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1 Introduction 

Beaked whales (family Ziphiidae) are very difficult to study at sea. They inhabit an offshore 

environment, perform long dives of typically an hour or more and are usually only visible for short 

periods at the surface  (e.g. Tyack et al. 2006, MacLeod 2017). A single surfacing lasts only a few 

seconds, with a whole surfacing series lasting only 2-3 minutes (Barlow 1999; Shearer et al. 2019) and 

producing little to no visible blows (Zimmer et al. 2008). Studies have estimated the probability of 

visual detection on a survey transect line to be 0.276 for Cuvier’s beaked whale (Ziphius cavirostris) in 

sea conditions of Beaufort 2, dropping to 0.09 in Beaufort 5, which may be more representative of the 

conditions most frequently encountered offshore (Barlow et al. 1999).  

Due to very similar morphology, some species of the genus Mesoplodon can also be difficult to identify 

to species level (Macleod et al. 2006), which may, in some cases, require a clear view of the position 

of the erupted teeth of the adult males (Pitman 2018). This is not feasible at distance, and it can be 

difficult to approach for a more detailed look with a large survey ship, notwithstanding that the 

individuals sighted may be female or juvenile, in which case the diagnostic teeth would not be present. 

Overall, small beaked whales can be amongst the most difficult cetacean species to detect and identify 

on survey (Barlow et al. 2006). This has contributed to a paucity of information on distribution of these 

species in the north-eastern Atlantic, with large scale shelf surveys rarely collecting enough detections 

to produce an estimate of density.  

These species can be good candidates for passive acoustic monitoring (PAM). Deep diving odontocetes 

are known to echolocate routinely in association with foraging events. Whilst the ascent and parts of 

the descent phases of long dives are thought to be silent, during the foraging phases a variety of 

different echolocation clicks are made (e.g. Johnson et al. 2004; Zimmer et al. 2008; Aguilar de Soto 

et al. 2012). Beaked whale clicks are frequency modulated upsweep pulses, and they seem to be 

species specific, with unique temporal and spectral characteristics (Baumann-Pickering et al. 2013), 

allowing detections to be identified  to species. By towing a hydrophone behind a survey vessel, it is 

possible to collect acoustic data which can augment or, indeed, supersede the data collected by visual 

observers alone (Stanistreet et al. 2017). 

As well as beaked whales, two other deep diving cetacean species occur regularly in the north-eastern 

Atlantic, the long-finned pilot whale (Globicephala melas), and the sperm whale (Physeter 

macrocephalus). Whilst these species can be much easier to detect at the surface, due to having longer 

surfacing times, more visible blows, and being less cryptic (Jaquet et al. 2000; Watwood et al. 2006) 

sperm whales dives may still last an hour or more (Watkins et al. 1993), so they present limited 

availability at the surface to be detected by survey teams.  

Long-finned pilot whales are a little different to the other deep diving species. Whilst they routinely 

dive to depths of up to 600m, tagging studies have revealed that long-finned pilot whales spend more 

than half of their time near the sea surface, within the top 7m (Baird et al. 2002; Heide-Jørgensen et 

al. 2002), and their dives often last only 9 -14 minutes (Heide-Jørgensen et al. 2002; Aoki et al. 2017). 

These diving patterns provide more opportunities for their detection by visual observers.  

Deep-diving cetacean species are known to be vulnerable to anthropogenic sources of noise, including 

from the development of offshore energy. Active sonar and acoustic surveys such as seismic surveys 
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have been linked to numerous negative effects on these deep-diving species, including habitat 

displacement, disruption of biologically important behaviours (e.g. feeding attempts), masking of 

communication signals, chronic stress and potential auditory damage (Miller et al. 2009, Nowacek et 

al. 2015, McGeady et al. 2016, Stanistreet et al. 2022).  

Quantifying the impacts of anthropogenic noise on deep diving cetacean species is difficult due to the 

lack of underlying data on their abundance and ecology. Offshore surveys for cetaceans are relatively 

expensive and resource-intensive compared with studying coastal species, and the cryptic behaviour 

of many deep-diving species often results in very low numbers of animals being recorded using typical 

survey methodology. 

In recent years, several studies have combined data from multiple surveys to model the distribution 

of deep diving cetaceans in the north-eastern Atlantic (e.g. Rogan et al. 2017; Virgili et al. 2019; Breen 

et al. 2020). This approach can provide sufficient records of animals and allow the generation of 

density surfaces across the area of interest.  

This study builds on the work done by Rogan et al. (2017) by modelling deep-diving cetacean data 

from a variety of sources, including from the three most recently available dedicated cetacean sighting 

surveys (SCANS-III, ObSERVE, NASS-2015), to provide the most comprehensive description of the 

distribution and abundance of beaked whales and other deep-diving cetaceans around Britain. 

1.1 Project objectives 

This project brings together data on deep-diving cetaceans from various surveys collected between 

2005 and 2016.  First, information from the most recent surveys (summer 2015-16) is collated and 

analysed to provide design-based estimates of abundance for each deep-diving species for which 

sufficient data are available. Second, the combined dataset (2005-2016) is used to model distribution 

in two ways: environmental drivers of deep-diver distribution are investigated using so-called 

explanatory models; and the best predicted density surfaces of abundance are generated from so-

called predictive models.  

1.2 Cetacean data sources 

The project used data from a variety of sources.  

The SCANS surveys are a series of large-scale cetacean surveys conducted in European Atlantic waters. 

They were initiated in 1994 in the North Sea and adjacent waters (SCANS 1995; Hammond et al. 2002) 

and continued in 2005, covering all shelf waters (SCANS-II 2008; Hammond et al. 2013), and 2007 in 

offshore waters (CODA 2009). In 2016, SCANS-III surveyed all waters covered by SCANS-II and CODA, 

except Irish waters (see below), (Hammond et al. 2021). The 1994 SCANS survey covered only shelf 

waters which are not typically home to deep diving species. No beaked whales were observed and 

there were unique sightings of only three pilot whale groups and two sperm whale groups. These data 

are not included in analysis here.  

The study area, survey design and methods employed during the SCANS-II and SCANS-III surveys are 

described in Hammond et al. (2013) and Hammond et al. (2021), respectively. The CODA surveys are 

described in CODA (2009). All SCANS and CODA surveys were conducted in the summer, focused on 
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the month of July. SCANS surveys used a combination of ship and aerial platforms. CODA was 

conducted using ships. 

In addition to collecting visual observations of cetaceans, some survey ships also collected acoustic 

data. Beaked whale detections from SCANS-II, CODA and SCANS-III were analysed by Quintana (2017), 

and these have also been included in this project.  

The ObSERVE project conducted aerial surveys in Irish waters during the summer and winter of 2015 

and 2016/17. Survey methods were equivalent to those used during the SCANS-III survey and are 

described in Rogan et al. (2018).  

The North Atlantic Sightings Survey (NASS) is a series of mainly shipboard surveys conducted by 

Norway, Iceland, the Faroe Islands and Greenland in the central and eastern North Atlantic in summer 

(Lockyer & Pike 2009; Desportes et al. 2019). Data from the Faroes surveys in T-NASS 2007 (Pike et al. 

2008) and NASS 2015 (Pike et al. 2019) were included in this project. The Faroes survey areas in T-

NASS 2007 and NASS 2015 were contiguous with those of CODA and SCANS-III, respectively.  

Survey effort from these surveys is shown in Figure 1. Note that effort from the North Sea area were 

included for estimation of abundance but excluded from distribution modelling (see also below).  

Irrespective of source, only data collected in sea conditions of Beaufort 5 or below were included in 

the dataset for analysis. The resulting combined dataset was split into segments based on date, 

transect ID (where available) and sighting conditions, such that each segment should contain only 

effort from one day, only one transect and have been carried out by the same observers and under 

the same conditions. Segments ranged between 1 and 14.98 km long.  For all data combined, this gave 

a total of 98,654 km effort for analysis (Table 1).  
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Figure 1: Effort from designed surveys which contributed to the combined beaked whale dataset. 

 

Table 1. Summary of the amount of effort and number of groups of animals detected on effort used in analysis for each 

of the data sources used. All beaked whale species includes sightings unidentified to species as well as those identified to 

species.  

