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conditions such as temperature, acidification, and deoxygenation. Experimentally
derived thermal limits, which are known to be related to observed latitudinal ranges,
have been used to assess variations in species distribution patterns. However, such
experiments cannot be undertaken with large marine predators like cetaceans. An
alternative approach is to elicit expert’s knowledge to derive species’ thermal suitability
and assess their thermal responses, something that has never been tested before in
these taxa. We developed and applied a methodology based on expert-derived thermal
suitability curves and projected future responses for each species under different
climate scenarios. We tested this approach with ten cetacean species currently present
in the biogeographic area of Macaronesia (North Atlantic) under Representative
Concentration Pathways 2.6, 4.5 and 8.5, until 2050. Overall, increases in annual
thermal suitability were found for Balaenoptera edeni , Globicephala macrorhynchus
, Mesoplodon densirostris, Physeter macrocephalus, Stenella frontalis, Tursiops
truncatus and Ziphius cavirostris . Conversely, our results indicated a decline in
thermal suitability for B. physalus , Delphinus delphis, and Grampus griseus . Our
study reveals potential responses in species thermal suitability, for cetaceans and
potentially other highly mobile and large predators, and contributes to test this
method’s applicability as a cost-efficient tool to support conservation managers and
practitioners.
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13" May 2022

Dear Associate Editor Martin Drews,

Please find enclosed our manuscript entitled “A novel expert-driven methodology to develop
thermal suitability curves for cetaceans under a changing climate” which we consider suitable

for publication as an original research paper to the Science of the Total Environment.

We present a simple and novel method that addresses the impacts of climate change in
cetacean species using a novel expert driven methodology to support species management.
In a context of high uncertainty and lack of readily available data to access the impacts of
climate change in large marine predator species such as cetaceans, new approaches are

necessary to support managers and practitioners in the definition of conservation measures.

In addition, obtaining enough data to quantify the full thermal range of species is difficult and,
in many cases, experimentally derived thermal limits are used. These experiments cannot be
undertaken with large marine predators. Therefore, our study presents an alternative
approach which allows the integration of expert knowledge to determine species thermal range

and quantify potential future range shifts in their distribution.

We believe our paper is in line with the journal’'s aims and scope since it provides a novel
method that can be applied globally to assess the impacts of climate change in large marine

predators.
Thank you for considering our manuscript for publication in the Science of the Total

Environment.

Yours sincerely,

Andreia Sousa
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Experimentally derived thermal limits can’t be performed with large marine
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The method can be applied as a cost-efficient tool to support decision
making
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Over the last decades, global warming has contributed to changes in
marine species composition, abundance and distribution, in response to
changes in oceanographic conditions such as temperature, acidification,
and deoxygenation. Experimentally derived thermal limits, which are
known to be related to observed latitudinal ranges, have been used to
assess variations in species distribution patterns. However, such
experiments cannot be undertaken with large marine predators like
cetaceans. An alternative approach is to elicit expert’'s knowledge to
derive species’ thermal suitability and assess their thermal responses,
something that has never been tested before in these taxa. We developed
and applied a methodology based on expert-derived thermal suitability
curves and projected future responses for each species under different
climate scenarios. We tested this approach with ten cetacean species
currently present in the biogeographic area of Macaronesia (North
Atlantic) under Representative Concentration Pathways 2.6, 4.5 and 8.5,
until 2050. Overall, increases in annual thermal suitability were found for
Balaenoptera edeni, Globicephala macrorhynchus, Mesoplodon
densirostris, Physeter macrocephalus, Stenella frontalis, Tursiops
truncatus and Ziphius cavirostris. Conversely, our results indicated a
decline in thermal suitability for B. physalus, Delphinus delphis, and
Grampus griseus. Our study reveals potential responses in species

thermal suitability, for cetaceans and potentially other highly mobile and
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large predators, and contributes to test this method’s applicability as a

cost-efficient tool to support conservation managers and practitioners.

