maria, risk of

lethal collisions with sei whales was relatively high in most of the archipelago, with

hotspots along the corridor linking the eastern and central groups, an area over the Mid-

Atlantic Ridge, between Flores and Faial, along the shipping route that passes north of

the archipelago, and close to Faial, Pico and S. Jorge (Figure 5.6 on bottom).
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Figure 5. 5. Risk of lethal ship collisions for sperm (on top) and fin whales (on bottom). The risk 

was calculated using sperm whale predicted mean density and fin whale (individuals per 100 

km2) based on the SDM-p-aa2 model and the SDM-p-es model, respectively, the density of ships 

>80m travelling at >14kn.
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Figure 5. 6. Risk of lethal ship collisions for blue (on top) and sei whales (on bottom). The risk was 

calculated using each whale predicted mean density (individuals per 100 km2) based on the each 

SDM-p model from chapter 4 and the density of ships >80m travelling at >14kn. 
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5.3.3. EXPOSURE TO CETACEAN WATCHING 

The highest exposure of sperm whales to cetacean watching occurred N and NE of Faial, 

off Lajes do Pico, and between S. Mateus, S of Pico, and the channel Faial-Pico. The area 

SW of Capelinhos, in Faial, was only of minor importance (Figure 5.7 on top). The main 

areas of fin whale exposure were off Lajes and S. Mateus (Pico) and NE of Faial (Figure 

5.7 on bottom), while blue whale exposure was mainly restricted to the S of Pico, 

especially off Lajes and Ribeiras, and S. Mateus (Figure 5.8 on top). The sei whale was 

the species for which exposure was more widespread including off S. Mateus, N and NE 

Faial Island, Lajes, S of the channel Faial-Pico, and off Capelinhos (Figure 5.8 on bottom). 

5.3.4. ASSESSING THE AMOUNT OF PREFERRED HABITAT EXPOSED TO CETACEAN

WATCHING ACTIVITY

All studied whales had a highly widespread distribution in the waters around the Azores, 

which meant that neither species had >25% of their habitat within cetacean watching 

areas (zones A, B and C). The species with the highest value was the fin whale (25%), 

followed by the sperm whale (16%), the sei whale (12%) and the blue whale (8%). About 

7% of fin whale preferred habitat within zone A was exposed to high cetacean watching 

effort, whereas sei and sperm whales had only 3% of their habitat highly exposed, and 

blue whale 2%. 

5.4. DISCUSSION 

This chapter describes a method to assess the exposure of large whales to shipping 
traffic and cetacean watching activity. Predicted relative density of sperm, fin, blue and 
sei whales, and density of shipping and cetacean watching were analysed to identify 
spatial patterns of exposure and collision risk.  

5.4.1. CAVEAT OF THE APPROACH

It must be taken into account that the dataset used to develop models and maps in 

chapter 5 has been spatially and temporally limited due to data on anthropogenic 

activities. Therefore, data was subset from 2012 to 2016 and the area around Corvo and 

Flores are out of this chapter's study area. In addition, two prey variables have been 

eliminated from the set (The non-migratory upper and lower-mesopelagic) to predict 

also in swallow coastal areas, relevant to the anthropogenic activities. While GAMs 

perform reasonably well with small sample sizes, some caution is necessary when 

interpreting the results, because models are based on few occurrences [83]. The model 

predictions may be affected by differences in temporal resolution between the best 
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model and the mapped predictions. The dynamic covariates included in the models were 

contemporaneous (same week) to the sightings. These data will present more variability 

than the climatologies used in the model's prediction. In addition, samples with 

consecutive zeros tend to underestimate the density [84].  
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Figure 5. 7. Exposure to cetacean watching activity for sperm (on top) and fin whales (on bottom). 

The exposure was calculated using fin whale predicted mean density (individuals per 100 km2) 

based on the SDM-p-aa and SDM-p-es model, respectively, and the cetacean watching effort 

estimated in chapter 2. Grey areas represent zones excluded from the predictions due to the lack 

of cetacean watching data (zones b and c). 
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Figure 5. 8. Exposure to cetacean watching activity for blue (on top) and sei whales (on bottom). 

The exposure was calculated using each whale predicted mean density (individuals per 100 km2) 

based on the each SDM-p from chapter 4 model and the cetacean watching effort estimated in 

chapter 2. Grey areas represent zones excluded from the predictions due to the lack of cetacean 

watching data (zones b and c). 
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Testing model accuracy with internal performance evaluation is an effective alternative 

to testing with an independent dataset, which is undoubtedly most robust [85-87] but 

also more costly for highly mobile animals. 

As mentioned in the section “Model limitations and predictive performance” in Chapter 
4, the models were seasonally restricted because POPA only collects data in spring and 
summer. In addition, by subsampling data to only four years to cover a similar time 
period of the anthropogenic activities studied, SDM performance may decrease. 
Shipping traffic and cetacean watching activities are driven by dynamic factors, such as 
economic changes, government restrictions, demand [88, 89], changes in fishing, 
environmental conditions, climate change, new routes [90-92], and cetacean 
distribution [47]. Therefore quantifying the activities at the lowest temporal resolution, 
as done for shipping traffic, is the best option. Unfortunately, similar data was not 
available for cetacean watching, and the analysis was done using a static representation 
for the closest period of the cetacean data. Besides, the cetacean watching data covers 
only part of the activity, precluding examination of this activity for the whole 
archipelago.  

Despite the limitations mentioned, the fin whale model showed a reasonable predictive 
performance. Despite having more observations to fit the models, the sperm whale 
model fitted the data poorly and showed a relatively low predictive performance. As 
explained in the previous chapter, the reasons for this difference may lie in the difficulty 
of count in numerous groups, or in the inability of the candidate variables to capture 
with more accuracy the sperm whale density drivers. One example is that SEAPODYM 
model simulate smaller preys as included in sperm whale diet. Nevertheless, both 
models are helpful for ecological interpretation and assessing risk from human activities. 
The predictions of the new models for sperm and fin whales, as well as those of the 
models developed in chapter 4 for sei and blue whales, were used to estimate the risk 
of lethal collisions of these species with ships, and examine their exposure to cetacean 
watching. I expect the predictions of the new models to provide more accurate results 
relative to the old models, because they match the temporal scale and resolution of 
dynamic anthropogenic activities. If these activities vary greatly over time, the models 
fitted to the same period will be more realistic. Conversely, if differences are small, the 
long-term models may provide more accurate results. At present, I have no data to 
assess those differences, but this would be interesting to pursue in future studies.  