Source Year 
Total 
effort 
(km) 

Pilot 
whale 

Sperm 
whale 

Northern 
bottlenose 

whale 

Sowerby’s 
beaked 
whale 

Cuvier’s 
beaked 
whale 

All 
beaked 
whale 

species 

SCANS-II 2005 16,586 9 0 0 0 3 5 

CODA 2007 19,355 43 31 0 7 6 28 

T-NASS 2007 2,783 6  12 0 0 12 

NASS 2015 4,904 23 31 28 0 0 28 

ObSERVE 2015-17 12,632 27 8 0 1 4 23 

SCANS-III - 
visual 

2016 35,013 55 18 2 2 8 42 

SCANS-III - 
acoustic 

2016 7,380 0 0 0 9 0 18 
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2 Estimates of abundance of deep-diving cetaceans in the European Atlantic 

in summer 2015-2016 

Recent estimates of abundance of beaked whales, pilot whales and sperm whales in the European 

Atlantic are available from three major surveys: SCANS-III in summer 2016 (Hammond et al. 2021); 

ObSERVE in summer/winter 2015/2016 (Rogan et al. 2018); and the Faroes blocks of NASS in summer 

2015 (Pike et al. 2019). Here we compile these estimates for SCANS-III (summer 2016), ObSERVE 

(summer 2016) and NASS (summer 2015) to generate the most up-to-date information on abundance 

of deep-diving cetacean species in this area. 

The surveys were designed so that adjacent blocks shared a common boundary (i.e., were contiguous); 

consequently, estimates of abundance can be summed and no correction for overlapping areas is 

required (Figure 2). 

 
Figure 2: Survey blocks for the SCANS-III, ObSERVE and NASS surveys. Blocks were designed to be contiguous. 

 

Summing estimates from NASS in 2015 and SCANS-III and ObSERVE in 2016 does not introduce bias in 

total estimated abundance but does lead to additional variance because animals may have moved 

between adjacent areas (in either direction) between years. No information is available to estimate 
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this additional variance, so our estimates of variance are negatively biased by an unknown amount. 

However, most estimates are in any case rather imprecise and additional variance is likely a minor 

contribution to total variance. 

All published estimates of abundance presented here were calculated using design-based methods; 

full details are given in Hammond et al. (2021), Rogan et al. (2018) and Pike et al. (2019). In addition 

to collation of published estimates, additional analyses were conducted to obtain as much information 

from the data as possible, as described below. Calculations were made for each survey block for ship 

surveys and for each aerial survey (SCANS-III and ObSERVE) as a whole. 

2.1 Sperm whale 

Published estimates of abundance for sperm whale are available from the Faroes blocks of NASS 2015 

(Pike et al. 2019) and the ship surveys of SCANS-III 2016 (Hammond et al. 2021).  In addition, estimates 

were calculated from the small number of sightings made on the SCANS-III and the ObSERVE 2016 

aerial surveys, using the effective strip width estimated for beaked whales in each case. These 

estimates are given in Table 2. 

2.2 Pilot whale 

Published estimates of abundance for pilot whale are available from the Faroes blocks of NASS 2015 

(Pike et al. 2019), the ship and aerial surveys of SCANS-III 2016 (Hammond et al. 2021) and the 

ObSERVE 2016 aerial survey (Rogan et al. 2018). These estimates are given in Table 2. 

2.3 Beaked whales 

The available published estimates for beaked whales are limited to (a) northern bottlenose whale from 

NASS 2015 (Pike et al. 2019), (b) all beaked whales combined from SCANS-III (Hammond et al. 2021) 

and (c) all beaked whales combined, Cuvier’s beaked whale and Mesoplodon spp from ObSERVE 

(Rogan et al. 2018).  

Abundance of Cuvier’s beaked whale, Sowerby’s beaked whale, Mesoplodon spp and unidentified 

beaked whales from the SCANS-III shipboard survey was estimated using the effective strip width 

estimated for all beaked whales combined. 

Abundance of northern bottlenose whale, Cuvier’s beaked whale, Sowerby’s beaked whale, and 

unidentified beaked whales from the SCANS-III aerial survey was derived from the estimate for all 

beaked whales combined based on the ratio of primary sightings: 

�̂�𝑠𝑝 = �̂�𝑠𝑝 �̂�𝑎𝑙𝑙 

where Nsp is abundance of the species, Nall is abundance of all beaked whales combined, and 

�̂�𝑠𝑝 =
𝑛𝑠𝑝

𝑛𝑎𝑙𝑙
 

where nsp is the number of primary sightings of the species and nall is the number of primary sightings 

of all beaked whales combined. 

The CV of the derived estimate was calculated as: 
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𝐶𝑉𝑁𝑠𝑝
= √𝐶𝑉𝑟𝑠𝑝

2 + 𝐶𝑉𝑁𝑎𝑙𝑙

2  

where  𝐶𝑉𝑟𝑠𝑝
2 =

(1−�̂�𝑠𝑝)

�̂�𝑠𝑝 𝑛𝑎𝑙𝑙
 . 

An estimate of the number of unidentified beaked whales for ObSERVE was derived by subtracting the 

estimates for Cuvier’s beaked whale and Mesoplodon spp from the estimate of all beaked whales 

combined. Similarly, an estimate of the abundance of Gervais’ beaked whale for SCANS-III ship surveys 

was calculated by subtracting the estimates for all identified species and unidentified beaked whales 

from the estimate of all beaked whales combined. The CVs of these estimates were calculated as for 

estimates based on the ratio of primary sightings, as described above. 

These estimates are summarised in Table 2. 

2.4 Allocating abundance of unidentified beaked whales to species 

Estimates of abundance of unidentified beaked whales were then allocated to species based on the 

proportion of primary sightings of all identified species (including Mesoplodon spp) and added to 

estimates for species: 

�̂�𝑎𝑑𝑗 = �̂�𝑠𝑝 + �̂�𝑠𝑝�̂�𝑢𝑛𝑖𝑑 

where Nadj is abundance adjusted to include a proportion of unidentified beaked whale abundance, 

Nsp is abundance of the species, Nunid is abundance of unidentified beaked whales and 

�̂�𝑠𝑝 =
𝑛𝑠𝑝

𝑛𝑖𝑑
 

where nsp is the number of primary sightings of the species and nid is the number of primary sightings 

of all identified beaked whales (i.e., excluding unidentified beaked whales). 

The variance of the adjusted estimates was calculated by summing the variances of the species 

abundance and the proportion of the abundance from unidentified beaked whales so that 

𝐶𝑉𝑁𝑎𝑑𝑗
=

√𝑣𝑎𝑟�̂�𝑠𝑝 + 𝑣𝑎𝑟(�̂�𝑠𝑝�̂�𝑢𝑛𝑖𝑑)

�̂�𝑎𝑑𝑗

 

where  𝑣𝑎𝑟(�̂�𝑠𝑝�̂�𝑢𝑛𝑖𝑑) = �̂�𝑠𝑝
2 �̂�𝑢𝑛𝑖𝑑

2 (𝐶𝑉𝑝𝑠𝑝
2 + 𝐶𝑉𝑁𝑢𝑛𝑖𝑑

2 );   and   𝐶𝑉𝑝𝑠𝑝
2 =

(1−𝑝𝑠𝑝)

𝑝𝑠𝑝 𝑛𝑖𝑑
. 

These calculations were made for northern bottlenose whale, Cuvier’s beaked whale, Sowerby’s 

beaked whale, Gervais’ beaked whale and Mesoplodon spp, stratified by survey (NASS 2015, SCANS-

III, ObSERVE), by survey type (aerial or ship) and by survey block for ship surveys. 

Abundance estimates, including estimates adjusted for the addition of a proportion of unidentified 

beaked whale abundance are given in Table 2.  

Summary estimates for 2015-16 for all species compared with those estimated for 2005-07 by Rogan 

et al. (2017) are given in Table 3. 
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Table 2.  Estimates of abundance of deep-diving cetacean species in the European Atlantic. All estimates derived from Hammond et al. (2017), Rogan et al. (2018) and Pike et al. (2019), 

corrected and calculated as described in the text. n = number of sightings. N = estimated abundance. D = estimated density. CV(N) = estimated co-efficient of variation of abundance and 

density. Lower/Upper 95% CL = lower/upper 95% confidence limit of abundance. N-unid = estimated abundance derived as a proportion of unidentified beaked whale abundance. N-adj = 

adjusted abundance (N + N-unid). D-adj = adjusted density. 

