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Abstract 
 
Maritime transportation forecasts project an increase in shipping. In this context, 
interactions with cetaceans are of growing concern especially when relevant biological 
data are not available to monitor the impacts. The Agoa sanctuary in the Wider 
Caribbean region faces this situation. To overcome this issue, we used AIS data to 
estimate three pressure types from maritime traffic associated with known impacts for 
cetaceans: (1) “intensity” corresponding to the frequency of vessel presence, (2) 
“occupancy” corresponding to the duration of ship presence, known to lead to 
disturbance and noise-related impacts and (3) “speed” presenting the risk of physical 
injuries from collisions. A simplified approach of the Cumulative Effect Assessment 
framework was used. We mapped species underwater topographic preferences as a 
proxy for their distribution to link habitat features with traffic pressure maps to evaluate 



 

 

pressure levels and types. Results showed that three species were more at risk from 
intensity and speed in the plains: the bottlenose dolphins, the Fraser’s dolphins and the 
short-finned pilot whales. The speed pressure had the highest score over the habitat 
types slopes, canyons and valleys, placing sperm whales, Cuvier, Blainville’s and 
Gervais’s beaked whales at higher risk of collision in these areas. Humpback whales 
and pantropical spotted dolphins faced a higher risk of disturbance over the continental 
shelf along the West coast. We recommend a precautionary approach in the Agoa 
sanctuary: speed reduction in the Pointe-à-Pitre-Marie-Galante route and displacement 
of shipping lanes to move maritime traffic away from the West Coast. 
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1.Introduction 
Maritime transportation accounts for about 80% of the world trade, and forecasts under 
different global economic scenarios project an increase of vessel movements between 
240 and 1,290% by 2050 (Sardain et al., 2019). This intensification of ship traffic should 
logically be accompanied by an amplification of the interactions between shipping 
activities and the marine environment. For marine biodiversity, these interactions are of 
growing concern (Jung & Madon 2021). Shipping noise, grounding and anchoring, ship-
generated oil discharge and exhaust emissions, persistent organic pollutant, sewage 
and debris, introduction of alien species are among the main threats 
that have been identified (Trozzi, 2003; Abdulla & Linden, 2008; Carlton, 2010; 
Jägerbrand et al., 2019). A growing body of literature focuses on measuring and 
estimating the extent of these impacts on the marine communities (e.g. Clark et al., 
2009; Parks et al., 2011; Nedelec et al. 2015; Broad et al., 2020; Ivanova et al., 2020; 
Jung & Madon 2021). On cetaceans specifically, maritime traffic has been shown to 
have short and long-term impacts, direct or indirect, such as causing deaths (e.g. by 
collision due to vessel speed), hearing impairment or loss (due to noise emitted by 
vessels), physiological stress and modification of behaviour due to the prolonged or 
recurrent exposure to ship presence with additional long-term impacts on fitness and 
survival (e.g. Lusseau et al., 2009; Formigaro et al., 2017; Erbe et al., 2019; Garcia-
cegarra & Pacheco, 2019; Smith et al., 2020; Arranz et al., 2021; Hausner et al., 2021; 
Jung & Madon, 2021). The impacts of maritime traffic on some charismatic top 
vertebrate predators, such as cetaceans, have also started to be used as a lever for 



 

 

financial support and to try to establish relevant mitigation measures (Pirotta et al., 
2019). However, the term “impact” implies that the effect of the maritime traffic can be 
measured on the studied biological marine systems (organisms, populations, 
ecosystems…). In many cases, relevant biological data or results of impact studies are 
not available to infer an impact and the so-called impact is therefore doomed and 
remains as a potential threat. 
 
The French marine mammal sanctuary named Agoa in the French exclusive economic 
zone (EEZ), around the Guadeloupean and the Martinique waters faces this situation. 
Located in the Wider Caribbean regions and characterized by a complex underwater 
topography that contributes to its high marine biodiversity, the area was declared a 
sanctuary for marine mammals in 2010, in agreement with the Guadeloupean 
authorities and the French government in order to reinforce the conservation of ca. 25 
species of cetaceans that inhabit it (Ward and Carlson, 2001; Coché et al. 2021). The 
area has been shown to be already highly impacted by human activities (Halpern et al., 
2008) and is in particular under pressure from an intense maritime traffic (Foulquier et 
al., 2021; Foulquier et al., in prep). However, efforts to evaluate the potential impacts of 
maritime traffic on cetaceans and design measures to mitigate them are hampered by 
the lack of relevant data in a region where governance and protection of biodiversity are 
complex (Fanning et al., 2021). Nevertheless, the first comprehensive, collaborative and 
open database for cetacean occurrences in Agoa, named ‘Kakila’, was initiated in 2021 
and holds promises to support cetacean conservation (Coché et al., 2021). 
 
The assessment of the impacts of maritime traffic on cetaceans implies first to have a 
realistic comprehension of the spatio-temporal distribution of the maritime traffic. For 
this aspect of the problem, data are far from being scarce and uncertain (Metcalfe et al., 
2018). Indeed, the International Maritime Organisation (IMO) requires the use of the 
Automatic Identification System (AIS) for all vessels of >500 gross tonnage (GT), any 
vessels >300GT on an international voyage and all passenger vessels (SOLAS 
Convention, Chapter V, Regulation 19). In addition, the European Directive 
2002/59/EC1 requires AIS transmitters for all ships of 300-gross tonnage or more that 
were built after 01.07.2002. For any equipped ship (more than 60 000 after Ball, 2013), 
theoretically AIS data can be transmitted every 2-10 s creating this incredibly-rich 
source of data to describe ship movement and behaviour at a very fine scale (e.g. Le 
Guyader et al., 2017; Svanberg et al. 2019; Yang et al., 2019). 
 

                                                
1 Directive 2002/59/EC of the European Parliament and of the Council of 27 June 2002 establishing a 
Community vessel traffic monitoring and information system and repealing Council Directive 93/75/EEC, 
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32002L0059&from=FR  



 

 

With AIS, it becomes therefore possible to measure the pressures or stressors maritime 
traffic places de facto on marine biological systems. Providing indicators of maritime 
traffic pressures to managers and decision-makers in Marine Protected Area (MPA) is 
paramount to open a discussion for designing measures to prevent advert impacts and 
move towards a sustainable use of the areas by maritime traffic. As a case study, and 
focusing on the Guadeloupean waters in the Agoa sanctuary, the aim of this study was 
to estimate and map key anthropogenic pressures that maritime traffic places on 
cetaceans. We used a complete dataset of 2019 AIS data and a simplified approach of 
the Cumulative Effect Assessment (CEA) framework (Halpern et al. 2008). We 
estimated maritime traffic pressures on the marine ecosystem and on cetaceans by 
calculating: (1) the “intensity” that corresponded to the frequency of vessel presence, (2) 
the “occupancy” that corresponded to the duration of ship presence and (3) the “speed” 
that was deduced from vessels speed. First, we explored these so-called pressures at 
various scales: (1) at the annual scale, (2) for vessel category and (3) at seasonal, 
night-day and individual scales. We used underwater topographic preferences of 
cetacean species as a proxy for cetacean distribution and we mapped species habitat 
topographic preferences using the benthic position index approach to characterize 
marine ecological habitat features (e.g. Azzellino et al., 2008; MacLeod and Zuur, 2005; 
Podestà et al., 2016). Using the Kakila database, we illustrated the relevance of the use 
of such proxy before overlaying habitat features with maps of traffic pressures to assess 
the types and levels of pressure and to identify areas of particular concern in the 
Guadeloupean waters of the Agoa sanctuary (Lundblad et al., 2006; Walbridge et al., 
2018). 

2. Material and Method 

2.1. Regional context and study area 

The Wider Caribbean region (WCR) is defined, in the 1983 Convention for the 
Protection and Development of the Marine Environment (i.e. the Cartagena 
Convention), as an ocean management area encompassing “the marine environment of 
the Gulf of Mexico, the Caribbean Sea and areas of the Atlantic Ocean adjacent there 
to, south of 30° north latitude and within 200 nautical miles of the Atlantic coasts of 
States referred to in article 25 of the Convention’’ (Article 2, paragraph 1). This maritime 
area faces the growing pressure of the maritime traffic with major shipping routes 
utilizing the WCR, while being a biodiversity hotspot, especially for marine mammals 
with 29 recorded species (Ward and Carlson, 2001; UNEP-Wider Caribbean Region)2. 