5.4.2. INFLUENCE OF ANTHROPOGENIC ACTIVITIES ON SPECIES DISTRIBUTION

The density of ships >80m long travelling at >14kn was statistically significant at 
explaining the relative density of sperm whales in the study area. Inclusion of this 
variable in the SDM of sperm whales slightly improved model performance, indicating 
that in addition to oceanographic features and distribution of prey, shipping traffic also 
influences sperm whale distribution. Sperm whales prefer areas close to mesoscale 
structures, greater production of epipelagic and highly migrant bathypelagic organisms, 
and lower traffic density. Mesoscale structures can increase or aggregate productivity, 
which in turn attract micronekton organisms and their predators [93]. This is consistent 
also with the relationship of sperm whales with areas of increased epipelagic and 
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migrant bathypelagic production which likely serve as prey to the large mesopelagic and 
bathypelagic cephalopods on which sperm whales feed [94, 95]. The confirmation of a 
contemporaneous and direct relationship between maritime traffic and sperm whales is 
highly relevant because there is hardly any information on how human activities shape 
the distribution of cetaceans [96, 97].  

A critical determinant of landscape use by animals is the perception of risk, and 
individuals must balance the rewards (e.g., foraging opportunities, shelter) with the 
potential costs (e.g., increased predation risk)[98]. Human activity typically elicits 
fear responses in wildlife similar to those caused by non-human predators, such as 
altered habitat selection, activity, or vigilance [98]. Avoidance of areas with higher 
shipping density indicates that sperm whales perceive traffic as an important threat. 
Sperm whale behavioural response likely decrease the probability of encounters 
and the risk of collisions with ships, and is therefore critical for population 
persistence. However, avoidance of high traffic areas could also have negative 
consequences for sperm whales, if animals are displaced from higher quality habitats 
used for foraging. A recent study showed huge variations in squid density between 
neighbouring, bathymetrically similar areas, and over small horizontal distances [99]. 
Thus, use of alternative habitats with less traffic could mean poorer foraging options 
with adverse energetic consequences for sperm whales.  

Conversely, the models did not show a significant relationship between fin whale 

relative density and shipping traffic. The lack of a relationship could be due to the small 

number of whale observations used to fit the model. In small datasets, the relationship 

of the response variable with the covariates can be disproportionately affected by 

observations at the extreme of the distribution, i.e, in this case, by observations with 

more than one individual whale [100], which often respond less to large vessels than 

single animals [101]. Previous studies detected a response in the behaviour of animals 

to the shipping, using minor spatial scales than that used in this thesis and acoustic 

methods [54]. More data and the analysis at minor scales would be necessary to confirm 

the absence of a relationship of shipping density with fin whale relative density, and to 

investigate the influence on blue and sei whales.  

The best model revealed that fin whales preferred cold waters, consistent with 
knowledge of their seasonal migration in the area, with most sightings occurring in 
spring [102], when waters are colder. In addition, the fin whale response to higher 
productivity of phytoplankton is likely related to the timing of the spring bloom and the 
subsequent rise in zooplankton on which these whales feed [103].  

5.4.2.1. RISK OF LETHAL SHIP COLLISIONS

The higher risk of lethal collisions for sperm, fin, blue and sei whales occurred along the 

main shipping routes that cross the archipelago. The primary areas of risk of lethal 

strikes were at the main routes connecting the American and European continents, 

some of which go through the archipelago, or cross just to the north or south of the 

islands, and the routes between islands groups (Eastern-Central, Central-Western). 
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Routes between islands of the central group posed a higher risk of lethal collisions for 

sperm and sei whales than for fin and blue whales. These later species whales are at 

higher risk in the main shipping routes linking continents and to a lower extent in the 

local routes linking the island groups.  

Overall, risk of lethal collisions was higher and more widespread within the area for 
sperm whales and sei whales, than for fin and blue whales, reflecting the species’ 
distribution patterns and relative densities in the area. However, this analysis does not 
take into account the diving behaviour and patterns of each species, which is also known 
to affect the probability of collisions with ships [104]. Specifically, the time spent at or 
near the surface, increases the chance of the whales being struck [105]. Foraging sperm 
whales spend prolonged periods of time underwater (average of 43 min of foraging 
dives), and 10 min at the surface in between foraging dives [106]. They spent the 70% 
of the time foraging and the rest of the time can remain at the surface resting or 
socializing. Conversely, fin, blue and sei whales exhibit shorter foraging dives (8-12 min) 
and shorter surfacing periods between dives [107]. Differences in diving behaviour 
between sperm and sei, fin and blue whales can have profound consequences for the 
risk of collision with ships, and should be accounted for in future studies. In addition, 
other factors likely influence the probability of a whale being struck by a ship. Cetaceans 
have a lower response to anthropogenic activities when feeding, resting, or there are 
calves in the group [100, 101, 108]. Therefore, future work should evaluate the influence 
of these factors on the risk of lethal collisions. 

5.4.3. EXPOSURE TO CETACEAN WATCHING

Although cetacean watching effort has been increasing [89] and its geographic 
distribution expanding with the establishment of the activity in new islands and ports, 
the overlap with preferred habitat areas of each whale species was relatively small (8-
25%). High-density areas of sperm, fin, blue and sei whales were mainly in deep, offshore 
waters, often tens of kms away from the home ports of cetacean watching boats and 
from the areas observed by lookouts. A clear example was the sei whale, for which there 
a peak in density W of Faial, 40km from Horta and Madalena ports, and 60km from Lajes, 
thus too far to be frequently targeted by boats. Whether the preference for more 
offshore areas is related to the higher cetacean watching effort in nearshore waters is 
currently unknown, as models incorporating cetacean watching effort could not be fit 
for any whale species. 

Within zone A, the areas of highest overlap occurred off Lajes do Pico for fin and blue 
whales, and north of Faial and at the southern entrance of the channel Faial-Pico for 
sperm and sei whales. These findings are not surprising, as these areas correspond to 
major hotspots of cetacean watching activity, respectively, for boats operating from the 
port of Lajes and the ports of Horta and Madalena do Pico. While these areas make up 
a relatively small proportion (2-7%) of the suitable habitat available for each species in 
the study area, metrics used in this study to evaluate habitat quality are relatively crude 
and coarse-scaled and may not capture fine-scale oceanographic and prey dynamics that 
drive foraging success in these whales. Moreover, this analyses does not enable 
assessing the short and long-term consequences of whale exposure to cetacean 
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watching activity. Hence, it is necessary to investigate if and to what extent exposure to 
whale-watching boats influences foraging behaviour and movements in these species. 