Species Survey Block n N D CV(N) 

Lower 

95% CL 

Upper 

95% CL N-unid N-adj D-adj CV(N-adj) 

Lower 

95% CL 

Upper 

95% CL 

Sperm whale NASS-15 Ship 51 21,196 0.0832 0.569 7,511 59,816       

 SCANS-III Aerial 3 165 0.0001 0.376 81 337       

 SCANS-III Ship 38 13,518 0.0305 0.351 6,928 26,377       

 SCANS-III Total 41 13,683 0.0083 0.347 7,066 26,498       

 ObSERVE Aerial 5 637 0.0019 0.505 250 1,622       
Sperm whale Total   97 35,517 0.0159 0.365 17,763 71,016       

               
Pilot whale NASS-15 Ship 46 50,604 0.1986 0.393 24,079 106,348       

 SCANS-III Aerial 79 5,215 0.0043 0.605 1,745 15,583       

 SCANS-III Ship 37 20,657 0.0466 0.347 10,677 39,967       

 SCANS-III Total 116 25,872 0.0157 0.302 14,490 46,194       

 ObSERVE Aerial 20 7,413 0.0226 0.395 3,515 15,636       
Pilot whale Total   182 83,889 0.0375 0.257 51,092 137,738       

               
Northern bottlenose whale NASS-15 Ship 24 13,906 0.0546 0.784 3,579 54,035 0 13,906 0.0546 0.784 3,579 54,035 

 SCANS-III Aerial 2 175 0.0001 0.763 46 661 96 271 0.0002 0.571 96 250 

 SCANS-III Ship 0 0 0.0000    0 0 0.0000    

 SCANS-III Total 2 175 0.0001 0.763 46 661 96 271 0.0002 0.571 96 767 

 ObSERVE Aerial 0 0 0.0000    0 0 0.0000    
Northern bottlenose whale Total   26 14,081 0.0063 0.775 3,673 53,989 96 14,177 0.0063 0.770 3,724 53,964 
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Species Survey Block n N D CV(N) 

Lower 

95% CL 

Upper 

95% CL N-unid N-adj D-adj CV(N-adj) 

Lower 

95% CL 

Upper 

95% CL 

Cuvier's beaked whale NASS-15 Ship 0 0 0.0000    0 0 0.0000    

 SCANS-III Aerial 8 701 0.0006 0.456 299 1,641 382 1,083 0.0009 0.350 557 2,107 

 SCANS-III Ship 18 2,357 0.0053 0.482 962 5,777 503 2,860 0.0065 0.419 1,301 6,285 

 SCANS-III Total 26 3,058 0.0019 0.386 1,472 6,351 885 3,942 0.0024 0.318 2,144 7,249 

 ObSERVE Aerial 2 237 0.0007 0.712 68 832 147 384 0.0012 0.535 144 1,028 

Cuvier's beaked whale Total   28 3,295 0.0015 0.362 1,656 6,556 1,032 4,327 0.0019 0.294 2,461 7,607 

               
Sowerby's beaked whale NASS-15 Ship 0 0 0.0000    0 0 0.0000    

 SCANS-III Aerial 1 88 0.0001 1.040 16 469 48 135 0.0001 0.773 35 309 

 SCANS-III Ship 2 494 0.0011 0.955 102 2,393 476 970 0.0022 0.752 261 3,603 

 SCANS-III Total 3 582 0.0004 0.826 141 2,390 524 1,105 0.0007 0.667 337 3,628 

 ObSERVE Aerial 0 0 0.0000    0 0 0.0000    
Sowerby's beaked whale Total   3 582 0.0003 0.826 141 2,390 524 1,105 0.0005 0.667 337 3,628 

               

Gervais' beaked whale NASS-15 Ship 0 0 0.0000    0 0 0.0000    

 SCANS-III Aerial 0 0 0.0000    0 0 0.0000    

 SCANS-III Ship 1 29 0.0001 1.040 5 155 4 33 0.0001 0.941 7 155 

 SCANS-III Total 1 29 0.0000 1.040 5 155 4 33 0.0000 0.941 7 155 

 ObSERVE Aerial 0 0 0.0000    0 0 0.0000    
Gervais' beaked whale Total   1 29 0.0000 1.040 5 155 4 33 0.0000 0.941 7 155 

               

Mesoplodon spp NASS-15 Ship 0 0 0.0000    0 0 0.0000    

 SCANS-III Aerial 0 0 0.0000    0 0 0.0000    

 SCANS-III Ship 1 226 0.0005 1.197 36 1,434 182 408 0.0009 0.833 98 1,694 

 SCANS-III Total 1 226 0.0001 1.197 36 1,434 182 408 0.0002 0.833 98 1,694 

 ObSERVE Aerial 7 2,243 0.0068 0.682 668 7,531 515 2,758 0.0084 0.563 986 7,717 

Mesoplodon spp Total   8 2,469 0.0011 0.629 796 7,657 697 3,166 0.0014 0.502 1,249 8,022 
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Species Survey Block n N D CV(N) 

Lower 

95% CL 

Upper 

95% CL       

Unidentified beaked whale NASS-15 Ship 0 0 0.0000          

 SCANS-III Aerial 6 526 0.0004 0.499 208 1,325       

 SCANS-III Ship 6 1,164 0.0026 0.712 332 4,087       

 SCANS-III Total 12 1,690 0.0010 0.515 653 4,370       

 ObSERVE Aerial 6 662 0.0020 0.499 263 1,669       
Unidentified beaked whale Total   18 2,352 0.0011 0.396 1,114 4,966       

               
Beaked whales (all) NASS-15 Ship 24 13,906 0.0546 0.784 3,579 54,035       

 SCANS-III Aerial 17 1,489 0.0012 0.376 730 3,037       

 SCANS-III Ship 28 4,270 0.0096 0.378 2,086 8,741       

 SCANS-III Total 45 5,759 0.0035 0.297 3,259 10,177       

 ObSERVE Aerial 15 3,142 0.0096 0.505 1,235 7,997       
Beaked whales (all) Total   84 22,807 0.0102 0.489 9,201 56,532       

 

 

 

  



 

 

15 

 

Table 3. Estimates of abundance of deep-diving cetacean species in the European Atlantic for 2015-16 compared with estimates from 2005-07 from Rogan et al. (2017).  n = number of 

sightings. N = estimated abundance. CV(N) = estimated co-efficient of variation of abundance. Lower/Upper 95% CL = lower/upper 95% confidence limit of abundance. adjusted = 

estimates adjusted to include a proportion of unidentified beaked whale abundance. 

 

 2005-07  2015-16 

Species n N CV(N) 

Lower 

95% CL 

Upper 

95% CL  n N CV(N) 

Lower 

95% CL 

Upper 

95% CL 

Sperm whale 65 3,267 0.23 2,103 5,076  97 35,517 0.36 17,763 71,016 

Pilot whale 59 172,195 0.35 88,194 336,206  182 83,889 0.26 51,092 137,738 

Northern bottlenose whale 15 19,539 0.36 9,921 38,482  26 14,081 0.77 3,673 53,989 

 adjusted  20,456 0.35 10,553 39,650   14,177 0.77 3,724 53,964 

Cuvier's beaked whale 17 2,286 0.48 942 5,552  28 3,295 0.36 1,656 6,556 

 adjusted  4,471 0.51 1,735 11,519   4,327 0.29 2,461 7,607 

Sowerby's beaked whale 6 3,518 0.43 1,570 7,883  3 582 0.83 141 2,390 

 adjusted  4,227 0.48 1,725 10,356   1,105 0.67 337 3,628 

Gervais' beaked whale       1 29 1.04 5 155 

Mesoplodon spp       8 2,469 0.63 796 7,657 

Unidentified beaked whale 25 3,811 0.26 2,322 6,254  18 2,352 0.40 1,114 4,966 

All beaked whales 63 29,154 0.27 17,478 48,629  84 22,807 0.49 9,201 56,532 
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3 Distribution of deep-diving cetaceans 

3.1 Modelling methods 

Using the combined dataset, spatially referenced statistical models were developed to investigate the 

physical environmental features that best explained the distribution of deep-diving cetaceans. The 

candidate covariates considered for inclusion in the models are shown in Table 4, with some illustrated 

in Figure 3. Distribution plots of some of the covariates which were retained in models for any of the 

species are given in Appendix 1. 

 

Table 4. Covariate data considered for inclusion in the models of deep diving cetacean distribution.  

Covariate 
name 

Description Unit of 
measurement 

Data source 

X Longitude converted into UTM31 
coordinate system 

N/A N/A 

Y Latitude converted into UTM31 
coordinate system 

N/A N/A 

Depth Mean depth of the values assigned to 
effort making up the segment. Depth 
raster created using R package 
MARMAP (Pante and Simon-Bouhet 
2013). 

m ETOPO1 database, hosted by NOAA 
(Amante and Eakins 2009). 