                                                
2 https://www.unep.org/explore-topics/oceans-seas/what-we-do/working-regional-seas/regional-seas-
programmes/wider  



 

 

The WCR is also bordered by 28 sovereign states and 18 overseas territories of France, 
United Kingdom, United States of America and the Netherlands. As such, it presents a 
high degree of socio-economic and geopolitical inequalities that ultimately hinder efforts 
towards the development of a regional ocean governance of the shared living marine 
resources. In 2010, the French government contributed to the effort for cetacean 
protection and sustainable development by creating the Agoa Sanctuary (Fig.1). This 
MPA encompasses 143,256 km² of the French West Indies EEZ and presents an 
innovative governance shared by all stakeholders: local governments (Guadeloupe, 
Martinique, Saint-Martin and Saint-Barthelemy Islands and their environmental 
departments), the French MPA Agency, the French Ministry of Environment, and the 
local socio-economic partners, including environmental NGOs, universities and scientific 
bodies. This collaborative effort to protect cetaceans and their critical habitats in the 
French EEZ was illustrated in 2020 by the creation of the first collaborative and open 
database. Named “Kakila” (“Who is there” in Creole language), it gathers all cetacean 
occurrences recorded by NGOs, whale watchers and scientific bodies between 2001 
and 2019 around the Guadeloupean waters (Coché et al., 2021). In the present study, 
we used the spatial extent of Kakila to provide topographic habitat and pressure maps 
to the Guadeloupean local authorities and managers. 
 

 
Fig.1- Marine protected areas in the wider Caribbean region and study site within the Agoa sanctuary.  



 

 

2.2. Habitat description: topographic data 
processing  

 
Topography can be described by various morphometric variables (slope, aspect, 
roughness, etc.). These variables are easy to calculate using commonly used GIS (such 
as QGIS, SAGA, ArcGIS, etc.), as long as a digital terrain model (DTM) of sufficiently 
fine resolution is available. Among the most commonly used indices, the topographic 
position index (TPI) allows for a comparison of the value of each cell with the average 
value of its neighborhood, according to a defined dimension window. Conceptualised by 
Guisan et al (1999), the TPI distinguishes between ridges and breaks (positive values of 
relatively high positional surfaces), canyons and valleys (negative values of relatively 
low positional surfaces), and flat areas or constant slopes (values close to zero). 
Depending on the scale of analysis, the TPI allows the identification of local forms 
(crevasses, pinnacles) and macro-forms (canyon, slope, abyssal plains) nested within 
each other. Weiss (2001) has shown that the combination of TPIs at two scales allows 
generic landforms to be classified. Many applications of this approach have been 
developed to characterise both terrestrial and marine ecological habitats (Lundblad et 
al., 2006; De Reu et al., 2013; Mata et al., 2021; Skentos, 2017; Walbridge et al., 2018; 
Wilson et al., 2007). In the latter cases, the TPI becomes the BPI: Benthic Position 
Index. 
 
Based on the bathymetric DTM of Guadeloupe and Martinique produced by the French 
Hydrographic service (SHOM, 2018), the BPI was developed within the spatial extent of 
the Kakila database. The DTM has a spatial resolution of approximately 100 m (0.001°). 
Its bathymetric accuracy corresponds to the IHO S-44 standard, i.e. a vertical 
uncertainty of 5% with the survey data. In order to smooth out the pixel effect of the 
DTM, we generalised it to a resolution of 300m using SAGA GIS’s Simple filter function. 
The TPI based Landform classification Tool was then applied to this raster to delimit 
morphological entities. In a first step, TPIs of several spatial resolution levels (300, 500, 
600, 800, 1000, 2000, 3000, 5000, 10 000m) were compared with the DTM. The 
distances of 600 and 2000m were considered the most optimal for classifying 
landforms. In addition, three kinds of flat zones were distinguished according to their 
depth: shelf (depth < 100m), plains (100-700m) and abyssal plains (> 700m). 

2.3. Cetacean habitat preferences 
Cetacean habitat preferences depend on a variety of factors. The most important one is 
the underwater topography that conditions prey availability, water temperature, marine 
current conditions, etc (e.g. Davis et al., 2002; Guidino et al., 2014; MacLeod and Zuur, 
2005).  



 

 

Using the underwater topographic morphology of Guadeloupe defined previously and 
habitat references of the IUCN Red List of threatened species, we can characterise the 
topographic habitat preferences of 6 cetacean species (and an additional group of 3 
species known to inhabit the same habitat) within the study area.  
We illustrated the relevance of the use of topographic habitat features as a proxy for 
cetacean species distribution in our study area using the Kakila database. The Kakila 
database comprises a total of 4,704 records of 21 cetacean species collected in the 
Guadeloupe Archipelago from 2000 to 2019 during daily-boat excursions related to 
citizen science data acquisition or related to tourism (Coché et al., 2021). We used the 3 
most recorded species, which accounted for up to 75% of the observations in Kakila: 
the pantropical spotted dolphin, Stenella attenuata (723 observations, 30% of all 
observations); the sperm whale, Physeter microcephalus (622 observations, 26% of all 
observations), and the humpback whale, Megaptera novaeangliae (457 observations, 
19% of all observations), to display the matching rate between the topographic habitat 
features of the observations with the IUCN topographic habitat preferences. The density 
maps were produced using the Heat Map tool in QGIS from the observations by species 
selected in the KAKILA database. 

2.4. AIS data processing for shipping description 
The AIS database contains more than 400 million ship positions registered during the 
whole year 2019 at 2-min median intervals. Satellite and terrestrial AIS raw data for 
2019 were obtained from exactEarth Ltd3 and were imported into a PostgreSQL/PostGis 
database. A pre-processing phase consisted in the removal, from the raw data, of 
duplicates, invalid Maritime Mobile Service Identity - MMSI (i.e. codes without 9 digits), 
MMSI outside the correct numerical range (i.e. MMSI codes with first digits between 2 
and 7 are those intended for individual ships), positions located on land and MMSI with 
less than 50 positions over the year. AIS data also contained aberrant vessel 
characteristics (e.g. no vessel name, several vessel types for the same vessel). 
Therefore, a typological enrichment was conducted from the Lloyd's Register of Ships 
purchased from the IHS Markit Company4. Vessels were classified into 4 categories 
based on the IHS Markit typology (level 4): shipping/commercial vessels (cargos and 
tankers), cruise ships (passenger cruise ships), inter-island ferries (passenger ships) 
and others (all other vessel types). Fishing boats were not included in the analyses as 
AIS was not mandatory for this category. A second phase consisted in geoprocessing of 
AIS positions which included segment interpolation of ship trajectories (Fig.2). A 
segment corresponded to the shortest line joining two consecutive positions. Then ship 
speed was computed for each segment. Inconsistent segments were removed based on 

                                                
3 http://www.exactearth.com/ 
4 https://ihsmarkit.com 



 

 

several criterions: segment entirely or partly located on land, segment for which the 
travel time is greater than 6 hours or segment for which the speed was greater than 60 
kn. The criterion of travel duration was retained in order to restrict the potential 
interpolation errors of the vessel tracks in cases of low AIS signal quality (transmission 
and/or reception). 
 

 
Fig.2- Shipping trajectories around Guadeloupe and the Agoa sanctuary in 2019 (source : ExactEarth, 
2019; Produced by Geo4Seas). 
 