5.4.4. CUMULATIVE EXPOSURE TO SHIPPING COLLISIONS AND CETACEAN

WATCHING

This work identifies areas where sperm, fin, blue and sei whales have a higher probability 

of lethal collisions and of being exposed to cetacean watching boats. Within cetacean 

watching zone A, there were three areas where risk of exposure to both activities was 

high: N-NE of Faial, and S of Pico, off S. Mateus and Lajes. The co-occurrence of cetacean 

watching boats and commercial ships may exert accumulating and interacting impacts 

on large whales, both in terms of physical disturbance and underwater noise. For 

example, disturbance from both activities can increase the magnitude or frequency of 

avoidance behaviours, causing them to shift habitat selection, increase movements or 

vigilance, with important energetic consequences, or cause strong behavioral reactions 

associated with potentially disproportionate physiological responses, that may lead to 

severe injuries or death. Behavioural response to one of the activities may also condition 

response or make animals less vigilant to other approaching threats, and anthropogenic 

noise may distract whales [109]. Hence, it is critical that both activities are studied and 

managed in concert. 

5.4.5. MANAGEMENT AND CONSERVATION IMPLICATIONS

While this study contributes to identifying risk areas of lethal collisions for large whales, 
it does not provide information on the actual number of lethal collisions. Quantifying 
the number of collisions requires that collisions are systematically reported in ship 
logbooks [66]and that observer programs be established to monitor higher risk routes 
and ships. Nonetheless, the present study provides important hints of potential 
measures to reduce the risk to large whales. Permanently re-routing shipping away from 
critical whale habitats and high-density areas [66], which has been successfully 
implemented in other regions, could be an option but must be carefully evaluated 
because these species are relatively widespread in the area, and alternative traffic 
corridors may increase collision risks elsewhere. Limiting vessel speed on the main 
shipping routes identified by this work and for faster vessels could be very effective but 
usually comes at high economic costs and is difficult to implement. However, this 
mitigation measure could be temporary if established along with a cetacean alert 
system, as done in other regions [110]. This could be done by placing visual observers 
aboard some vessels, such as high-speed ferries, and/or by deploying hydrophones in 
high-risk routes to enable whale detection in real-time [22, 111]. Both monitoring 
schemes would allow activating precautionary measures (e.g., reduce speed, change 
route) to reduce the risk of collisions [112, 113]. Acoustic monitoring could work well 
for sperm whales, that emit echolocation or social clicks very frequently but can be 
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challenging for large baleen, which show lower calling rates that change seasonally 
[114].  

This study also revealed that the cetacean watching effort within zone A is highly 
concentrated in very restricted areas that, together, total <5,000 km2. Such 
concentration seems to be primarily driven by the location of the lookouts, followed by 
distance to ports, and only secondarily by whale distribution. As such, increasing and or 
a better spreading of the lookouts along the islands could contribute to a more even 
spatial distribution of cetacean watching effort and reduce exposure in specific areas. 
The potential benefits of this strategy in terms of behavioural disturbance to animals 
relative to concentrating most of the activity in fewer whale habitats should be assessed. 

Finally, shipping traffic and cetacean watching are expected to continue increasing and 
changing according to the region's new commercial and tourism demands. These 
changes in both anthropogenic activities should be closely monitored and continually 
updated in future management assessments [115]. 

5.5. CONCLUSION 

Analysis of exposure to shipping traffic and cetacean watching analysis based on spatial 

models of whale density provided an effective approach for assessing whale response 

to these activities and identifying areas of higher risk. These analyses are crucial in the 

mid-Atlantic Ocean where shipping density of commercial and passenger vessels is 

projected to continue increasing. These areas are also critical habitats for migratory 

baleen whales [102, 116] and for sperm whales [117].  

I found evidence of shipping avoidance by sperm whales. The sperm whale was also the 

species more at risk of lethal collisions and with the higher proportion of suitable habitat 

overlapped with cetacean watching activity. Thus, both lethal and non-lethal impacts 

from these activities on sperm whales could be substantial and deserve to be further 

investigated. Cetacean visual and acoustic surveys throughout the year improve our 

understanding their abundance and seasonality in the area. These data could improve 

SDMs developed for the species and their predictive ability which, together with a longer 

AIS dataset, could be used to refine the risk analysis. These would also improve the 

models and risk analysis for the baleen whales. Analysis of the exposure to cetacean 

watching data was only carried out for a limited area of the archipelago and data from 

other areas is necessary to expand the analyses to cover the spatial distribution of the 

activity. Besides, more years of cetacean watching data could help create a near real-

time covariate to analyse the species' response through SDMs. Finally, data on the 

behavioural responses of individual animals and on the fine-scale distribution and 

density of preferred prey of these species could help understand the energetic impacts 

of disturbance. This could then be linked with species distribution modelling and risk 
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maps to obtain spatially-explicit estimates of disturbance, thereby improving spatial 

management of these activities.  
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6. DISCUSSION

Most large whales were subjected to severe overexploitation by commercial whaling 

and have not yet attained their historical numbers, remaining endangered or vulnerable 

[1, 2]. These whales now experience numerous other pressures from human activities 

[3, 4] that, acting singly or in combination, threaten the recovery of populations. Large 

whales are highly mobile and their range can extend throughout entire ocean basins. 

Yet, information on these pressures is only available for limited parts of whales’ range, 

preventing an understanding of the consequences at the population level, and hindering 

implementation of effective management and regulation measures.  

The waters around the Azores archipelago are an important feeding, calving and possibly 

mating ground for sperm whales in the North Atlantic [5]. The Azores are also an 

important migratory and mid-latitude foraging habitat for North Atlantic blue, fin and 

sei whales [6-8]. These whales support a thriving cetacean watching industry in the area 

that generates over 50M€ [9]. However, potential negative impacts of the local cetacean 

watching activity on these whales have long been a cause for concern. Cetacean 

watching elicit avoidance responses from targeted cetaceans that can disrupt 

individual’s energy budgets. Repeated disturbance can lead to displacement from 

important habitats used for critical activities and reduced population fitness [10]. 

Recently, the number of ship collisions with sperm and baleen whales, as well as of 

observations of whales with recent injuries likely caused by interaction with ships, has 

increased in the Azores [11]. The known collision cases most likely underestimate the 

number of whale strikes, as many collisions are not reported and whale carcasses often 

sink [12]. This raised the concern that ship collisions may be an important source of 

mortality for whales in the region.  