Standard 
deviation of 
depth 
(SD_depth) 

Standard deviation of depth calculated 
over a buffer of 5km radius.  Depth 
raster created using R package 
MARMAP (Pante & Simon-Bouhet, 
2013). Analysis of raster conducted 
using R package RASTER (Hijmans, 
2020) 

m ETOPO1 database, hosted by NOAA 
(Amante & Eakins, 2009). 

Slope Seabed gradient, extracted from a 
single point location using depth data 
extracted using R package MARMAP 
(Pante and Simon-Bouhet 2013). 
Analysis of raster conducted using R 
package RASTER (Hijmans, 2020) 

(°) ETOPO1 database, hosted by NOAA 
(Amante & Eakins, 2009). 

Aspect Slope facing direction. Extracted from a 
single point location using R package 
MARMAP (Pante & Simon-Bouhet, 
2013). Analysis of raster conducted 
using R package RASTER (Hijmans, 
2020) 

(°) ETOPO1 database, hosted by NOAA 
(Amante & Eakins, 2009). 
 

Surface 
salinity 
(SAL) 

Sea water salinity PSU  GLORYS12V1: a reanalysis of the 
Copernicus Marine Environment 
Monitoring Service (CMEMS) global 
ocean eddy-model, based largely on the 
current real-time global forecasting 
CMEMS system. Downloaded from 
https://resources.marine.copernicus.eu/ 
(Fernandez and Lellouche 2021) 

Mixed Layer 
Depth 
(MLD) 

Ocean mixed layer depth. The depth 
where the density increase compared 
to density at 10m depth corresponds to 

m GLORYS12V1: a reanalysis of the 
Copernicus Marine Environment 
Monitoring Service (CMEMS) global 
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a temperature decrease of 0.2°C in 
local surface conditions  

ocean eddy-model, based largely on the 
current real-time global forecasting 
CMEMS system. Downloaded from 
https://resources.marine.copernicus.eu/ 
(Fernandez & Lellouche, 2021) 

Sea surface 
temperature 
(SST) 

Optimally Interpolated (OI) merged 
microwave-infrared SST product from 
Remote Sensing Systems. 

°C This is the Optimally Interpolated (OI) 
merged microwave-infrared SST product 
from the Advanced Very High-
Resolution Radiometer (AVHRR) 
instrument. Data provided by NEODAAS 
(Casey et al. 2010) 

Sea bottom 
temperature 
(SBT) 

Sea water potential temperature at sea 
floor 

°C GLORYS12V1: a reanalysis of the 
Copernicus Marine Environment 
Monitoring Service (CMEMS) global 
ocean eddy-model, based largely on the 
current real-time global forecasting 
CMEMS system. Downloaded from 
https://resources.marine.copernicus.eu/ 
(Fernandez and Lellouche 2021) 

Sea surface 
Height 
(SSH) 

Sea surface height above the ellipsoid. 
SSH is the difference between the 
actual sea surface height at any given 
time and place, and that which it would 
have if the ocean were at rest. SSH = 
geoid +ADT 

m GLORYS12V1: a reanalysis of the 
Copernicus Marine Environment 
Monitoring Service (CMEMS) global 
ocean eddy-model, based largely on the 
current real-time global forecasting 
CMEMS system. Downloaded from 
https://resources.marine.copernicus.eu/ 
(Fernandez and Lellouche 2021) 

Distance 
from 1000m 
isobath 

Distance at shortest point  km ETOPO1 database, hosted by NOAA 
(Amante & Eakins, 2009). 

Distance 
from 2000m 
isobath 

Distance at shortest point  km ETOPO1 database, hosted by NOAA 
(Amante & Eakins, 2009). 

Distance 
from 
canyons 

Distance at shortest point. Canyons are 
deep, narrow valleys with steep sides.  

km Seafloor Geomorphic Features map 
(Harris et al. 2014) 

Distance 
from 
escarpments 

Distance at shortest point. Escarpment 
is the bottom of a cliff or steep slope.  

km Seafloor Geomorphic Features map 
(Harris et al. 2014) 

Distance 
from fans 

Distance at shortest point. Fans are 
triangle-shaped deposits of sediment 
usually created as flowing water 
interacts with mountains, hills, or the 
steep walls of canyons. 

km Seafloor Geomorphic Features map 
(Harris et al. 2014) 

Distance 
from ridges 

Distance at shortest point. Ridges are 
chains of mountains that form a 
continuous elevated crest 

km Seafloor Geomorphic Features map 
(Harris et al. 2014) 

Distance 
from 
seamounts 

Distance at shortest point. Seamounts 
are isolated rises in elevation of 1000m 
or more from the surrounding seafloor.  

km Seafloor Geomorphic Features map 
(Harris et al. 2014) 

Distance 
from 
troughs 

Distance at shortest point. A trough is a 
linear depression extending over a 
distance. Shallower than a canyon. 

km Seafloor Geomorphic Features map 
(Harris et al. 2014) 
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Reference ellipsoid: smoothed mathematical representation of Earth's sea level surface, ignoring   the effects 
of tides, seasonal currents, and waves. 
Geoid: the shape that the ocean surface would take under the influence of gravity and the earth’s rotation, 
assuming other influences such as tide and wind were absent.  
MSS: 20-year Mean Sea Surface above the ellipsoid.  
SLA: Sea level anomaly (difference between MSS and sea level at time of measurement). 
MDT: Mean Dynamic Topography: mean departure of the sea surface from the geoid due to ocean dynamics. 
ADT: Absolute Dynamic Topography: departure of the sea surface from the geoid due to ocean dynamics. ADT 
= MDT+SLA. 
SSH: Sea Surface Height: height of the sea surface above the ellipsoid.  
 

Figure 3. Schematic showing the differences between the different measures of mesoscale activity SLA, ADT and SSH 

with reference to the geoid. Adapted from Fernandez & Lellouche (2021). 

 

3.1.1 Model structure, fitting and selection 

Modelling methods followed the GAM framework previously outlined in Gilles et al. (2016), Becker et 

al. (2016, 2017) and Rogan et al. (2017). Tweedie and negative binomial distributions were considered 

as candidate error structures to account for over-dispersion in the cetacean count data. The negative 

binomial distribution is a generalisation of a Poisson regression, which loosens the assumption that 

variance is equal to the mean. This is often used to model counts, particularly for count data which 

are over-dispersed – that is, contain greater variability than would be expected (Jain and Consul 1971). 

The Tweedie is a family of exponential type distributions, which are tolerant to large numbers of zero 

observations (Candy 2004).  

The general structure of the model, using a logarithmic link function, was: 

𝑛𝑖 = 𝑒𝑥𝑝 [ln(𝑎𝑖) + 𝜃0 + ∑ 𝑓𝑘(𝑧𝑖𝑘)] 

https://en.wikipedia.org/wiki/Ocean
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where ni is the number of individuals detected in the ith effort segment, the offset ai is the effective 

area searched (segment length * (2 * estimated effective strip width) for the ith segment, θ0 is the 

intercept, fk are smoothed functions of the explanatory environmental covariates, and zik is the value 

of the kth explanatory covariate in the ith segment. Estimated effective strip widths were available from 

previous analysis for all the dedicated survey data (CODA 2009; Hammond et al. 2013, 2021; Rogan et 

al. 2017, 2018; Pike et al. 2008, 2019). 

Smooth functions were fitted using restricted maximum likelihood (REML) with automatic term 

selection (Marra and Wood 2011). Thin-plate regression splines were used for all covariates except 

for Aspect for which a cyclic penalized cubic regression spline was used. This method was used for 

model fitting because it helps to avoid overfitting of the smooth functions by including a modification 

to penalize slightly the null space. The method can reduce the estimated degrees of freedom of a 

covariate term to one or less, and even to zero if it does not contribute sufficiently to explaining the 

variability in the data. Following initial fitting of a model including all candidate covariates, those 

covariates with estimated degrees of freedom of 0.1 or less were removed from the model. Selection 

among models was based on Akaike’s Information Criterion (AIC). Goodness of fit of models was 

assessed by inspection of QQ plots and plots of model residuals. 

The data on distance to various features (Table 4) were correlated to an extent that depended on the 

dataset being modelled.  Correlated covariates should not be included in the same model. To select 

which of the correlated covariates should be included in the model in each instance, they were first 

modelled independently and the covariate resulting in the lowest AIC value was taken forward for use 

in subsequent modelling.  