To evaluate the pressure shipping exerts on its environment, we calculated 3 metrics 
with a cell resolution of 500 * 500m in an area corresponding to the spatial extent 
covered by the Kakila database (Coché et al 2021): (1) intensity (I), (2) occupancy (O) 
and (3) speed (S). Intensity (in km.km-2) was generated as the total distance covered by 
ships, i.e. the sum of all segment lengths in the cell at the chosen temporal scale. 
Occupancy (in hr) was the total duration of ship presence at the chosen temporal scale, 
i.e. the total time spent in the cell. Speed (in kn) was the median of ship speed in the 
cell. These pressure indexes were calculated for global maritime traffic, by ship 
categories, and at biologically-relevant temporal scales for cetaceans: seasonally (wet 
season: June to November; dry season: December to May) and night and day temporal 
scale (day: 6h-18h, night: 18h-6h). Following the methodology of Halpern et al. (2008), 



 

 

we developed layers for each of the 3 pressure types Di and combined them to obtain 
cumulative pressure (𝐹") maps of maritime traffic on cetaceans such that:  
𝐹" = ∑ 𝐷&'

&()  where 𝐷& is the log-transformed (for I and O) and normalized (so that values 
are between 0 and 1) value of the anthropogenic stressor i (i.e. I, O, S), in a given cell 
and at a given temporal scale. As such, the cumulative pressure in 2019 was the 
cumulative scores of the individual pressures (i.e. I, O, S) at the wet and dry seasons in 
2019. The day and night pressures were the cumulative scores of the individual 
pressures (i.e. I, O, S) at day and night time in 2019. For all pressure types, we only 
kept values between the 1th and 99th percentiles and we used the lowest 1th and 
highest 99th percentiles at each level (i.e. ship type, season, day/night) to rescale the 
pressures such that  𝐷& = (𝑑& − 𝑝))

(𝑝/ − 𝑝))0 	where  𝑑&	was the log-transformed value of 

the anthropogenic pressure i (for I and O), 𝑝)	was the lowest 1th percentile and 𝑝/	the 
highest 99th percentile. Such transformation and rescaling processes are common in 
CEA to enable comparison and addition of stressors measured in different units and 
reduce the effects of outliers (Halpern and Fujita, 2013). All analyses were carried out 
with the software R (R Core Team, 2020) and maps were developed with QGIS v.3.18. 

We then overlaid the topographic habitat features with the individual pressure maps to 
estimate the mean score of each pressure type (I, O and S) for the 6 topographic 
habitat features (abyssal plains, canyons and valleys, continental shelf, plains, ridges 
and breaks and slopes) and used t-tests to infer statistical differences (p<<0.05) in the 
mean pressure scores between the topographic habitat features We finally assessed 
the maritime traffic pressures likely placed over the different cetacean species of the 
Agoa sanctuary in 2019 and areas of concern, based on their topographic habitat 
preferences.  

3. Results 

3.1. Maritime traffic pressures 

3.1.1. Cumulative pressure of maritime traffic 
The cumulative pressure of maritime traffic for cetaceans in 2019 was illustrated in 
Fig.3. The highest pressures for cetaceans from maritime traffic were concentrated in 
routes originating from Pointe-à-Pitre and splitting towards Marie-Galante, southward 
and westward. The west part of the study area was quite homogeneously subject to a 
medium-level global pressure score while this medium-score pressure was more 
scattered in the east side. This is most likely due to the contrast in sailing conditions 
between windward and leeward coasts. 



 

 

  

 

Fig.3- Cumulative pressure of the maritime traffic in 2019 as the cumulative score of the intensity, 
occupancy and speed pressures summed over the dry and wet seasons 2019 (maximum score of 6 as 3 
normalized pressure scores x 2 seasons).  
 
 
 3.1.2. Seasonality 

We found that maritime traffic cumulative pressure was higher at the dry season with a 
clear increase on the west coast compared to the wet season (Fig.4). As the dry season 
is the “touristic” season, the increase observed on the West coast is probably related to 
the increase in recreational boat traffic along the West coast. The Pointe-à-Pitre - Marie 
Galante route presented a similar cumulative pressure score at both seasons (Fig.4). 

  

Fig.4- Cumulative pressure scores of the maritime traffic during the wet (left) and dry (right) seasons 
(maximum score of 3 as sum of 3 normalized pressure scores for I, O and S). 



 

 

3.1.3. Ship-type pressure score 

Ferries presented the highest score for the 3 pressures on localized areas, i.e., on the 3 
routes originating from Pointe-à-Pitre and going westward, southward and towards 
Marie-Galante (Fig.5). Unsurprisingly, the strongest pressure came from the ferries 
because of their relatively high speed and their high spatial concentration: median 
speed was of 19.65kn (sd= 8.29), max intensity of 1,943km.km-2 and a maximum 
occupancy of more than 11hr per day. In comparison, Merchant ships presented a 
moderate level for intensity of traffic and speed (median speed = 12.49kn (sd = 4.22); 
median intensity: 6.72km.km-2 (sd=12.91,) but their pressures had a larger spatial 
coverage.  

 

Intensity Speed Occupancy 

cruise 

   

ferries 

  
 

merchant 

   



 

 

Other 

  

   

Fig.5- Pressure score by ship-type (maximum score of 1 as individual normalized pressure scores).  

Pressure maps and results for each pressure type and at the night-day scale are available in Appendix A. 

3.2. Maritime traffic pressures on cetacean habitats 
3.2.1. Topographic Features of the study area 

The topographic characteristics of the study area (Fig.6) displayed a chaotic underwater 
relief and a highly-fragmented landscape with a short and shallow continental shelf (with 
a maximum depth of 20 to 100m and a maximum extension of 15 km) around the 
Guadeloupe islands separated from abyssal plains by an escarpment of several 
hundred meters drop, fragmented by valleys and canyons (Augris and Clabaut, 2001).  

 



 

 

 
 Fig.6 - Underwater topography of the study area based on the Benthic position index to characterise 
marine ecological habitat features for cetaceans.  

3.2.2. Cetacean topographic habitat feature preferences 

The complexity of the underwater topography provides different generic habitats, i.e. the 
plains and abyssal plains shared by most species of cetaceans but also specific 
habitats, i.e. the canyons favoured by the beaked whale species (Table 1). 

Table 1- Preferred topographic habitat features for 9 species of cetacean inhabiting the Agoa 
sanctuary (after IUCN Red List, 2021). 

Common name Scientific name 
Valleys and 

canyons slope 
Continenta

l shelf Plains 
Abyssal 
plains 

Ridges and 
breaks 

Humpback whale Megaptera novaeangliae  x x x   

Sperm whale Physeter macrocephalus  x   x x 

Short-finned pilot whale 
Globicephala 
macrorhynchus    x x  



 

 

Fraser’s dolphin Lagenodelphis hosei    x x  

Pantropical spotted dolphin Stenella attenuata  x x x x  

Bottlenose dolphin Tursiops truncatus    x x  
Cuvier beaked whale, 
Blainville’s beaked whale, 
Gervais’s beaked whale 

Ziphius cavirostris, 
Mesoplodon densirostris, 
Mesoplodon europaeus x   x x x 

 
In Fig.7, we illustrated the topographic habitat preferences for the 3 most encountered 
species of the Agoa Sanctuary using the Kakila database (Coché et al., 2021). 
Observations of pantropical spotted dolphins, sperm whales and humpback whales 
accounted for up to 75% of all observations in the Kakila database (respectively 30% 
(723 observations), 26% (622) and 19% (457)) and appeared spatially segregated 
(Table 2 and Fig.7). A hotspot of sperm whale observations was clearly present over 
slopes, ridges and breaks and abyssal plains of the West coast, matching at 84% with 
the preferred topographic habitat features reported in the IUCN Red List (Table 1). The 
pantropical spotted dolphins were encountered 80% of the time over topographic habitat 
features matching with the IUCN Red List and relative to the sperm whales, this species 
had two hotspots of occurrences spatially-distinct from the sperm whale hotspot. Finally, 
relative to the sperm whales and pantropical spotted dolphins, the humpback whales 
appeared to be most encountered closer to the coast, on the continental shelf with a 
67% matching rate with the IUCN Red List (Table 2 and Fig.7). Although the Kakila 
database does not enable to statistically draw species distribution, the high matches 
between the observed and theoretically-preferred topographic habitat features for the 
most encountered species appeared to support the relevance of the proxy (topographic 
habitat features) used for cetacean distribution. 
 
Table 2- Number of observations of sperm whales, pantropical spotted dolphins and humpback whales 
from the Kakila database over each topographic habitat feature (in highlight, the matches with the IUCN 
Red List preferred topographic habitat features (Table 1)). 