This thesis developed a robust modelling approach and tools to assess the exposure of 

large whales to cetacean watching and marine traffic. The application of these tools 

contributed new knowledge on the drivers and patterns of distribution of four whale 

species (sperm, blue, fin and sei whales) in the Azores (Chapter 4), and provided the first 

estimates for the region of the cetacean watching and marine traffic spatio-temporal 

patterns (Chapters 2 and 3), the risk of fatal collisions of these four whale species with 

large vessels (Chapter 5), and their exposure to cetacean watching activity (Chapter 5).  

The main findings of the thesis are summarized and discussed below. 
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6.1. CETACEAN WATCHING AND MARINE TRAFFIC PATTERNS 

The incorporation of Automatic Identification System (AIS) in vessels adopted by IMO in 

2000 to increase the security of maritime operations has brought benefits in other 

aspects [13]. This system allows capturing a large volume of data, enabled identifying 

shipping traffic patterns by large vessels over the last two decades. However, in small 

coastal vessels, such as those that offer cetacean watching trips, the equipment has only 

started to be implemented recently.  

Cetacean watching is a global billionaire business and is expected to continue to grow 

[14]. Yet, with few exceptions [15, 16], the effort of the activity and the exposure of 

cetaceans has not been determined, although this information is critical to monitor the 

activity, estimate the carrying capacity for a given population/area, or assess the 

effectiveness of management measures 

AIS and other vessel positioning systems (e.g., Global Positioning System (GPS)), enable 

reconstructing the vessel trajectories but do not provide information on their activities. 

Using data from AIS and GPS systems installed on cetacean watching operators (that 

voluntarily agreed to it) and logbook data kindly shared by some operators, a method 

was developed to identify the behavioural state of cetacean watching vessels, enabling 

to distinguish periods of cetacean observation, from other activities (Chapter 2). The 

method inspired on Vespe et al. [17], estimated the speed density distribution of vessels 

engaged in different activities and applies these speed parameters to automatically 

identify vessel behaviour. Validation of the method using an independent dataset 

showed high accuracy, with 81% of cetacean observation periods, and 81-88% 

(depending on the boat) of transiting periods correctly identified. 

The method enables a more accurate quantification of cetacean-effort and a more 

realistic representation of the areas where cetaceans are exposed to the activity. 

Importantly, the method is easily transferable to other cetacean watching areas, 

requiring only adjustment and validation of the speed parameters used to discern boat 

behaviour. Therefore, it can be a powerful tool for monitoring and managing cetacean 

watching activity. 

Cetacean watching activity in zone A (Faial, Pico and S. Jorge islands) mainly 

concentrated north of Faial, in an area extending off the channel Faial-Pico to Cedros, 

and south of Faial and Pico, between Lajes do Pico and Castelo Branco (Chapter 2). Boats 

from Lajes do Pico only used the south of Pico, but boats from Horta and Madalena used 

all areas. The effort increased in spring, peaked in summer and decreased again in 

autumn [18-20]. Monthly maps showed that boats from Horta and Madalena used more 

the southern sector in April-June but increased the effort north of Faial in August. These 

results confirm empirical knowledge: i) cetacean watching activity tends to focus around 

the home ports of the operating vessels, especially off the areas where there are 
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lookouts;) ii) vessels from the same home port exhibit similar spatial patterns; iii) boats 

from Horta, Madalena and Lajes do Pico overlap south of Pico. 

AIS data was also used in Chapter 3 to characterize and map shipping traffic, with a focus 

on the traffic by large and fast vessels known to be responsible for most fatal collisions 

with large whales [21, 22]. A series of algorithms were specifically created to correct and 

standardize AIS data records, and to calculate metrics used to estimate shipping density 

patterns in the Azores. Results show that cargo ships and tankers were responsible for 

the majority of shipping traffic from 2012-2016, with fishing and passenger vessels, 

having also an important contribution. Four main shipping routes were identified within 

the study area: one to the north of the archipelago, one on the south, a route linking S. 

Miguel to the central group of islands, and another one connecting the islands within 

the central group. The highest shipping density was found close to the main ports (e.g., 

the Faial-Pico channel, the area around Ponta Delgada, in S. Miguel, and NE of Terceira), 

and along direct routes connecting all islands. Two trans-Atlantic routes of cargos and 

tankers crossed the Azores, one north of the archipelago and the other south of S. 

Miguel. These four main routes were observed throughout the study, with little 

variation. 

Large vessels (>80 m long) travelling at high speeds (> 14 kn) have been recorded more 

often in fatal collisions with large whales [21, 22]. These two criteria were therefore 

used to filter the AIS data to describe shipping patterns associated with a higher risk of 

lethal collisions (Chapter 3). Most cargo and tankers detected in the AIS records were at 

least 80 m in length. As these vessels were responsible for most traffic in the area, the 

patterns of traffic with high risk of lethal collisions were similar to those of total traffic, 

although shipping density was naturally lower. Passenger and HSC vessels also 

contributed to shipping density with increased probability of lethal collisions, especially 

in the summer.  

6.2. MODELLING WHALE DISTRIBUTION 

6.2.1. INCORPORATING PREY COVARIATES IN WHALE MODELS 

Modelling species’ habitat preferences is critical to understand their spatio-temporal 

dynamics and to assess their exposure to human activities. A major impediment to 

assessing whale overlap with cetacean watching activities and marine traffic in the 

Azores has been the lack of accurate predictions of whale density at relevant spatial and 

temporal scales. Previous models of whale habitat preferences in the Azores relied on 

oceanographic (e.g., temperature, chlorophyll-a concentration) and static (e.g., depth, 

bottom slope) variables [23, 24]. These models lacked information on prey distribution, 

a critical driver of the distribution of top predators, including cetaceans [25, 26]. The 
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absence of prey data is believed to have affected the ability of these models to describe 

the dynamics of whale populations in the region at finer scales.  

Prey data is rarely included in marine top predator models because of the difficulty of 

simultaneously sampling prey and predator [25-27]. In this work, the whale distribution 

models included simulated prey variables from the SEAPODYM model [28], in addition 

to a selection of environmental variables (Chapter 4). The SEAPODYM predicts the 

biomass and production of mesozooplankton organisms (i.e. holo- and mero-

zooplankton) and six functional groups of micronekton (small (2-20 cm) pelagic fish, 

cephalopods and crustaceans), in different depth layers from the surface down to 

1,000m depth [29]. Selection of prey data to be included in the models was based on 

the diet preferences and diving behaviour of each whale species.  