Two types of model were fitted. So-called predictive models included geographical coordinates (X, Y 

– see Table 4) as well as environmental covariates. Models including XY covariates typically perform 

best at describing the current distribution of a species from a particular dataset, but may perform less 

well at predicting patterns in distributions over time due to the amount of variability usually explained 

by the XY covariates (Lambert et al. 2014).  Relationships between animal density and environmental 

covariates that may help explain distribution are likely to be influenced by inclusion of geographical 

coordinates. Consequently, so-called explanatory models, that excluded geographical coordinates, 

were also fitted to investigate environmental drivers of distribution.  

Apart from the inclusion or exclusion of geographical coordinates, modelling implementation was the 

same for explanatory models and predictive models. For each type of model, a minimum of two 

models were fitted per species. Firstly, a model including only static covariates (depth, aspect, the 

best “distance to” covariate as determined by AIC, the best of SD depth and slope as determined by 

AIC – Table 4) was fitted. Secondly, a model that also included dynamic covariates (Table 4) was fitted.  

Note that the dataset used for modelling excluded the shallow waters of the North Sea area, which is 

not suitable habitat for deep diving species (Figure 4). Note also that the number of effort segments 

used for modelling was species dependent because some covariates were removed to reduce the 

number of effort segments with missing values and which covariates were removed depended on 

which “distance to” and monthly dynamic covariate was selected. 

Estimated density from the most supported model for each species was predicted onto a grid covering 

the study area. Note that the area used for model predictions is slightly larger than the area covered 
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by the surveys, excluding the North Sea area (Figure 4). This prediction area was selected to 

incorporate areas of similar habitat to those surveyed, and to provide a more rounded prediction area. 

When model predictions were made, only those grid cells with covariate values within the range of 

covariate values included in the survey data were used for the prediction. 

 

 

Figure 4. Area covered by the prediction grid used in the modelling, overlaid on the survey effort included in the 

modelling.. 

 

3.2 Results of models to investigate environmental drivers of distribution 

The negative binomial distribution was found to best describe the error structure of the data for all 

species. Although both explanatory and predictive models were fitted to all species, the only 

predictive model presented below is for all beaked whales combined. For Sowerby’s beaked whale, 

the fitted predictive model including the XY 2-D smooth function was unable to generate a useable 

spatial prediction of density. For all other species, the XY covariate was not retained when included as 

a candidate in the model, so the predictive model was the same as the explanatory model. 

3.2.1 All beaked whale species combined – explanatory model 

This analysis included acoustic detections of Sowerby’s beaked whale and sightings of Cuvier’s beaked 

whale, Sowerby’s beaked whale, Gervais’ beaked whale and northern bottlenose whale, as well as 

sightings and acoustic detections of beaked whales which could not be attributed to species.  
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There were 10,605 modelled survey effort segments for all beaked whales combined. Of these, 140 

(1.3 %) segments contained at least one beaked whale sighting or acoustic detection.   

The model including dynamic covariates performed best. Distance to escarpments was selected by AIC 

as the best seabed covariate to take forward into the model along with depth, sea surface 

temperature and mixed layer depth, although mixed layer depth was not retained in the best model.  

Table 5 and Figure 5 give the model results, including plots of the partial effect on density of the fitted 

smooth function for each model covariate. QQ and residuals plots are shown in Appendix 2. Figure 6 

shows the distribution of density predicted from the model. 

Depth was an important covariate for beaked whales, with higher density predicted in waters 

greater than 1000m in depth.  Density was also predicted to be higher in sea surface temperatures 

cooler than around 12°C and warmer than around 20°C.  

 
 

Table 5. Results of the best explanatory model for all beaked whales combined. 

Error 
distribution 

Model covariates Estimated degrees 
of freedom 

% Deviance 
explained 

Model degrees 
of freedom 

Negative 
binomial 

Depth 5.71 28.7 11.9 

Distance to escarpments 0.76 

SST  3.73 

  

 

 

 
 
Figure 5. Plots of the partial effect on density of covariates retained in the best explanatory model of all beaked whales 

combined.   
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a. b. c. 

   

Figure 6. (a) modelled effort and detections, (b) predicted density surface and (c) estimated CV surface for the best explanatory model for all beaked whales combined.  
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3.2.2 All beaked whales combined – predictive model including XY covariates 

The modelling process for predictive models was the same as for the explanatory models except that 

X and Y geographical covariates (Table 4) were included in the models as a 2-D isotropic smooth 

function along with other environmental covariates. 

This analysis included acoustic detections of Sowerby’s beaked whale and sightings of Cuvier’s 

beaked whale, Sowerby’s beaked whale, Gervais’ beaked whale and northern bottlenose whale, as 

well as sightings and acoustic detections of beaked whales which could not be attributed to species.  

There were 10,605 modelled survey effort segments for all beaked whales combined. Of these, 143 

(1.3 %) segments contained at least one beaked whale sighting or acoustic detection. 

The model including dynamic covariates was assessed to be the best. Depth and sea surface height 

were the only covariates retained by the model in addition to geographical coordinates X, Y, 

modelled as a 2-dimensional isotropic smooth function.  

Table 6 and Figure 7 give the model results, including plots of the partial effect on density of the 

fitted smooth function for each model covariate. QQ and residuals plots are shown in Appendix 2. 

Figure 8 shows the distribution of density predicted from the model. 

The X, Y component of the model predicted higher density to the northwest. In addition, density was 

predicted to be higher in waters greater than 1000m in depth and to increase with increasing sea 

surface height. 

 

Table 6. Results of the best predictive model for all beaked whales combined.   

Error 
distribution 

Model covariates Estimated degrees 
of freedom 

% Deviance 
explained 

Model degrees 
of freedom 

Negative 
binomial 

X,Y 15.45 35.9 22.6 

Depth 5.22 

Sea surface height 0.88 
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Figure 7. Plots of the partial effect on density of covariates retained in the best predictive model for all beaked whales 

combined. 
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a. b. c. 

   
Figure 8. (a) modelled effort and detections, (b) predicted density surface and (c) estimated CV surface for the best predictive model for all beaked whales combined.  
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3.2.3 Sowerby’s beaked whale – explanatory model 

This analysis included visual and acoustic detections that were recorded as Sowerby’s beaked whale. 

There were 10,605 modelled survey effort segments for Sowerby’s beaked whale. Of these, only 16 

(0.15 %) segments contained one or more Sowerby’s beaked whale sighting or acoustic detection.   

The best model included dynamic covariates, and the final model retained sea bottom temperature 

and sea surface height.  

Table 7 and Figure 9 give the model results, including plots of the partial effect on density of the fitted 

smooth function for each model covariate. QQ and residuals plots are shown in Appendix 2. Figure 10 

shows the distribution of density predicted from the model. 

Density was predicted to increase linearly with increasing sea surface height. The sea bottom 

temperature with the highest predicted density was 60C, with predicted density decreasing at both 

higher and lower temperatures. The confidence intervals at temperatures higher than 60C become 

increasingly wide.  

 

Table 7. Results of the best explanatory model for Sowerby’s beaked whale. 

Error 
distribution 

Model covariates 
Estimated degrees 

of freedom 
% Deviance 
explained 

Model degrees 
of freedom 

Negative 
binomial 

Sea bottom temperature 2.93 
50.3 4.8 

Sea surface height 0.89 

 

 

 
Figure 9. Plots of the partial effect on density of covariates retained in the best explanatory model for Sowerby’s beaked 

whale. 
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a. b. c. 

 
 

 
Figure 10. (a) modelled effort and detections, (b) predicted density surface and (c) estimated CV surface for the best explanatory model for Sowerby’s beaked whale. 
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3.2.4 Northern bottlenose whale – explanatory model 

This analysis included visual detections recorded as northern bottlenose whale; there were no 

acoustic detections of this species. 

There were 8,936 modelled survey effort segments for northern bottlenose whale. Of these, 41 (0.45 

%) segments contained one or more sighting.   

The best model was that using only static covariates, with the final model retaining depth, aspect and 

distance from fans (Table 4).  

Table 8 and Figure 11 give the model results, including plots of the partial effect on density of the 

fitted smooth function for each model covariate. QQ and residuals plots are shown in Appendix 2. 

Figure 12 shows the distribution of density predicted from the model. 