Common name 
Valleys and 

canyons slope 
Continental 

shelf Plains 
Abyssal 
plains 

Ridges and 
breaks 

Total Number of 
Observations 

Sperm whale 98 244 1 1 231 47 622 

Pantropical spotted dolphin 98 225 1 7 346 46 723 

Humpback whale 42 95 146 64 28 80 457 

 



 

 

 

 



 

 

 



 

 

 
Fig.7- Heatmaps of the observations recorded in the Kakila database, of sperm whales (Physeter 
macrocephalus)(top), pantropical spotted dolphins (Stenella attenuata)(middle), and humpback 
whales (Megaptera novaeangliae)(bottom). 
 

3.2.3. Pressure scores on the topographic habitat features 

When looking at the pressure score per topographic habitat feature, the plains were 
subject to the statistically highest mean scores for the intensity and speed and the 
second highest mean score for occupancy (Table 3). This is unsurprising as 
approximately 2/3 of the traffic lanes between Pointe-à-Pitre and Marie-Galante cross 
the plains in the South. This was one of the most generic topographic habitat features 
(with abyssal plains), meaning that all species of cetaceans likely faced similar 
pressures from the maritime traffic in this habitat. However, three species were more 
dependent on the plains and therefore more at risk from intensity and speed: the 
bottlenose dolphins, the Fraser’s dolphins and the short-finned pilot whales. The speed 
pressure was also the highest over the slopes, canyons and valleys, ridges and breaks 
placing sperm whales and the group of Cuvier beaked whales, Blainville’s beaked 
whales, and Gervais’s beaked whales at higher risk of collision compared to the other 
species. Humpback whales and pantropical spotted dolphins were the species facing 



 

 

the highest mean occupancy over the shallow waters of the continental shelf which 
likely placed them at higher risk of disturbance from the maritime traffic (Table 3). 

Table 3- Mean pressure scores (and associated standard error (se)) placed on cetacean topographic 
habitat features by maritime traffic in 2019 (the color scale pertains to the score level relative to the 
individual pressure type: the ‘red’ group had a statistically higher mean than the ‘orange’ group, than the 
‘yellow’ group, than the ‘green’ group (t-test, p<<0.05)). 

 Mean Intensity Mean Occupancy Mean Speed 

Abyssal plains 0.929 (0.003) 0.316 (0.002) 0.784 (0.002) 

Canyon and valleys 0.803 (0.007) 0.284 (0.006) 0.861 (0.005) 

Continental Shelf 0.922 (0.011) 0.526 (0.012) 0.621 (0.007) 

Plains 0.955 (0.006) 0.403 (0.006) 0.851 (0.003) 

Ridges and breaks 0.797 (0.007) 0.278 (0.006) 0.865 (0.005) 

Slopes 0.837 (0.004) 0.309 (0.004) 0.851 (0.003) 

 

4. Discussion 
 
The results from this work provide key insights on maritime traffic patterns in the 
Guadeloupean waters of the Agoa sanctuary. They can be used to inform management 
authorities and propose new conservation measures to avoid or reduce shipping 
impacts on cetaceans, and ultimately protect them. In this study, we propose a 
complementary approach to estimate the potential whale-shipping interactions, when 
specific impact data are not available. We used AIS data and a CEA approach, and 
developed metrics and scores to define individual and cumulative pressure on cetacean 
topographic habitats for our study area. We then overlaid the traffic pressures on the 
preferred habitat of several cetaceans, based on a topographic index.  
 



 

 

Although primarily aimed at supporting ship-to-ship collision avoidance, the mandatory 
deployment of the AIS over the last decade has facilitated our understanding and 
knowledge of maritime traffic. The analysis of AIS data spans nowadays, from vessel 
routing and operations to complex issues such as the interaction between maritime 
traffic and wildlife or monitoring environmental compliance (Fournier et al., 2018; 
Robards et al., 2016). With regard to the knowledge and conservation of cetaceans, AIS 
data are now commonly used alongside observation data of some species, mainly to 
assess collision risk and exposure to noise pollution generated by shipping (Chion et al., 
2012; Guzman et al., 2013; Lagueux et al., 2011; McWhinnie etal., 2021; Priyadarshana 
et al., 2016; Silber et al., 2021). But for cetaceans, the effects of maritime traffic 
pressures are not limited to physical injuries (collisions, hearing loss) and extend to 
more complex advert impacts such as physiological stress (e.g., caused by the 
prolonged or often recurrent  exposure to ship presence or to noise), the creation of 
barriers to their movement and communication (e.g., via masking) and the modification 
of their behaviour, e.g., reduced foraging, shift or decrease in social activities, with short 
and long-term consequences (e.g., Lusseau et al., 2009; Erbe et al. 2019; Redfern et 
al., 2020; Smith et al., 2020, Jung & Madon 2021). This is why our study distinguished 
three types of pressures that can be associated to better decipher the risks of maritime 
traffic for cetaceans: the pressure due to vessel speed with potential risk of physical 
injuries and noise-related impacts, the pressure due to occupancy and last the intensity 
that might lead to disturbance and noise-related impacts. Accordingly, we provided 
evidence that all vessel types did not contribute equally to the maritime pressures, 
highlighting the need for a vessel-type approach in developing management measures. 
These pressures were analyzed at several temporal scales to account for the circadian 
and seasonal cycles of cetaceans. Combined together, our results highlighted the need 
to better consider temporal dynamics to define regulations and regulations in MPAs 
(also see Izadi et al., 2018; Lemieux et al., 2018; Nelson et al., 2008). 
 
In recent years, the application of CEA has emerged as a strategic instrument to 
support decision-making for the development of efficient and sustainable marine spatial 
planning and management of marine resources (Andersen et al., 2017; Coll et al., 2012; 
Hammar et al., 2020; Korpinen et al., 2021; Tulloch et al., 2015; Wyatt et al., 2017). We 
followed a simplified version of the method in Halpern et al. (2008) to calculate and map 
cumulative pressures. In our study, we assumed that the pressures and their potential 
response (the impacts) were additive. The three pressure types were given equal 
weight and their scores can be added up to produce a cumulative pressure map. 
However, it is unlikely that cetaceans respond linearly and uniformly between and 
among species (e.g. differential species and age-class vulnerability to each pressure, 
such as mother and calf known to be particularly vulnerable to speed) to an increase in 
the pressure score (Stepanuk et al., 2021). Research and empirical data are therefore 



 

 

needed to refine the maps by better characterising species responses to single maritime 
traffic pressures and to cumulative pressures. These improvements are crucial to 
identify critical thresholds, to provide standardized scoring scale of pressures by 
species and to develop appropriate key indicators in relation to maritime traffic 
(Harwood et al., 2014; Spitz et al., 2018). At present, the only pressure type that has an 
agreed critical threshold is speed, and concerns the risk of collision with large whales: 
below 10kn, the likelihood of ship strikes is believed to be significantly reduced and the 
probability of lethal injury for whales to be less than 50% (Laist et al. 2001; Laist et al., 
2014; Vanderlaan and Taggart, 2007). Similar thresholds need to be agreed on by 
biologists for the pressures of occupancy and intensity in order to have comparable 
scores for a given species and across species. But based on the findings from this 
study, cetaceans seem to be at high risk of collisions with ferries in clearly-identified 
shipping lanes that mostly cover a habitat type (i.e. the plains) shared by most species 
of the sanctuary. Additional data are needed to confirm presence of cetaceans in this 
area and observers could be appointed to ferries in order to record cetacean presence 
on the traffic lanes. E-DNA and systematic-transect campaigns could also inform on the 
use of this area by cetaceans (Jung & Pendleton 2021, Jung et al. 2021).  
 