Surprisingly, none of the prey variables selected was retained in the best model for the 

blue whale, while sei whale relative density increased in waters with low biomass of 

upper-mesopelagic layer. Relative density of sperm and fin whales increased with 

increasing upper-mesopelagic production and epipelagic biomass, respectively. But 

even when significant, prey variables were never the most important covariates 

at explaining whale density, with the exception of fin whales model in Chapter 5.  

SEAPODYM model outputs may not represent well the main prey of the whales studied 

here. This likely is the case of the deep water squid preyed on by sperm whales, most of 

which are not part of the micronekton, and have a small contribution to the acoustic 

backscatter at the frequencies used for parameter optimization in SEAPODYM (Lehodey 

et al. 2014). Even so, upper-mesopelagic production was retained in the sperm whale 

model, in contrast to what happened in other areas, where all prey variables from 

SEAPODYM were discarded [30]. Still, the wide confidence intervals of the smoother for 

upper-mesopelagic production reveal a very high uncertainty in the results. 

Manocci et al [30] showed that production of epipelagic micronekton was the most 

important covariate in fin whale density models and the fourth most important 

covariate in sei whale density models developed for different locations in the northwest, 

central and northeast Atlantic [30]. Distribution models of blue, fin and sei whales 

instrumented with satellite telemetry tags in the Azores showed a link to zooplankton, 

rather than epipelagic micronekton [31]. Hence, in contrast to what happens with sperm 

whales, SEAPODYM may represent at least to some extent the planktonic and 

micronekton organisms consumed by baleen whales in the Azores and elsewhere. 

Nevertheless, the latter study showed that blue and sei whales were associated to 

intermediate values of zooplankton production or biomass from the previous month. 

These results suggest a temporal mismatch between SEAPODYM zooplankton variables 

and whale distribution, or that prey metrics output from SEAPODYM are not the most 

relevant for baleen whales. In fact, patch density, rather than total prey abundance or 

biomass, appear more important at driving foraging effort and energy intake of baleen 

whales [32]. 
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Finally, the spatial scale and resolution of the analysis of Perez-Jorge [31] was totally 

different from the one used here. In addition to prey abundance, the prey spatial scale 

also influences the predator’s response. Some studies suggest that predator-prey 

relationships are better detected on a fine-scale [26, 33], and others suggest that the 

scales should be larger than the prey aggregations [34].  

Despite these shortcomings, prey covariates improved the predictive performance of 

the models in which they were retained, and contributed to unveil the dynamics of 

whale distribution in the area.  

6.2.2. WHALE DISTRIBUTION AND HABITAT PREFERENCES 

The local density of large whales was strongly associated with dynamic variables linked 

to biological productivity, prey availability, and as well as depth, reflecting the tight 

relationship between whale occurrence in the Azores and the availability of food in the 

area (Chapter 4 and 5). The models also were influenced by other power explanatory 

variables see more details in 6.2.3.Effect of marine traffic on whale distribution (Chapter 

5). 

The whales’s preference in the Azores by dynamic variables reflect their migratory status 

in the area.  

In this thesis the sperm whale’s preference by the food availability was not that 

important as for the baleen whales. This can be influence by the more complex 

relationship between the predator and prey, by the level in the trophic chain or by the 

need of include bigger prey size for sperm whale [35]. 

Besides, the baleen whales preferred productivity lagged variables. The temporal delay 

between primary productivity and the development of the whales prey are linked to 

their life cycles [36, 37]. The main prey of the baleen whales and sperm whales have 

different temporal delays [36, 38]; the analysed periods here it could be more accurate 

for the baleen whales than for sperm whales. Therefore, the lagged relationship 

between prey and predator would be dismissed for sperm whales. 

These whale species occasionally have several feed strategies in one region and 

sometimes linked to age or gender [39-41]. The sperm whale is the most extreme case, 

because the adult males use to feed on bigger size animals and include more fish than 

the rest of their congeners [35, 42]. 

The depth preference characterize the species distribution, for the sperm whale is an 

interval and for the blue whale a linear increment. The relationship between the blue 

whale and this variable should show their migratory patterns, it would be more 

individuals away from the shoreline and for the sperm whales would reflect their link 

with submarine irregularity, like seamounts [43]. 
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6.2.3. EFFECT OF MARINE TRAFFIC ON WHALE DISTRIBUTION 

Animal distribution can be influenced by anthropogenic activities, directly by disturbing 

or changing their behaviour, or indirectly through changes in their ecosystem (e.g., 

physical changes to the habitat, prey or predator distribution) [32, 33]. Although 

explicitly modelling the effects of human activities on animal distribution has been 

common practice in terrestrial systems for some time (e.g. [44, 45]), only recently it 

started to be attempted in marine organisms [46, 47]. 

Vessels of all sizes are known to elicit an array of behavioural changes in cetaceans [48], 

particularly large whales [49]. These responses range from changes in swimming speed 

and direction, and in diving patterns, increases in aerial behaviour, mother-calf 

separation, cessation of feeding and calf nursing, and displacement from preferred 

feeding sites [50].  

In Chapter 5, shipping density was incorporated as a covariate in whale SDMs, to 

understand its influence on whale distribution at broad spatial and temporal scales. 

Because shipping density was only available for four years, the cetacean and effort data 

had to be subset to match the same period, resulting in a considerable reduction in 

sample size, and in the selection of different covariates. Thus, predictions from these 

models cannot be compared with those from Chapter 4. Shortening the time period 

covered also implied that the number of sightings of blue and sei whales were 

insufficient to fit the model with shipping density. 

Results show that sperm whale relative density was significantly influenced by shipping 

density, with density decreasing as shipping density of large vessels (> 80 m) travelling 

at high speeds (>14 kn) increased. These findings suggest that sperm whales avoid areas 

of high marine traffic (Chapter 5). It is unknown whether this implies that sperm whales 

were displaced from preferred habitats. Future studies should try to investigate this and 

to estimate the energetic consequences for sperm whales of avoiding high traffic areas. 

In contrast, there was no evidence that shipping density influenced fin whale relative 

density (Chapter 5), despite the co-occurrence of whales (Chapter 4) and ships (Chapter 

3) throughout most of the area. Presently, it cannot be ascertained if the lack of a

relationship was an artifact from the low sample size used to fit the model. Nevertheless,

these results do not mean that fin whales do not respond to traffic. Responses may be

temporary and subtle, and would therefore require fine-scale sampling to detect. In any

case, these findings suggest that fin whales may be at higher relative risk of being

disturbed, given the potential for multiple encounters with vessels. Evasive responses

to vessels likely increase the energetic costs of whales and may force them to interrupt

or cease their previous activity. Fin whales use the Azores for foraging during migration

[6], a life stage during which individuals must carefully balance their energy budget, as
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they cross vast ocean areas where feeding opportunities are reduced [51]. Repeated 

interruption of feeding can thus have a cumulative adverse effect on the energy balance 

of migratory fin whales. Additionally, shipping noise can disrupt fin whale acoustic 

behaviour, mask their vocalisations thus reducing their communication space, and 

increase stress levels [52]. 