Higher density was predicted at depths greater than around 500m and distances from fans greater 

than around 500km. The relationship with aspect is weak but shows a slight increase in density in 

areas with an approximate east facing (900) slope. 

When running the predictive model for this species, the geographical covariates X, Y were not 

retained.  Thus, the explanatory model serves as both predictive and explanatory models. 

 
Table 8. Results of the best explanatory model for northern bottlenose whale.  

Error 
distribution 

Model covariates 
Estimated degrees 

of freedom 
% Deviance 
explained 

Model degrees 
of freedom 

Negative 
binomial 

Aspect 0.59 

56.8 10.9 Depth 5.50 

Distance to fan features 3.89 
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Figure 11. Plots of the partial effect on density of covariates retained in the best explanatory model of northern 

bottlenose whale. 
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a. b. c. 

  
 

Figure 12. (a) modelled effort and detections, (b) predicted density surface and (c) estimated CV surface for the best explanatory model for northern bottlenose whale. 
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3.2.5 Cuvier’s beaked whale – explanatory model 

This analysis included visual detections recorded as Cuvier’s beaked whale; there were no acoustic 

detections of this species. 

There were 7,891 modelled survey effort segments for Cuvier’s beaked whale. Of these, 17 (0.22%) 

segments contained one or more sighting. 

The best model included dynamic covariates and retained depth and mixed layer depth in March.  

Table 9 and Figure 13 give the model results, including plots of the partial effect on density of the 

fitted smooth function for each model covariate. QQ and residuals plots are shown in Appendix 2. 

Figure 14 shows the distribution of density predicted from the model. 

Density was predicted to increase linearly with depth and with increasing seabed variability (SD 

depth). Density was predicted to decline at increasing distances from escarpment features.   

 

As with northern bottlenose whale, the geographical covariates X, Y were not retained.  Thus, the 

explanatory model serves as both predictive and explanatory models. 

 
Table 9. Results of the best explanatory model for Cuvier’s beaked whale.  

Error 
distribution 

Model covariates 
Estimated degrees 

of freedom 
% Deviance 
explained 

Model degrees 
of freedom 

Negative 
binomial 

Depth 0.97 

26.6 3.01 Distance to escarpments 0.48 

SD depth 0.56 
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Figure 13. Plots of the partial effect on density of covariates retained in the best explanatory model for Cuvier’s beaked 

whale. 
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a. b. c. 

  
 

Figure 14. (a) modelled effort and detections, (b) predicted density surface and (c) estimated CV surface for the best explanatory model for Cuvier’s beaked whale. 
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3.2.6 Sperm whale – explanatory model 

This analysis included visual detections recorded as sperm whale; there were no acoustic detections 

of this species. 

There were 7,891 modelled survey effort segments for sperm whale. Of these, 64 (0.81%) segments 

contained one or more sighting.   

The best model included dynamic covariates and retained sea bottom temperature and depth of 

mixed layer, as well as distance to escarpment features.  

Table 10 and Figure 15 give the model results, including plots of the partial effect on density of the 

fitted smooth function for each model covariate. QQ and residuals plots are shown in Appendix 2. 

Figure 16 shows the distribution of density predicted from the model. 

Sea bottom temperature was the only covariate that showed much of a relationship with sperm whale 

density, with higher predicted density at temperatures around 5°C. Whilst other covariates were 

retained in the model, they have very wide confidence intervals, and do not show strong relationships.  

Similarly to northern bottlenose whale and Cuvier’s beaked whale, when running the predictive 

model for this species, the geographical covariates X, Y were not retained.  Thus, the explanatory 

model serves as both predictive and explanatory models. 

 

Table 10. Results of the best explanatory model for sperm whale.  

Error 
distribution 

Model covariates 
Estimated degrees 

of freedom 
% Deviance 
explained 

Model degrees 
of freedom 

Negative 
binomial 

Sea bottom temperature 3.33 

35 5.04 Distance to escarpments 0.33 

Mixed layer depth 0.39 
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Figure 15. Plots of the partial effect on density of covariates retained in the best explanatory model for sperm whale. 
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a. b. c. 

   
Figure 16. (a) modelled effort and detections, (b) predicted density surface and (c) estimated CV surface for the best explanatory model for sperm whale. 
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3.2.7 Pilot whale – explanatory model 

This analysis included visual detections recorded as pilot whale; there were no acoustic detections of 

this species. This was the only species to be modelled as groups rather than individuals.  

There were 8,313 modelled survey effort segments for pilot whale. Of these, 110 (1.04%) segments 

contained one or more sighting. 

The best model included static covariates only and retained aspect, depth and distance to 

escarpments.  

Table 11 and Figure 17 give the model results, including plots of the partial effect on density of the 

fitted smooth function for each model covariate. QQ and residuals plots are shown in Appendix 2. 

Figure 18 shows the distribution of density predicted from the model. 

Density was predicted to be higher at depths greater than around 500m, at aspects between around 

90° and 180° (towards the southeast), and to increase towards escarpments. 

The geographical covariates X, Y were not retained in the predictive models for this species.  Thus, 

the explanatory model serves as both predictive and explanatory models. 

 

Table 11. Results of the best explanatory model for pilot whales.  

Error 
distribution 

Model covariates 
Estimated degrees 

of freedom 
% Deviance 
explained 

Model degrees 
of freedom 

Negative 
binomial 

Depth 5.85 

22.5 9.19 Distance to escarpments 0.93 

Aspect 1.41 
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Figure 17. Plots of the partial effect on density of covariates retained in the best explanatory model for pilot whales. 
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a. b. c. 

   
Figure 18. (a) modelled effort and detections, (b) predicted density surface and (c) estimated CV surface for the best explanatory model for pilot whales. 
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4 Discussion 

4.1 Abundance estimates 

The abundance estimates presented here for deep-diving cetaceans cover a large area of the 

European Atlantic, including all shelf waters and offshore waters out to 200nm from the coasts of the 

UK, Ireland, France and Spain. Offshore waters of Portugal are not included. As expected, the large 

proportion of abundance is estimated to be in offshore waters surveyed primarily by the NASS and 

SCANS-III ship surveys (Table 2). 

The SCANS-III and NASS ship surveys used double-team methodology (Hammond et al. 2017; Pike et 

al. 2019) and all estimates presented here are corrected for perception bias (animals available to be 

detected but missed on the transect line where detection probability is assumed to be 1). The tracker 

survey mode employed on SCANS-III ships is designed also to correct for availability bias (animals 

present but unavailable to be detected on the transect line). However, the long dive times of deep 

diving species lead to a violation of the assumption that the probability of detection by the Primary 

team is independent of the probability of detection by the Tracker team because animals or groups 

seen by Tracker are likely to be underwater by the time that they become detectable by Primary. 

Therefore, the estimates of abundance of sperm, pilot and beaked whales from the SCANS-III ship 

surveys are only partially (at best) corrected for availability bias. Estimates from the SCANS-III and 

ObSERVE aerial surveys are not corrected either for perception or availability bias. Therefore, all 

estimates of abundance presented here are negatively biased to an unknown extent. However, the 

negative bias in estimates of pilot whale abundance is likely smaller than for sperm and beaked whales 

because pilot whale dive times are typically shorter and group sizes are considerably larger than for 

sperm and beaked whales (e.g., Cañadas et al. 2005; Heide-Jørgensen et al. 2002; Watwood et al. 

2006). 

The most abundant species of deep-diving cetacean in the area is the long-finned pilot whale, with 

the majority of animals (~50,000) and the highest density (~0.2 animals per km2) estimated in the 

NASS survey area (Table 2). There were also an estimated ~20,000 animals (density ~0.05 animals per 

km2) in offshore waters west of Scotland and in the Bay of Biscay. Results for the sperm whale followed 

a similar pattern of distribution but with smaller estimated abundance and density. There were 

~20,000 animals (density ~0.08 animals per km2) estimated in the NASS survey area and ~13,000 

animals (density ~0.008 animals per km2) estimated in offshore waters west of Scotland and in the Bay 

of Biscay (Table 2). The only beaked whale species with estimated overall abundance greater than 

5,000 animals was the northern bottlenose whale, with ~14,000 animals (density ~0.05 animals per 

km2) estimated in the NASS survey area (Table 2). However, the most abundant beaked whale within 

European waters was Cuvier’s beaked whale with an estimated ~4,000 animals (density ~0.002 

animals per km2) in offshore waters west of Scotland and in the Bay of Biscay (Table 2). 