Our study highlights a critical lack of robust and non-opportunistic data on cetaceans in 
the Agoa Sanctuary, to be able to infer the presence, distribution and critical habitats of 
these species with respect to maritime traffic. This gap is only partially filled by the 
collection of opportunistic occurrence data and by a few large-scale but scarce-in-time 
scientific surveys (Coché et al. 2021; Jung et al. 2021; Laran et al. 2019). Here, we 
used cetacean preferred topographic habitat features as a proxy for cetacean 
distribution to link pressure scores and species at risk from these pressures. The data 
from the Kakila database for the 3 most encountered species in the Agoa Sanctuary 
(75% of the observations in the last 20 years) seem to validate the relevance of the use 
of the topographic habitat features as a proxy for cetacean distribution. However, given 
the current limitations of the Kakila database to infer species distribution, further studies 
are needed to validate local habitat use and suitability for the cetacean species 
inhabiting the sanctuary (e.g. Jaquet and Whitehead, 1996; Naud et al., 2003; Oviedo 
and Solis, 2008). The recent development of the Kakila database which is based on 
citizen science, represents however, a stepping stone and should provide a rationale 
and motivation for guiding Agoa sanctuary management towards gathering additional 
essential data for policy guidance and conservation (Zuilan et al., 2021). Finally, in order 
to have a more complete picture of maritime traffic pressure in the area and develop 
relevant mitigation or preventative measures, data from vessels not carrying the AIS 
and analysis for other pressures attributable to maritime traffic are needed (Weilgart, 
2007). 



 

 

5. Perspectives for marine spatial planning 
  
The findings of this study provide a baseline for developing indicators and start 
monitoring maritime traffic pressures on marine megafauna in the Guadeloupean waters 
of the Agoa sanctuary in the light of the EU Marine Strategy Framework Directive5 
needs and requirements. Unrestricted vessel activities cannot be compatible with 
cetacean conservation. Therefore, trade-offs have to be found between conservation 
goals and socio-economic needs. An adaptive management could be strategic to take 
into account the variation in maritime traffic patterns highlighted in this study: speed 
reduction in targeted areas, e.g. the Pointe-à-Pitre-Marie-Galante route; seasonal 
displacement of shipping lanes, e.g. with a traffic separation scheme (TSS) to move the 
shipping lanes away from the West Coast when humpback whales are present, and 
away from the canyons, valleys, breaks and ridges where Cuvier beaked whales, 
Blainville’s beaked whales, and Gervais’s beaked whales are at high risk of collision. 
There is a well-recognized need for fine-scale analyses of the spatial congruency 
between maritime traffic pressures and cetacean presence in a context of increasing 
anthropogenic pressures on marine ecosystems. In the Mediterranean Sea, the Pelagos 
sanctuary has also been registered, in 2002, as a marine mammal sanctuary and is also 
“under siege” from anthropogenic pressures (Coll et al., 2012). Several studies have 
been trying to describe there, spatial shipping distribution at different scales to help 
guide marine spatial planning in relation to marine mammal distribution (Coomber et al., 
2016). Other studies in the Pelagos sanctuary focused on identifying collision risks from 
maritime traffic (e.g., Di-Meglio et al., 2019; Grossi et al., 2021) and the risk of the 
exposure to high intensity vessel traffic areas (Pennino et al., 2017) for specific species. 
From these empirical studies to move towards management strategies, many examples 
are available elsewhere with successful outcomes for balancing trade-offs between 
species conservation and human activities: the ECHO program of the Port of 
Vancouver, the TSS in Panama and California or the Green Alliance Certification 
program in North America (Laist et al. 2014; Guzman et al., 2020; Burnham et al., 
2021). In the Guadeloupean waters of the Agoa sanctuary, a combination of fixed and 
dynamic strategies with both voluntary and mandatory measures could be envisioned 
for better acceptance and compliance of stakeholders and to adequately address the 
trade-offs between conservation and human activities. 
 

                                                
5 MSFD : https://ec.europa.eu/environment/marine/eu-coast-and-marine-policy/marine-strategy-
framework-directive/index_en.htm  



 

 

Credit authorship contribution statement 
Bénédicte Madon, Iwan Le Berre, Damien Le Guyader, Eric Foulquier, Pascal Jean Lopez: 
Conceptualization.  

Bénédicte Madon, Damien Le Guyader: Methodology. 

Bénédicte Madon, Damien Le Guyader, Iwan le Berre: Formal analysis. 

Iwan Le Berre, Eric Foulquier, Jean-Luc Jung: Funding acquisition. 

Bénédicte Madon: Writing - original draft. Writing - review & editing – all authors. 

Acknowledgement 
This research was supported by the Fondation de France programme "The future of the coastal 
and sea worlds", project TRAFIC(N° 1940). It was also funded by the LabEx DRIIHM French 
programme “Investissements d’Avenir” (ANR-11-LABX-0010), which is managed by the ANR. 

 
 

References 
Abdulla, A., Linden, O., 2008. Maritime traffic effects on biodiversity in the Mediterranean Sea: 
Review of impacts, priority areas and mitigation measures. Malaga, Spain: IUCN Centre for 
Mediterranean Cooperation. 184 pp.  

Andersen, J.H., Berzaghi, F., Christensen, T., Geertz-Hansen, O., Mosbech, A., Stock, A., 
Zinglersen, K.B., and Wisz, M.S. 2017. Potential for cumulative effects of human stressors on 
fish, sea birds and marine mammals in Arctic waters. Estuarine, Coastal and Shelf Science, 
Vol.184, pp. 202-206, https://doi.org/10.1016/j.ecss.2016.10.047  

Arranz, P., Aguilar de Soto, N., Madsen, P.T., and Sprogis, K.R. 2021. Whale-watch vessel noise 
levels with applications to whale-watching guidelines and conservation, Marine Policy, Vol. 
134, https://doi.org/10.1016/j.marpol.2021.104776  

Augris, C. and Clabaut, P. 2001. Cartographie géologique des fonds marins côtiers, Rapport, 
coll. Bilans et prospective, Connaissance et exploration des fonds océaniques. Ifremer, Brest, 
France. https://wwz.ifremer.fr/gm/content/download/44083/623644/file/Carto-plateau-Augris-
2001-v2.pdf 



 

 

Azzellino, A., Gaspari, S., Airoldi, S., and Nani, B. 2008. Habitat use and preferences of 
cetaceans along the continental slope and the adjacent pelagic waters in the western Ligurian 
Sea. Deep Sea Research Part I: Oceanographic Research Papers, Vol.55(3), doi: 
10.1016/j.dsr.2007.11.006  

Ball, H., 2013. Satellite AIS for dummies. John Wiley & Sons, Ontario, canada. 

Broad, A., Rees, M.J., and Davis, A.R.. 2020. Anchor and chain scour as disturbance agents in 
benthic environments: trends in the literature and charting a course to more sustainable boating 
and shipping, Marine Pollution Bulletin, Vol.161, Part A, 
https://doi.org/10.1016/j.marpolbul.2020.111683  

Burnham, R.E., Vagle, S., O’Neill, C., and Trounce, K. 2021. The Efficacy of Management 
Measures to Reduce Vessel Noise in Critical Habitat of Southern Resident Killer Whales in the 
Salish Sea. Frontiers in Marine Science, Vol.8 https://doi.org/10.3389/fmars.2021.664691 
Carlton, J.T., 2010. The Impact of Maritime Commerce on Marine Biodiversity. The Brown 
Journal of World Affairs 16, 131–142. 

Chion, C., Parrott, L., and Landry, J.-A. 2012. Collisions et co-occurrences entre navires 
marchands et baleines dans l’estuaire du Saint-Laurent. Report for the Groupe de travail sur le 
trafic maritime et la protection des mammifères marins, Parcs Canada, Ocean And Fisheries 
Canada. 

Clark, C.W., Ellison, W.T., Southall, B.L., Hatch, L., Van Parijs, S.M., Frankel, A. and 
Ponirakis, D. 2009. Acoustic masking in marine ecosystems: intuitions, analysis, and 
implication. Marine Ecology Progress Series, Vol.395: 201–222. doi: 10.3354/meps08402. 