Incorporating shipping density into whale distribution models enabled a first insight into 

the responses of large whales to marine traffic at large spatial and temporal scales. This 

approach could be applied to sighting and AIS data at smaller resolutions (e.g., daily time 

scales), as well as to satellite-tracked movements and vessel activity.  

6.2.4. WHALE EXPOSURE TO CETACEAN WATCHING AND RISK OF LETHAL SHIP

COLLISIONS

A conservation strategy commonly applied to cetaceans is to protect areas where 

populations are known to be vulnerable to specific threats, or protect their core habitats 

[53, 54]. Risk-based approaches are increasingly used to assess potential impacts from 

anthropogenic activities on wildlife and to support area-based management efforts 

(e.g., Merchant et al (2018) [55]).  

Borrowing from this concept, in Chapter 5, estimates of cetacean watching effort 

produced using the methods and data described in Chapter 2 were combined with 

predictions of whale density (Chapter 4), to produce an exposure map for each whale 

species and calculate the percentage of suitable habitat where exposure occurred. 

Habitat exposure to cetacean watching activity varied among species, ranging from a 

maximum of 25% in fin whales to 8% in blue whales. These results suggest that 

proportion of suitable habitat within the region exposed to whale-watching was 

relatively small for most species, and negative effects at the population level are likely 

to be minor, especially considering that none of the species is resident in the area year-

round. In the case of fin whales, the analysis showed fewer high-quality habitats 

available to move away and avoid being exposed to the activity. Future analysis of the 

carrying capacity of the cetacean watching activity should [46] take special attention to 

this species. 

Risk maps of lethal collisions revealed that collision hotspots were mainly on the trans-

Atlantic traffic lanes, and on the routes connecting the Azorean islands groups. Overall 

risk was greater for sperm whales, the species with higher relative density in the area, 

followed by fin, blue and sei whales. In some areas, risk of lethal collisions and exposure 

to cetacean watching overlap. The two activities may exert accumulating and interacting 

impacts on large whales, both in terms of physical disturbance and underwater noise, 

and it is critical to consider these pressures collectively [56]. 

The risk of shipping traffic to whale populations can be reduced in various ways, for 

example, by re-routing existing traffic routes to less suitable habitats. However, this 
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work showed that high-density areas of these whale species were not distributed in a 

single nucleus but were spread throughout the region. So protecting them is more 

complicated. A more feasible solution could be restricting the speed of the large vessels 

[57] in areas where whales were more abundant, to reduce the severity of potential

collisions and disturbances [58]. This would also benefit other taxa as the relationship

between speed and the severity of injuries is the same for a wide variety of marine

species [59, 60]. Nevertheless, any potential measures to reduce collisions with marine

taxa must be carefully evaluated before and after to assess its effectiveness [61-63].

Therefore, it is essential to implement a regional program to record and monitor

collisions with marine wildlife.

6.3. FINAL CONSIDERATIONS 

This work provides a set of modelling tools to characterize maritime activities, cetacean 

habitat preferences and distribution, and the interaction between the two. The 

algorithms developed in Chapter 2 enable identifying areas of cetacean watching and 

quantifying the effort of the activity using only boat positioning data. These algorithms 

can be applied to data from anywhere in the world. The tools for processing large 

volumes of AIS data and the filters created to select records fitting to vessel speed and 

length (Chapter 3) have made it possible to map shipping traffic and identify areas with 

the highest concentration of ships associated with a greater risk of lethal collisions. 

SDMs developed in Chapter 4 improved the understanding of the spatio-temporal 

dynamics of cetaceans and enabled estimating their exposure to cetacean watching and 

a marine traffic. Together, these tools can increase the effectiveness of conservation 

measures for these whale species, allowing managers and decision-makers to prioritize 

conservation actions and focus in areas identified as having the greater risk. 

These tools can be refined and fed with additional data and new sources of data. 

Incorporation of AIS in smaller vessels (including cetacean watching boats) would permit 

a more robust analyses of the influence that ships have on cetacean distribution and on 

the risk of lethal and non-lethal collisions, as well evaluating the risk to other pressures 

(e.g., noise, oil spills, gas emissions). Fitting AIS equipment in cetacean watching boats 

would help characterize the activity at the scale of the Azores archipelago and even in 

other parts of cetacean’s range enabling a better understanding on the exposure of the 

populations across their range, and using these data to develop cetacean SDMs. 

SEAPODYM is being constantly improved and recent developments output prey 

variables at much lower resolutions than the ones used, which can significantly increase 

the accuracy of predictions.  

The Azores archipelago depends on the sea. In the future, it is expected that 

anthropogenic activities in the marine environment continue to expand and new ones 
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emerge. The modelling tools developed in this dissertation can assist reducing the 

impact of these activities on cetacean species. 
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 ................................................................................................................................................... 118 

Table 5. 6. Covariates retained in the best fin whale model (SDM-p-es). Sea water potential 

temperature, temperature; lower trophic level plankton (pp), pk_pp; epipelagic micronekton 

(pp), epi_pp.  ............................................................................................................................. 118 
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APPENDICES

SUPPLEMENTARY DATA OF CHAPTER 2 

APPENDIX A. TIME INTERVAL 
Table App. 2.1. Time interval between messages/signals by boat. Boat: id number of the boat; 

Locations: number of positions; Time interval: mean of time interval in seconds; SD: standard 

deviation of time interval in seconds. 

APPENDIX B. BIMODALITY RESULTS 
Table App. 2.2. Dip test and bimodality coefficient results. Boat: id number of the boat, Count: 

number of positions, Dip statistic: value of the statistic, Dip pvalue. BC: bimodality coefficient 

value. 