All the estimates are rather imprecise, with CVs of abundance less than 0.4 only for sperm whale, pilot 

whale and Cuvier’s beaked whale. The confidence intervals for most species are therefore wide. The 

primary reason for the lack of precision is that sample sizes are small. 
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4.1.1 Comparison with estimates from 2005-07 

Table 3 compares estimates of sperm, pilot and beaked whales in 2015-16 with those from 2005-07 

(Rogan et al. 2017). Estimates are for approximately the same survey area covered by NASS-15, SCANS-

III and ObSERVE in 2015/16 and by SCANS-II, CODA and T-NASS-07 in 2005/07. The general pattern is 

that estimates were higher in 2005/07 than in 2015/16 for all species except the sperm whale, for 

which the estimate in 2015/16 is an order of magnitude greater than in 2005/07, and Cuvier’s beaked 

whale, for which the estimates are very similar. Except for the sperm whale, the lack of precision in 

the estimates results in there being no statistically significant differences but the power to detect a 

difference if there were one is very low so inferences about differences in true abundance are 

inappropriate. The large difference in estimated abundance of sperm whale is unexplained. 

4.2 Distribution  

Beaked whales, as a group, are one of the least well known taxa on the planet, with a new species, 

Ramari’s beaked whale (Mesoplodon eueu) being described in 2021 (Carroll et al. 2021), and the first 

live sighting of a species (Sato’s beaked whale – Berardius minimus), which had previously only been 

known through stranding records, occurring in 2021 (Fedutin et al. 2022). The lack of understanding 

about distribution and abundance is problematic because there is an increasing requirement for such 

information to improve management and mitigation. For example, there is growing acceptance that 

beaked whale strandings are frequently associated with loud anthropogenic sounds (e.g. Jepson et al. 

2003; D’Amico et al. 2009).  

With field data on these taxa being so difficult to collect, approaches such as that employed here, in 

which multiple surveys are combined to model the influence of habitat features and to produce a 

density surface, have the potential to be very useful, as long as the resultant predictions are accurate 

representations of the species being modelled.  Rogan et al. (2017) previously combined SCANS-II, 

CODA and T-NASS data to produce predicted density surfaces for the species modelled in this report.  

This study builds on this work, by modelling the most recently available visual survey data and also 

incorporating detections from passive acoustic monitoring.  Rogan et al. (2018) found all modelled 

species had distributions that were significantly related to depth, distance from the 2000m isobath, 

variability in the seabed (modelled in their study as contour index) and sea surface temperature.  

When so little Is known about the study taxa, choice of covariates to model can be challenging.  Claro 

et al. (2020) proposed the use of seafloor geomorphic features rather than proxy covariates (for 

example, modelling the location of canyons specifically, rather than depth contours). That approach 

has been integrated into the models presented here, with escarpment features (steep slopes 

separating two relatively level areas) commonly being retained in the model. As with Rogan et al. 

(2018), depth was retained in all models where it was included as a candidate covariate. Due to 

correlation with sea bottom temperature, if the latter covariate was retained (e.g., sperm whale) 

depth was not included. In almost all cases where the relevant covariates were retained, 

geomorphological features were selected in preference to proxy isobaths. This is in broad agreement 

with the work of Claro et al. (2020).  

A total of 10 different covariates were retained across the models presented in this report. Of these, 

depth was the most frequently retained, in five out of seven models. For the remaining two models, 
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depth could not be included because it was correlated with sea bottom temperature which had been 

selected for these species as the better covariate to include (and was retained in both cases).    

Distance to escarpment features was also frequently retained, in four models. Escarpment features 

are associated with transition areas to deeper water, and whilst the two were not found to be 

correlated, they are possibly indicating similar types of relationships with habitat and prey.  

The following discussion of results from models for all species relates to the explanatory models. 

4.2.1 All beaked whales 

Due to limited numbers of detections, previous studies have often combined beaked whales into a 

single category and modelled their distribution together (e.g. Rogan et al. 2017; Virgili et al. 2019). As 

with all of the individual species models, the combined beaked whale model from this study predicted 

peak densities of beaked whales at depths of at least 1000m, but also increased density with proximity 

to escarpment features and a U-shaped relationship with sea surface temperature (SST) with the 

lowest density of beaked whales occurring in waters with an SST around 15°C. These results differ 

slightly from the models produced by Virgili et al. (2019), but their study contained many more data 

points, which may explain the differences.  Other studies have shown evidence for niche separation 

in beaked whales; modelling all species together may obscure the relationships between species and 

their environment (Visser et al. 2022). 

4.2.2 Sowerby’s beaked whale 

The field detections of Sowerby’s beaked whale fall into two main areas; one to the north-west of 

Scotland and Ireland, the other along the southern edge of the Bay of Biscay (Fig 10a). The model 

predictions (Fig 10b) reflect this distribution but also predict higher densities along the continental 

shelf slope, particularly to the southwest of Ireland (south of Porcupine Bank), and also in deeper 

waters to the northwest of Spain (west of Galicia). Precision of the prediction is better where density 

is predicted to be higher but is overall poor (Fig 10c). 

The best model for this species predicts that shallower mixed layer depths would have positive effects 

on density and that as the mixed layer deepens density is predicted to decrease. However, the 

confidence interval surrounding the fitted relationship is very wide, so caution is needed in 

interpreting this result.  

Peak densities are predicted at a sea bottom temperature of around 6°C. However, the confidence 

interval around the fitted function becomes very wide as the temperature increases, likely due to a 

lack of data at these temperatures, again limiting any inference that can be made from this result.  

Unlike other deep-diving species, Sowerby’s beaked whales are thought to feed primarily on small 

mid-water fish, which generally occur at depths up to 750m (Pereira et al. 2011), with stomach 

samples from the northwest Atlantic reporting more than 30 taxa (Wenzel et al. 2013). Analysis of 

acoustic data of Sowerby’s beaked whales has found dive profiles consistent with whales selectively 

foraging on energetic prey items, potentially targeting larger individuals within a prey community 

(Visser et al. 2022).  Our results showing an association between density and shallower mixed layer 

depths suggest that Sowerby’s beaked whales are generally found in a nutrient-rich environment, 

which would support the hypothesis of selection of larger, higher energy prey items. Barile et al. (2021) 
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published models of acoustic detections and environmental parameters, which show the influence of 

SST, SSH and chlorophyl A concentration on Sowerby’s beaked whale. Even with the pooled data, our 

dataset was limited to a very low number of detections. It is likely that the increased number of 

detections in the Barile et al. (2021) study, which resulted from the static acoustic deployments, 

allowed for the retention of more predictors in the final model.  

4.2.3 Northern bottlenose whale 

Field detections of northern bottlenose whale were all made in the northern part of the study region 

(Fig 12a). The model predictions (Fig 12b) reflect this distribution but also predict higher densities in 

waters to the west and southwest of Spain and Portugal. Precision of the prediction is better where 

density is predicted to be higher but is overall poor (Fig 12c).  

The final model retained no dynamic predictors, only aspect, depth and distance to fan features. The 

slope for aspect is very flat and has a very wide confidence interval throughout the range of values, 

precluding any inference from this result.  Predicted density of northern bottlenose whale is highest 

in waters at least 1000m deep, and at around 500km or more from fan features. Since fan features 

are predominantly in the south of the region, far from the locations of the field detections for this 

species, it is possible that this covariate is acting as a proxy for latitude, and inferences concerning 

distribution should not be based on this relationship.  

This species is primarily specialist at preying on squid, so the strong relationship with depth is not 

unexpected. There are telemetry records of this species regularly making dives in excess of 800m 

(Hooker and Baird 1999).  

4.2.4 Cuvier’s beaked whale 

Cuvier’s beaked whale sightings were loosely scattered throughout the study region, with a cluster in 

the southern Bay of Biscay (Fig 14a). The model predictions (Fig 14b) do not reflect this distribution 

well but instead predict the highest densities off the edge of the continental shelf slope, particularly 

to the west of Spain and Portugal. However, precision of predicted density is overall poor (Fig 14c). 

The best model for this species retained only depth, distance to escarpment features and SD depth. 

Predicted density of this species increases linearly with depth and proximity to escarpment features.  

Cuvier’s beaked whales are canonically deep divers (Shearer et al. 2019) and feed both day and night, 

deep in the water column. They have been recorded to prey on at least 47 different species, primarily 

squid (Baird 2018).  Other studies have reported relationships with sea surface height and other 

indicators of eddies and upwelling (Correia et al. 2015; Barile et al. 2021), suggesting these are areas 

in which prey aggregate.  