Coché, L., Arnaud, E., Bouveret, L., David, R., Foulquier, E., Gandilhon, N., Jeannesson, E., Le 
Bras, Y., Lerigoleur, E., Lopez, P.J., Madon, B., Sananikone, J., Sèbe M., Le Berre, I. and Jung 
J.-L. 2021. Kakila database: Towards a FAIR community approved database of cetacean 
presence in the waters of the Guadeloupe archipelago based on citizen science. Biodiversity Data 
Journal. Vol.9: e69022. doi: 10.3897/BDJ.9.e69022 

Coll, M., Piroddi, C., Albouy, C., Ben Rais Lasram, F., Cheung, W.W.L., Christensen, V., 
Karpouzi, V.S., Guilhaumon, F., Mouillot, D., Paleczny, M., Palomares, M.L., Steenbeek, J., 
Trujillo, P., Watson, R. and Pauly, D. 2012. The Mediterranean Sea under siege: spatial overlap 
between marine biodiversity, cumulative threats and marine reserves. Global Ecology and 
Biogeography, Vol.21: 465-480. https://doi.org/10.1111/j.1466-8238.2011.00697.x 

Coomber, F.G., D’Incà, M., Rosso, M., Tepsich, P., Notarbartolo di Sciara, G. and Moulins, A. 
2016. Description of the vessel traffic within the north Pelagos Sanctuary: Inputs for Marine 
Spatial Planning and management implications within an existing international Marine Protected 
Area. Marine Policy, Vol. 69, https://doi.org/10.1016/j.marpol.2016.04.013. 



 

 

 

Davis, R.W., Ortega-Ortiz, J.G., Ribic, C.A., Evans, W.E., Biggs, D.C., Ressler, P.H., Cady, 
R.B., Leben, R.R., Mullin, K.D., and Würsig, B. 2002. Cetacean habitat in the northern oceanic 
Gulf of Mexico. Deep Sea Research Part I: Oceanographic Research Papers, Vol. 49(1): 121-
142, doi.org/10.1016/S0967-0637(01)00035-8 

De Reu, J., Bourgeois, J., Bats, M., Zwertvaegher, A., Gelorini, V., De Smedt, P., Chu, W., 
Antrop, M., De Maeyer, P., Finke, P., Van Meirvenne, M., Verniers, J. and Crombé, P. 2013. 
Application of the topographic position index to heterogeneous landscapes. Geomorphology, 
Vol.186:39–49. https://doi.org/10.1016/j.geomorph.2012.12.015 

Di-Meglio, N., David, L., Monestiez, P. 2019. Sperm whale ship strikes in the Pelagos Sanctuary 
and adjacent waters: assessing and mapping collision risks in summer. Journal of Cetacean 
Research and Management 18(18):135-147. 

Erbe, C., Marley, S.A., Schoeman, R.P., Smith, J.N., Trigg, L.E., and Embling, C.B. 2019. The 
Effects of Ship Noise on Marine Mammals—A Review. Frontiers in Marine Science, Vol.6: 606 
doi: 10.3389/fmars.2019.00606 

Fanning, L., Mahon, R., Compton, S., Corbin, C., Debels, P., Haughton, M., Heileman, S., 
Leotaud, N., McConney, P., Moreno, M.P., Phillips, T. and Toro, C. 2021. Challenges to 
Implementing Regional Ocean Governance in the Wider Caribbean Region. Frontiers in Marine 
Science, Vol.8, doi: 10.3389/fmars.2021.667273.   

Formigaro, C., Karamanlidis, A.A., Dendrinos, P., Marsili, L., Silvi, M. and Zaccaroni, A. 2017. 
Trace element concentrations in the Mediterranean monk seal (Monachus monachus) in the 
eastern Mediterranean Sea. Science of the Total Environment, Vol.576: 528–537. doi: 
10.1016/j.scitotenv.2016.10.142  

Foulquier, E., Le Berre, I., Le Guyader, D., David, L., 2021. Shipping Geographies in the 
Caribbean Maritime Area. Presented at the International Symposium of Labex DRIIHM, Data 
DRIIHM, Toulouse, France. https://doi.org/10.34972/DRIIHM-B7A1FD 

Foulquier, E., Le Berre, I., Le Guyader, D., David, L., In Prep. Industrialisation de l’espace 
maritime de la Caraïbe: cartographie du trafic maritime à partir des données AIS satellitaires. 
Cybergéo. 

Fournier, M., Hilliard, C., Rezaee, S. and Pelot, R. 2018. Past, present and future of the satellite-
based automatic identification system: areas of applications (2004-2016). Journal of maritime 
Affairs, Vol.17: 311-345, doi 10.1007/s13437-018-0151-6. 



 

 

García-Cegarra, A.M., and Pacheco, A.S. 2019. Collision risk areas between fin and humpback 
whales with large cargo vessels in Mejillones Bay (23°S), northern Chile. Marine Policy, 
Vol.103:182-186, https://doi.org/10.1016/j.marpol.2018.12.022. 

Grossi, F., Lahaye, E., Moulins, A., Borroni, A., Rosso, M., Tepsich, P. 2021. Locating ship 
strike risk hotspots for fin whale (Balaenoptera physalus) and sperm whale (Physeter 
macrocephalus) along main shipping lanes in the North-Western Mediterranean Sea. Ocean & 
Coastal Management, Vol. 212, doi.org/10.1016/j.ocecoaman.2021.105820. 

Guidino, C., Llapapasca, M.A., Silva, S., Alcorta, B., and Pacheco, A.S. 2014. Patterns of Spatial 
and Temporal Distribution of Humpback Whales at the Southern Limit of the Southeast Pacific 
Breeding Area. PLoS ONE, Vol. 9(11), https://doi.org/10.1371/journal.pone.0112627. 

Guisan, A., Weiss, S.B. and Weiss, A.D. 1999. GLM versus CCA spatial modeling of plant 
species distribution. Plant Ecology, Vol.143:107–122. 
https://doi.org/10.1023/A:1009841519580. 

Guzman, H.M., Gomez, C.G., Guevara, C.A. and Kleivane, L. 2013. Potential vessel collisions 
with southern hemisphere humpback whales wintering off Pacific Panama. Marine Mammal 
Science, Vol.29(4):629–642. doi.org/10.1111/j.1748-7692.2012.00605.x  

Guzman, H.M., Hinojosa, N. and Kaiser, S. 2020. Ship's compliance with a traffic separation 
scheme and speed limit in the Gulf of Panama and implications for the risk to humpback whales. 
Marine Policy, Vol.120. doi.org/10.1016/j.marpol.2020.104113  

Halpern, B.S., Walbridge, S., Selkoe, K.A., Kappel, C.V., Micheli, F., D’Agrosa, C., Bruno, J.F., 
Casey, K.S., Ebert, C., Fox, H.E., Fujita, R., Heinemann, D., Lenihan, H.S., Madin, E.M.P., 
Perry, M.T., Selig, E.R., Spalding, M., Steneck, R. and Watson, R. 2008. A Global Map of 
Human Impact on Marine Ecosystems. Science, Vol. 319, Issue 5865: 948-952. doi: 
10.1126/science.1149345  

Halpern, B. S., and Fujita, R. 2013. Assumptions, challenges, and future directions in cumulative 
impact analysis. Ecosphere, Vol.4(10):131. http://dx.doi.org/10.1890/ES13-00181.1  

Hammar, L., Molander, S., Pålsson, J., Schmidtbauer Crona, J., Carneiro, G., Johansson, T., 
Hume, D., Kågesten, G., Mattsson, D., Törnqvist, O., Zillén, L., Mattsson, M., Bergström, U., 
Perry, D., Caldow, C., and Andersen, J.H. 2020. Cumulative impact assessment for ecosystem-
based marine spatial planning. Science of The Total Environment, Vol. 734. 
https://doi.org/10.1016/j.scitotenv.2020.139024  

Harwood, J., King, S., Schick, R., Donovan, C., and Booth, C. 2014. A protocol for 
implementing the interim population consequences of disturbance (PCoD) approach: 
Quantifying and assessing the effects of UK offshore renewable energy developments on marine 



 

 

mammal populations. Report Number SMRUL-TCE-2013-014, Scottish Marine and Freshwater 
Science, 5(2). Available at http://www.gov.scot/Resource/0044/00443360.pdf  

Hausner, A., Samhouri, J.F, Hazen, E.L., Delgerjargal, D. and Abrahms, B. 2021. Dynamic 
strategies offer potential to reduce lethal ship collisions with large whales under changing 
climate conditions. Marine Policy, Vol.130. doi.org/10.1016/j.marpol.2021.104565. 