Boat ID Count Dip Statistic Dip pvalue BC 

1 39743 0,065702 <0,01 0,738995 

2 42970 0,032494 <0,01 0,640054 

3 187377 0,052109 <0,01 0,682073 

4 3493 0,040724 <0,01 0,73093 

5 27345 0,067955 <0,01 0,712708 

6 21224 0,101855 <0,01 0,794464 

7 7488 0,093499 <0,01 0,717595 

8 33672 0,047111 <0,01 0,572008 

9 22457 0,058403 <0,01 0,692441 

10 4195 0,031259 <0,01 0,41369 

11 8186 0,045804 <0,01 0,68244 

12 12866 0,041158 <0,01 0,696065 
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Boat ID Count Dip Statistic Dip pvalue BC 

13 18270 0,036696 <0,01 0,749689 

14 44286 0,092753 <0,01 0,792203 

15 2673 0,011501 <0,01 0,681311 

SUPPLEMENTARY DATA OF CHAPTER 3 

APPENDIX C. LAND STATIONS 
Table App. 3.3. Estimated range covered (nm) 

Station Range (nm) 

Sta Maria (Pico Alto) 66,70 
S. Miguel (Pico Bartolomeu) 81,70 
S. Miguel (Pico das Camarinhas) 66,80 
Terceira (Serra do Cume) 65,70 
Terceira (Serra de Sta Bárbara) 87,50 
Graciosa (Pico Timão) 49,80 
S. Jorge (Macelinha) 59,80 
Pico (Pico Geraldo) 60,70 
Faial (Cabeço Gordo) 88,90 
Flores (Morro Alto) 83,90 

APPENDIX D. NA IN RAW DATA 

The AIS raw data had missing data; five variables had not available information for 2-34 

% of the total messages (IMO, length, beam, speed and status). These variables were 

the same over the years. 

Table App. 3.4. The total number values of the AIS raw records from the messages, vessels, trips, 

countries and dates for the period (2012-2016). 

Year Messages Vessels Trips Countries Dates 

2012 82706 1206 4696 55 65 
2013 608849 5648 37702 87 339 
2014 663575 5845 38459 79 333 
2015 793428 6146 47560 95 334 

2016 1035874 6649 58276 95 366 
Table App. 3.5. Number of vessels per year and vessel type (AIS raw records for the period (2012-

2016)). Military v.: military vessels; pleasure b.: pleasure boats; port: vessels used for port 

services; rescue v.: rescue vessels 

Year Cargo Fishing Military v. Other Passenger Pleasure b. Port HSC Rescue v. Tanker 

2012 831 36 4 35 17 2 7 0 0 274 

2013 3451 133 16 348 121 145 35 7 12 1380 

2014 3727 113 16 306 140 200 35 5 12 1291 

2015 3694 139 25 366 141 206 58 10 8 1499 

2016 3958 120 15 553 138 197 59 9 12 1588 
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Table App. 3.6. Number of trips per year and vessel type (AIS raw records for the period (2012-

2016)). Military v.: military vessels; pleasure b.: pleasure boats; port: vessels used for port 

services; rescue v.: rescue vessels 

Yea
r 

Carg
o 

Fishin
g 

Military 
v. 

Othe
r 

Passeng
er 

Pleasure 
b. Port 

HS
C 

Rescue 
v. 

Tanke
r 

201
2 2412 340 15 125 1034 4 94 0 0 672 

201
3 

1793
9 1679 117 1965 8215 833 920 

64
6 217 5171 

201
4 

1756
0 2325 98 2047 9495 855 

106
0 

37
0 77 4572 

201
5 

1936
3 4749 180 2288 11130 1016 

149
4 

74
7 109 6484 

201
6 

2285
8 5009 58 5305 12085 1406 

204
5 

96
9 262 8279 

 

APPENDIX E. PROCESS TO DETECT DUPLICATE VESSEL NAMES: 

The algorithm described here allows evaluating the reliability of the data. The process 

of the algorithm started once the vessels are identified by MMSI and IMO. Some vessels 

showed more than one name. Therefore, the frequency of each vessel’s names was 

calculated, names under 10% of frequency were labelled as suspicious. The compute 

Similarity Scores between the vessel names was run in R using the package stringdist 

v0.96.3 [1]. The function stringsim returns a value between zero and one, where zero is 

complete dissimilarity and one perfect similarity. The next step was to run the index to 

identify the same vessel with former names or some differences in the static provided 

information. This index was based on MMSI, IMO, name, callsign, type of vessel 

(cargotype) and country. If the index concluded that they were different, they were 

selected to be corrected consulting the cleaning AIS list, which was developed by 

analysing the raw data, and external online databases. The external data consulted were 

Fishing Vessels Finder (FVF) of the Food and Agriculture Organization of the United 

Nations (FAO) and the free AIS vessels tracking web site VesselFinder which displays 

vessel positions and static information [2, 3]. 
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Figure App. 3. 1. Scheme of the process to detect duplicate vessel names 

Table App. 3.7. Algorithm of the Process to detect duplicate vessel names 

Algorithm  

Require AIS shipping dataset 
Require Locations (latitude and longitude) 
Require AIS messages identified by MMSI and IMO, and include date, time. Also optional 

variables: name, callsign, type, country, speed etc 
1 Frequency of names by MMSI_IMO 
2 Suspicious Names; with a <10% freq of the messages 
3 Compute similarity scores between the names by MMSI_IMO 
4 Index to identify same vessels with one or several differences based on MMSI, 

IMO, name, callsign, type and country 

Table App. 3.8. Classification of the same vessel index 

Classification Variable Description 

0 Prob. different name Similarity scores, is not probably the same 
boat's name 

0.5 Country Static boat information 
0.5 Cargotype Static boat information 
1 Prob. same name Similarity scores, is probably the same boat's 

name 
2 MMSI The unique MMSI number of a vessel can 

changes (sold, owner, flag) 
2 IMO Once assigned, the Number remains 

unchanged for a company and/or registered 
owner 

2 Callsign Unique VHF call sign, is programmed when 
installing the equipment a 
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APPENDIX F. PROCESS TO DETECT SYSTEMATIC ERRORS IN VESSEL COORDINATES: 

A systematic mistake was detected in the transmission from the vessels and from the 
land station. Messages with coordinates and all the data required but wrong. The 
algorithm was built here to detect duplicated messages based on the exact coordinates, 
date and hour (without including minutes and hours). For example a vessel acting as a 
sea station transmit five messages with the information of five different vessels (5 
MMSI), and all of them had the exact coordinates that belong to the intermediary vessel 
between the vessel and the land station, not to the original vessels (MMSI). The 
validation of this method was using land station’s data because all the messages with a 
MMSI for a vessel with the land station’ coordinates were an apparent mistake. The 
subset of messages with land station’s coordinates was tested with the algorithm, and 
was detected a 97-100% of the mistakes. After the validation of the process, a filter was 
created to remove all messages detected as duplicates and messages within the 
coordinates of the land stations. 