4.2.5 Sperm whale 

Sperm whale sightings were distributed in deep waters all through the study region (Fig 16a). The 

model predictions (Fig 16b) reflect this, with the highest densities predicted along the shelf slope and 

particularly in offshore waters in the northern part of the region. However, precision of predicted 

density is overall poor (Fig 16c). 

The best model for sperm whale retained sea bottom temperature (SBT), sea level anomaly, mixed 

layer depth and distance to escarpment features. Except for SBT, all of the fitted relationships have 
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very wide confidence intervals, requiring caution when interpreting these relationships.  The retention 

of SBT in the final model is in agreement with Virgili et al. (2022), who found deep water variables to 

be much better predictors of sperm whale density than for beaked whales.  

4.2.6 Pilot whale 

Pilot whale sightings were also distributed in deep waters all through the study region, but with an 

apparent hiatus west of the southern Bay of Biscay and northwest Spain (Fig 18a). The model 

predictions (Fig 18b) reflect this overall in the northern part of the region, but not in the Bay of Biscay, 

likely because encounter rates are lower in this area. Precision of predicted density is overall better 

than for other species, primarily because of larger sample size, and confidence in these results is thus 

greater (Fig 18c). 

The pilot whale model shows peak predicted density of pilot whales in water depths greater than 

1000m, and close to escarpment features. Aspect is also retained as a covariate, showing a slight 

preference for south-east facing slopes but the confidence interval around the fitted smooth function 

is wide. The diet of this species comprises mostly small cephalopods. Escarpment features increase 

upwelling in the water column, which increases productivity and aggregates prey species (Fiedler, 

2018), which would explain the modelled relationships with these features.  

4.3 Methodological considerations 

4.3.1 Sample size 

The modelling undertaken in this report is limited by the small number of sightings for most species. 

Recognising this from the start, considerable effort was expended attempting to add additional data 

from the Seabirds at Sea Team, but it ultimately proved impossible to fit informative models because 

including these data resulted in a much smaller proportion of effort segments with detections. 

Similarly, seasonal modelling not possible with systematic survey data because of small sample size - 

almost no data were collected outwith summer.  

4.3.2 Modelling methods 

The modelling in this paper was conducted using the number of individuals (or groups) as the response 

variable, accounting for variation in detection probability by including an offset in the models, where 

the offset was equal to the segment length multiplied by the effective strip half width, as estimated 

from prior distance sampling analysis and reported in Hammond et al. (2021), CODA (2009) and Rogan 

et al. (2018).  This method allows the segment width to expand and contract with environmental 

conditions but is unable to accommodate variation in detection probability due to covariates that 

change at the sighting level (such as sighting cue or group size).  

An alternative is to model �̂�, the count of individuals (or groups) divided by detection probability, as 

the response variable, in which case the offset is simply the segment length multiplied by twice the 

truncation distance used to estimate detection probability.  This method maintains a constant width 

of each segment and incorporates variation in detection probability at the sighting level, thus allowing 

sighting-related covariates to be included.  

As discussed above, a limiting factor in modelling most of these deep diving species in the European 

Atlantic is the sample size available and the very strong overdispersion introduced in the data because 
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of this. One possibility could be to explore hurdle models, in which models of the probability of 

presence are fitted first, followed by models of density conditional on probability of presence. 

Whether these alternative modelling approaches would lead to greater insights regarding deep diving 

cetacean distribution and habitat use is unclear, but it might be worth pursuing such methods. 

4.3.3 Explanatory vs predictive modelling 

Predictive models were only presented for all beaked whales combined because the XY 2-D smooth 

function was not retained when included as a candidate in the single species models (but see 

Sowerby’s beaked whale below). In terms of model performance, for all beaked whales combined the 

explanatory model explained less deviance in the data than the predictive model (28.7% vs 35.9%). 

This is to be expected because the XY 2-D smooth function in the predictive model is able to explain 

purely spatial variation in the data. These values are comparable with other cetacean modelling 

studies (e.g. Becker et al. 2017; Gilles et al. 2016; Virgili et al. 2019).  

As described above, for Sowerby’s beaked whale, the XY 2-D smooth function was retained in the 

predictive model, along with the covariates depth, SD depth and distance to the 1000m depth contour 

but a useable prediction could not be generated.  This is likely because of over-fitting of the model.  

4.3.3.1 Covariates retained by the two models for all beaked whales combined 

For all beaked whales combined, the explanatory model retained the covariates depth, distance to 

escarpment features and sea surface temperature. The predictive model retained XY, and also depth 

and sea surface height. The only covariate retained by both models was depth. The fitted relationship 

between density and depth was very similar for both models (Figure 19), which suggests that this 

relationship is reflective of an important ecological process for this group of species. The rapid increase 

in predicted density as depth reaches 1000m is expected for deep diving species.  

The lack of other shared covariates could be a result of several different factors. This model was fitted 

to data spanning a large latitudinal range from multiple species, which may have different habitat 

requirements. Variables other than depth, such as sea surface temperature, may not be useful 

predictors for multi-species models with a range of habitat preferences, even though these species 

are similar morphologically and physiologically.  

Explanatory model Predictive model 

  
Figure 19. The partial effect of depth on density from the explanatory (left) and predictive (right) models for all 

beaked whales combined, showing the very similar relationships for the two models.  
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4.3.3.2 Predicted distributions from the models for all beaked whales combined 

The distributions of all beaked whales combined predicted by explanatory and predictive models are 

shown in Figure 20.  Comparing the two, the explanatory model predicts much larger areas of medium 

density, including into areas with no field detections. The predictive model more closely matches the 

field detections, with areas of high predicted density focussed into more localised patches. The reason 

for this difference is that the XY 2-D smooth function included in the predictive model explains purely 

spatial variation in the data. This element is absent from the explanatory model, the prediction from 

which is a function only of the fitted relationships between density and environmental covariates. 

Both models predict areas of high density between northern Britain and Iceland, and in the southern 

part of the Bay of Biscay.  

 

Explanatory model Predictive model 

  
Figure 20. Predicted density of all beaked whales combined for the explanatory (left) and predictive (right) models. 

Detections are overlaid on the predictions as black dots.  

 

4.3.4 Concluding remarks 

Ultimately, investigating habitat relationships and distribution of deep diving species remains 

challenging, both because of the difficulty in obtaining data that can be modelled, and because the 

species of interest are most likely to be responding to environmental features at depth, for which 

there is a lack of covariate data. Nevertheless, our results are in broad agreement with previous 

studies, showing that the use of seafloor covariates such as escarpment features improves the models 

(Claro et al. 2020), and also that static features may be of more value in predicting beaked whale 

habitat, while dynamic features are more useful for sperm whales (Virgili et al. 2022). Although not 

used in this study, biological covariates such as minimum dissolved oxygen and hypoxic depth have 

been incorporated into models of beaked whales in the California Current Ecosystem, and have been 

found not to improve the predictions for beaked whale species, although this approach was more 

successful for sperm whales (Fiedler et al. 2023).  
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6 Appendix 1 – Maps of covariates retained in models of deep diving species 

   

A1. 1: Map showing water depth across the survey area      A1. 2: Map showing standard deviation of water depth across the survey area 
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A1. 3: Map showing mean sea surface temperature for July 2016 across the survey area A1. 4: Map showing mean sea surface height for July 2016 across the survey area 
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A1. 5: Map showing mean mixed layer depth for July 2016 across the survey area  A1.6: Map showing mean sea bottom temperature for July 2016 across the survey area 
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 A1. 7: Map showing the location of escarpment features (pink) across the study area (blue)  A1.8: Map showing the location of fan features (pink) across the study area (blue) 
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7 Appendix 2 – Residual and QQ plots for each of the species models 

 

A2. 1: Residual and QQ plots from the all beaked whales combined explanatory model 

 

A2. 2: Residual and QQ plots from the all beaked whales combined predictive model 
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A2. 3: Residual and QQ plots from the Sowerby’s beaked whale explanatory model 

 

A2. 4: Residual and QQ plots from the Sowerby’s beaked whale predictive model 
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A2. 5: Residual and QQ plots from the northern bottlenose whale explanatory model 

 

A2. 6: Residual and QQ plots from the Cuvier’s beaked whale explanatory model 
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A2. 7: Residual and QQ plots from the sperm whale explanatory model 

 

A2. 8: Residual and QQ plots from the pilot whale explanatory model 

 