IUCN 2021. The IUCN Red List of Threatened Species. Version 2021-2. 
https://www.iucnredlist.org. 

Ivanova, S.V., Kessel, S.T., Espinoza, M., McLean, M.F., O’Neill, C., Landry, J., Hussey, N.E., 
Williams, R., Vagle, S. and Fisk, A.T. 2020. Shipping alters the movement and behavior of 
Arctic cod (Boreogadus saida), a keystone fish in Arctic marine ecosystems. Ecological 
Applications, Vol.30(3):e02050. Doi: 10.1002/eap.2050  

Izadi, S., Johnson, M., Aguilar de Soto, N., and Constantine, R. 2018. Night-life of Bryde’s 
whales: ecological implications of resting in a baleen whale. Behavioral Ecology and 
Sociobiology, Vol. 72(5), https://doi.org/10.1007/s00265-018-2492-8. 

Jaquet, N. and Whitehead, H. 1996. Scale-dependent correlation of sperm whale distribution 
with environmental features and productivity in the South Pacific. Marine Ecology Progress 
Series, Vol.135:1-9. doi:10.3354/meps135001 

Jägerbrand, A.K., Brutemark, A., Barthel Svedén, J., Gren, I.-M., 2019. A review on the 
environmental impacts of shipping on aquatic and nearshore ecosystems. Science of The Total 
Environment 695, 133637. https://doi.org/10.1016/j.scitotenv.2019.133637 

Jung J.-L. & Madon B. (2021) Protection des mammifères marins face aux activités humaines et 
nouvelles connaissances issues des études de l’ADN, in Actes du colloque « Le transport 
maritime et la protection de la biodiversité », Brest, 12 et 13 décembre 2019. Nicolas Boillet & 
Betty Queffelec Eds, Edition Pedone, Paris France. 115-146. 

Jung, J.-L., Le Berre, I., Coché, L., Madon, B., Foulquier, E., David, R., Le Bras, Y., Arnaud, E., 
Sananikone, J., Lerigoleur, E., Lopez, P.J., Bouveret, L., Gandilhon, N., Millon, C., Freriks, C. & 
Concaud J.-P. (2021) Baleines et dauphins: des belles espèces sentinelles à étudier dans le cadre 
d'un OHM littoral, mais d'un abord bien complexe. Presented at the International Symposium of 
Labex DRIIHM, Data DRIIHM, Toulouse, France. DOI : 10.34972/driihm-dab5a4 

Jung, J.-L. and Pendleton L. 2021. In the wake of marine mammals. Vigilife Magazine, 
Vol.1:20-2. 

Korpinen, S., Laamanen, L., Bergström, L., Andersen, J.H., Haapaniemi, J., Harvey, E.T., 
Murray, C.J., Peterlin, M., Kallenbach, E., Klančnik, K., Stein, U., Tunesi, L., Vaughan, D. and 



 

 

Reker, J. 2021. Combined effects of human pressures on Europe’s marine ecosystems. Ambio. 
https://doi.org/10.1007/s13280-020-01482. 

Lagueux, K., Zani, M., Knowlton, A. and Kraus, S. 2011. Response by vessel operators to 
protection measures for right whales Eubalaena Glacialis in the southeast US calving ground. 
Endangered Species Research, Vol.14(1):69–77. https://doi.org/10.3354/esr00335  

Laist, D.W., Knowlton, A.R., Mead, J.G., Collet, A.S. and Podesta, M. 2001. Collisions between 
ships and whales. Marine Mammal Science, Vol.17: 35−75. 

Laist, D.W., Knowlton, A.R. and Pendleton, D. 2014. Effectiveness of mandatory vessel speed 
limits for protecting North Atlantic right whales. Endangered Species Research, Vol.23:133-147. 
https://doi.org/10.3354/esr00586  

Laran, S., Bassols, N., Authier, M., Ridoux, V. & Van Canneyt, O. 2019. Distribution et 
abondance de la mégafaune marine aux Petites Antilles et en Guyane française. In: Agence des 
aires marines protégées (Ed.) Campagne REMMOA - II. Rapport final 80. URL: 
https://side.developpement-durable.gouv.fr/OCCI/doc/SYRACUSE/408356/distribution-et-
abondance-de-la-megafaune-marine-aux-petites-antilles-et-en-guyane-remmoa-ii-rapport?_lg=fr-
FR 

Le Guyader, D., Ray, C., Gourmelon, F., Brosset, D., 2017. Defining high-resolution dredge 
fishing grounds with Automatic Identification System (AIS) data, Aquatic Living Resources 30. 
https://doi.org/10.1051/alr/2017038  

Lemieux, S., Lefebvre, S., Lesage, V., Michaud, R. and Humphries, M.M. 2018. Classifying and 
combining herd surface activities and individual dive profiles to identify summer behaviours of 
beluga (Delphinapterus leucas) from the St. Lawrence Estuary, Canada. Canadian Journal of 
Zoology, Vol.96(5): 393-410, doi: 10.1139/cjz-2017-0015. 

Lundblad, E.R., Wright, D.J., Miller, J., Larkin, E.M., Rinehart, R., Naar, D.F., Donahue, B.T., 
Anderson, S.M. and Battista, T. 2006. A Benthic Terrain Classification Scheme for American 
Samoa. Marine Geodesy, vol.29: 89–111. https://doi.org/10.1080/01490410600738021  

Lusseau, D., Bain, D.E., Williams, R. and Smith, J.C., 2009. Vessel traffic disrupts the foraging 
behaviour of southern resident killer whales Orcinus orca. Endangered Species Research, 
6:211–221. doi: 10.3354/esr00154  

Mata, D., Úbeda, J. and Fernández-Sánchez, A. 2021. Modelling of the reef benthic habitat 
distribution within the Cabrera National Park (Western Mediterranean Sea). Annals of GIS, 
Vol.27: 285–298. https://doi.org/10.1080/19475683.2021.1936169  



 

 

MacLeod, C.D., and Zuur, A.F. 2005. Habitat utilization by Blainville’s beaked whales off Great 
Abaco, northern Bahamas, in relation to seabed topography. Marine Biology, Vol. 147: 1–11. 
https://doi.org/10.1007/s00227-004-1546-9. 

McWhinnie, L.H., O'Hara, P.D., Hilliard, C., Le Baron, N., Smallshaw, L., Pelot, R., and 
Canessa, R. 2021. Assessing vessel traffic in the Salish Sea using satellite AIS: An important 
contribution for planning, management and conservation in southern resident killer whale critical 
habitat. Ocean & Coastal Management, Vol.200. 
https://doi.org/10.1016/j.ocecoaman.2020.105479. 

Metcalfe, K., Bréheret, N., Chauvet, E., Collins, T., Curran, B.K., Parnell, R.J., Turner, R.A., 
Witt, M.J. and Godley, B.J. 2018. Using satellite AIS to improve our understanding of shipping 
and fill gaps in ocean observation data to support marine spatial planning. Journal of Applied 
Ecology, Vol.55: 1834– 1845. https://doi.org/10.1111/1365-2664.13139  

Naud, M.J., B. Long, J.C. Brêthes, and R. Sears. 2003. Influences of underwater bottom 
topography and morphology on minke whale (Balaenoptera acutorostrata) distribution in the 
Mingan Island, Canada. Journal of the Marine Biology Association. U.K. Vol.83:889-896. 

Nedelec, S.L., Simpson, S.D., Morley, E.L., Nedelec, B. and Radford, A.N. 2015. Impacts of 
regular and random noise on the behaviour, growth and development of larval Atlantic cod 
(Gadus morhua). Proceeding of the Royal Society B. Vol.282: 20151943. 
https://doi.org/10.1098/rspb.2015.1943  

Nelson, T.A., Duffus, D.A., Robertson, C., and Feyrer, L.J. 2008. Spatial-temporal patterns in 
intra-annual gray whale foraging: Characterizing interactions between predators and prey in 
Clayquot Sound, Bristish Columbia, Canada. Marine Mammal Science, Vol.24(2), 
doi.org/10.1111/j.1748-7692.2008.00190.x  

Oviedo, L. and M. Solís. 2008. Underwater topography determines critical breeding habitat for 
humpback whales near Osa Peninsula, Costa Rica: implications for Marine Protected Areas. 
Revista de Biología Tropical, vol.56 n.2.  