APPENDIX G. HARBOUR BOXES 

 

Figure App. 3. 2. Harbour boxes used in the split trips process1 

 

 

                                                      
1 Adapted from 4. Eurostat, cartographer Transport networks: © European Union, 
1995-2021; 2009. 
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APPENDIX H. INTER-ANNUAL PATTERNS OF MEAN DAILY SHIPPING DENSITY ON

CRUISE FROM 2013 TO 2016. 

Figure App. 3. 3. Inter-annual patterns of mean daily shipping density on cruise from 2013 to 

2016. 

SUPPLEMENTARY DATA OF CHAPTER 4 

APPENDIX I. TRAIN AND TEST DATA SUMMARY 
Table App. 4.9. Presences and absences used to fit SDMs. Number of individuals (presences). 

Species 
TRAIN DATA TEST DATA 

Presences Absences Presences Absences 

Fin whale 154 18798 45 6539 
Blue whale 31 19714 11 10377 
Sei whale 61 19051 30 6303 
Sperm 
whale 

1204 18371 376 6807 
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Table App. 4.10. The models predicted relative density ranged from a maximum and a minimum 

of individuals per 27,5 km2 (1/4 degree 2) and transformation to per 100km2. 

Species 1/4 degree2 

 

100km2  

 Min Max Min  Max 

Sperm whale 5,94E-05 3,81E-03 2,16E-04 1,39E-02 

Fin whale 1,48E-06 1,22E-03 5,40E-06 4,42E-03 

Blue whale 3,31E-08 5,95E-04 1,20E-07 2,17E-03 

Sei whale 5,05E-06 1,02E-03 1,83E-05 3,70E-03 
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APPENDIX J. SUPPLEMENTARY MAPS 

 
Figure App 4. 1. Mean overall predictions with sightings. Sperm whale on top left, fin whale on top right, blue whale on down left and sei whale on down right. 
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Figure App 4. 2. Standard deviation (SD), best model for sperm whale (top left), fin whale (top rigth), blue whale (down left) and sei whale (down rigth). 



Appendices 

SUPPLEMENTARY DATA OF CHAPTER 5 

APPENDIX K. RESULTS OF THE DISCARDED MODELS 

Table App. 5.11. Covariates retained in the best sperm whale model (SDM-p-es). Square root of 

Euclidean distance to SST fronts, Ed_Fronts; Epipelagic micronekton (pp), epi_pp and highly 

migrant bathypelagic micronekton (pp), hmbathy_pp. 

Covariates edf Ref.df F p-value

epi_pp 0.8207 4 1.173 0.0155 

Ed_Fronts 0.8075 4 0.982 0.0264 

hmbathy_pp 0.7973 4 0.896 0.0321 

Parametric coefficients: Estimate SE T p-value

Intercept -6.7552 0.1195 -56.52 <2e-16 

Table App. 5.12. Covariates retained in the best sperm whale model (SDM-p-aa-1). Shipping 

density, “Speed”, 14-80kn; pk_pp, square root of Euclidean distance to SST fronts, Ed_Fronts; 

Epipelagic micronekton (pp), epi_pp and highly migrant bathypelagic micronekton (pp), 

Covariates edf Ref.df F p-value

Ed_Fronts 0.8161 4 1.031 0.0235

epi_pp 0.8028 4 1.046 0.0208

hmbathy_pp 0.7822 4 0.811 0.0392

14-80kn 0.7048 4 0.533 0.0811

Parametric coefficients: Estimate Std. Error T value Pr(>|t|) 

Intercept -6.7643 0.1197 -56.5 <2e-16 

Table App. 5.13. Covariates retained in the best fin whale model (SDM-p-aa-1). Shipping density, 

“Speed”, 14-80kn; Sea water potential temperature, temperature; Lower trophic level plankton 

(pp), pk_pp; Epipelagic micronekton (pp), epi_pp. 

Covariates edf Ref.df F p-value

pk_pp 0.8677 4 1.274 0.0130 

epi_pp 0.8148 4 1.015 0.0241 

temperature 0.8110 4 0.955 0.0285 

14-80kn 6e-5 4 0.000 0.9288 

Parametric coefficients: Estimate Std. Error T value Pr(>|t|) 

Intercept -9.440 0.3432 -26.93 2.16e-10 
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Table App. 5.14. Covariates retained in the best fin whale model (SDM-p-aa-2). Shipping density, 

“Speed and size”, 14-80kn 80m; Sea water potential temperature, temperature; Lower trophic 

level plankton (pp), pk_pp; Epipelagic micronekton (pp), epi_pp. 

Covariates edf Ref.df F p-value 

pk_pp 0.8677 4 1.274 0.0130 

epi_pp 0.8148 4 1.015 0.0241 

temperature 0.8110 4 0.955 0.0285 

14-80kn 80m 8e-5 4 0.000 0.7694 

Parametric coefficients: Estimate Std. Error T value Pr(>|t|) 

Intercept -9.440 0.3432 -26.93 2.16e-10 

 

 

Figure App. 5. 1. GAM smoothers for sperm whales (SDM-p-es): top left) Epipelagic micronekton 

(pp), epi_pp, top right) Square of Euclidean distance to Fronts, Ed_Fronts, and bottom left) highly 

migrant bathypelagic micronekton (pp), hmbathy_pp. Smooth functions are shown as a solid 

line, and shaded regions represent 95% confidence intervals.  



 
171 Supplementary data of Chapter 5 

 

Figure App. 5. 2. GAM smoothers for sperm whales (SDM-p-aa-1): top left) Shipping density, 

“Speed”, 14-80kn, top right) Square of Euclidean distance to Fronts, Ed_Fronts, bottom left) 

Epipelagic micronekton (pp), epi_pp, and bottom right) highly migrant bathypelagic micronekton 

(pp), hmbathy_pp. Smooth functions are shown as a solid line, and shaded regions represent 95% 

confidence intervals. 

 

Figure App. 5. 3. GAM smoothers for fin whales of the SDM-p-aa1 and SDM-p-aa2 models on 

shipping extent. The SDM-p-aa1 and SDM-p-aa2 models were identical for fin whales, thus 

represented only once: top right) Lower trophic level plankton (pp), pk_pp, top left) Epipelagic 
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micronekton (pp), epi_pp, bottom left) Sea water potential temperature, temperature and 

bottom right) Shipping density, “Speed and size”, 14-80kn 80m and Shipping density, “Speed”, 

14-80kn same flat line. Smooth functions are shown as a solid line, and shaded regions represent 

95% confidence. 
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