Parks, S.E., Johnson, M., Nowacek, D. and Tyack, P.L. 2011. Individual right whales call louder 
in increased environmental noise. Biology Letters, Vol.7: 33–35. 
https://doi.org/10.1098/rsbl.2010.0451  

Pennino, M.G., Arcangeli, A., Prado Fonseca, V., Campana, I., Pierce, G.J., Rotta, A. 2017. A 
spatially explicit risk assessment approach: Cetaceans and marine traffic in the Pelagos 
Sanctuary (Mediterranean Sea). PLoS ONE 12(6): e0179686. 
https://doi.org/10.1371/journal.pone.0179686 



 

 

Pirotta, V., Grech, A., Jonsen, I. D., Laurance, W. F. and Harcourt, R. G. 2019. Consequences of 
global shipping traffic for marine giants. Frontiers in Ecology and the Environment, Vol.17: 39–
47. https://doi.org/10.1002/fee.1987  

Podestà, M., Azzellino, A., Cañadas, A., Frantzis, A., Moulins, A., Rosso, M., Tepsich, P., and 
Lanfredi, C. 2016. Chapter Four - Cuvier's Beaked Whale, Ziphius cavirostris, Distribution and 
Occurrence in the Mediterranean Sea: High-Use Areas and Conservation Threats. Editor(s): 
Giuseppe Notarbartolo Di Sciara, Michela Podestà, Barbara E. Curry, Advances in Marine 
Biology, Academic Press, Vol.75, 

Priyadarshana, T., Randage, S.M., Alling, A., Calderan, S., Gordon, J., Leaper, R. and Porter, L. 
2016. Distribution patterns of blue whale (Balaenoptera Musculus) and shipping off southern Sri 
Lanka. Regional Studies in Marine Science, Vol.3:181–188. 
https://doi.org/10.1016/j.rsma.2015.08.002  

R Core Team. 2020. R: A language and environment for statistical computing. R Foundation for 
Statistical Computing, Vienna, Austria. URL https://www.R-project.org/. 

Redfern, J.V., Becker, E.A. and Moore, T.J. 2020. Effects of Variability in Ship Traffic and 
Whale Distributions on the Risk of Ships Striking Whales. Frontiers in Marine Science, 
Vol.6:793. https://doi.org/10.3389/fmars.2019.00793 

Robards, M.D., Silber, G.K., Adams, J.D., Arroyo, J., Lorenzini, D., Schwehr, K., and Amos, J. 
2016. Conservation science and policy applications of the marine vessel Automatic Identification 
System (AIS)—a review. Bulletin of Marine Science, Vol.92 (1):75-103. 
https://doi.org/10.5343/bms.2015.1034  

Sardain, A., Sardain, E. and Leung, B. 2019. Global forecasts of shipping traffic and biological 
invasions to 2050. Nature Sustainability, Vol. 2: 274–282. https://doi.org/10.1038/s41893-019-
0245-y  

SHOM,2018. MNT Bathymétrique de façade de la Guadeloupe et de la Martinique (Projet 
Homonim). http://dx.doi.org/10.17183/MNT_ANTS100m_HOMONIM_WGS84 

Silber, G.K., Weller, D.W., Reeves, R.R., Adams, J.D. and Moore, T.J. 2021. Co-occurrence of 
gray whales and vessel traffic in the North Pacific Ocean. Endangered Species Research, 
Vol.44:177-201. https://doi.org/10.3354/esr01093  

Skentos, A. 2017. Topographic position index based landform analysis of Messaria (Ikaria 
Island, Greece). Acta Geobalcanica, Vol.4: 7–15. https://doi.org/10.18509/AGB.2018.01  



 

 

Smith, J.N., Kelly, N., Childerhouse, S., Redfern, J.V., Moore, T.J. and Peel, D. 2020. 
Quantifying Ship Strike Risk to Breeding Whales in a Multiple-Use Marine Park: The Great 
Barrier Reef. Frontiers in Marine Science, Vol.7:67. doi: 10.3389/fmars.2020.00067  

Spitz, J., Peltier, H. and Authier, M. 2018. Evaluation de l’état écologique des mammifères 
marins en France métropolitaine. Rapport scientifique pour l’évaluation 2018 au titre de la 
DCSMM. Observatoire PELAGIS – UMS 3462, Université de La Rochelle / CNRS, 173 pp. 

Stepanuk, J.E.F., Heywood, E.I., Lopez, J.F., DiGiovanni, R.A. Jr and Thorne, L.H. 2021. Age-
specific behavior and habitat use in humpback whales: implications for vessel strike. Marine 
Ecology Progress Series, Vol.663:209-222. https://doi.org/10.3354/meps13638  

Svanberg, V., Santén, V., Hörteborn, A., Holm, H., Finnsgård, C., 2019. AIS in maritime 
research, Marine Policy. 106, 103520. https://doi.org/10.1016/j.marpol.2019.103520. 

Trozzi, C., 2003. Environmental impact of ship traffic. Communication presented at the 1th, 
International Scientific Symposium “Environment and Transport", Avignon, France, 9 p. 

Tulloch, V. J., Tulloch, A. I., Visconti, P., Halpern, B. S., Watson, J. E., Evans, M. C. and 
Chadès, I. 2015. Why do we map threats? Linking threat mapping with actions to make better 
conservation decisions. Frontiers in Ecology and the Environment, 13, 91–99. 
https://doi.org/10.1890/140022. 

Vanderlaan, A. S. M., and Taggart, C. T. 2009. Efficacy of a voluntary area to be avoided to 
reduce risk of lethal vessel strikes to endangered whales. Conservation Biology, Vol.23: 1467–
1474. doi:10.1111/j.1523-1739.2009.01329.x. 

Walbridge, S., Slocum, N., Pobuda, M. and Wright, D. 2018. Unified Geomorphological 
Analysis Workflows with Benthic Terrain Modeler. Geosciences, Vol.8: 94. 
https://doi.org/10.3390/geosciences8030094. 

Ward, N., Moscrop, A., and Carlson, C. 2001. Elements for the development of a marine 
mammal action plan for the Wider Caribbean: A review of marine mammal distribution. 
UNEP(DEC)/CAR IG.20/INF.3. First Meeting of the Contracting Parties (COP) to the Protocol 
Concerning Specially Protected Areas and Wildlife (SPAW) in the Wider Caribbean Region, 
Havana, Cuba, 24-25 September 2001. 

Weilgart, L. 2007. The impacts of anthropogenic ocean noise on cetaceans and implications for 
management. Canadian Journal of Zoology, Vol.85: 1091–1116. doi: 10.1139/z07-101. 

Weiss, A.D., 2001. Topographic Position and Landforms Analysis. Poster presented at the ESRI 
Users Conference, San Diego, CA, http://www.jennessent.com/downloads/tpi-poster-
tnc_18x22.pdf 



 

 

Wilson, M.F.J., O’Connell, B., Brown, C., Guinan, J.C. and Grehan, A.J. 2007. Multiscale 
Terrain Analysis of Multibeam Bathymetry Data for Habitat Mapping on the Continental Slope. 
Marine Geodesy, Vol.30: 3–35. https://doi.org/10.1080/01490410701295962. 

Wyatt, K.H., Griffin, R., Guerry, A.D., Ruckelshaus, M., Fogarty, M. and Arkema, K.K. 2017. 
Habitat risk assessment for regional ocean planning in the U.S. Northeast and Mid-Atlantic. 
PLoS One, Vol.12. https://doi.org/10.1371/journal.pone.0188776. 

Yang, D., Wu, L., Wang, S., Jia, H.and Li, K.X. 2019. How big data enriches maritime research 
– a critical review of Automatic Identification System (AIS) data applications. Transport 
Reviews, Vol.39(6): 755-773. doi: 10.1080/01441647.2019.1649315. 

Zulian, V., Miller, D. A. W. and Ferraz, G. 2021. Integrating citizen-science and planned-survey 
data improves species distribution estimates. Diversity and Distributions. Vol.00:1– 12. 
https://doi.org/10.1111/ddi.13416. 