Introduction

Human-induced climate change is projected to strongly affect marine
ecosystems mainly through increases in ocean temperature, acidification,
and deoxygenation (Garcia-Soto et al., 2021; IPCC, 2019; Silvy et al.,
2020). These changes are known to affect marine species demography,
abundance, distribution, and phenology patterns (Poloczanska et al.,
2016).

Species distribution ranges and their boundaries are determined by
thermal physiology and by the spatiotemporal distribution of climatic
variables combined with other demographic, ecological, evolutionary,
habitat-related and anthropogenic factors (Azzellino et al., 2008; Fullard
et al., 2000; Khaliq et al., 2014; Lambert et al., 2014; Learmonth et al.,
2006). Many species have shown a poleward shift to higher latitudes as a
result of tracking the temperatures that define their thermal preference

(Becker et al., 2018; Lambert et al., 2011; van Weelden et al., 2021).

For marine vertebrates like cetaceans (i.e., whales, dolphins, and

porpoises), the impacts of changes in oceanographic patterns can be
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direct or indirect. The former can include species tracking a specific range
of water temperatures to avoid physiological stress; while the latter can
include changes in prey availability resulting in changes in abundance,
distribution, migration patterns, community structure and susceptibility to
disease and contaminants (Learmonth et al., 2006; Nunny and
Simmonds, 2019; van Weelden et al., 2021).

One of the most documented drivers for observed and projected changes
in cetaceans’ distribution is the rise in seawater temperature due to global
warming (Becker et al., 2018; Chambault et al., 2018; Kaschner et al.,
2011; Learmonth et al., 2006; Salvadeo et al., 2010). However, the rate
and magnitude of future environmental changes and species responses
to those changes are still uncertain (Silber et al., 2017). In this context,
understanding how climate change will impact cetaceans is challenging,
particularly for conservation organizations mandated to identify and
prioritize management actions (Nunny and Simmonds, 2019; Silber et al.,

2017).

Different approaches have been used to provide guidance for
conservation managers and practitioners and can be classified as trend-
based (correlative and mechanistic models) or trait-based (Foden et al.,
2019; Pacifici et al.,, 2015). Trait-based vulnerability assessment

approaches relate to the association between species biological traits and
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projections of relevant climate variables, typically involving scoring by
expert-judgement or observations, and resulting in scores, categories or
indices for species at risk. Albouy et al. (2020) used an index based on
sensitivity and exposure to assess the global vulnerability of marine
mammals to climate change. At a regional scale, index-based vulnerability
assessments were carried out for marine mammal stocks in the Western
North Atlantic, Gulf of Mexico, Caribbean, Pacific and Arctic regions
(Lettrich et al., 2019); and for cetaceans in the Madeira Archipelago
(Sousa et al., 2019) and the wider Macaronesian area (Sousa et al.,
2021). In contrast, trend-based approaches such as correlative models
can be used to identify future climate suitable areas for species under
different climate scenarios. Lambert et al. (2014) used a combination of
habitat and thermal niche models to predict the distribution range of

cetacean species in the eastern North Atlantic.

Recently, the use of thermal vulnerability indices has increased (Clusella-
Trullas et al., 2021; Khaliqg et al., 2014) and experimentally driven thermal
tolerance limits present a good correspondence with the environmental
temperatures at which individuals are observed to occur (Webb et al.,
2020). We define thermal suitability as the thermal niche of a species, i.e.,
the temperature range at which species occur, where other factors remain

equal, such as predation, competition, or habitat heterogeneity. Thermal
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suitability relates temperature to a species’ suitability range and can then

be used to parameterise species’ thermal response curves.

Experimentally driven thermal performance studies have been
undertaken for invertebrates and fish species (e.g., Rendoll-Carcamo et
al., 2020; Underwood et al., 2012) but cannot be performed with
cetaceans for ethical reasons (Frohoff and Bekoff, 2018). Thermal
suitability has been estimated for some marine mammal populations by
correlating sightings with water temperatures (e.g., Chavez-Rosales et al.,
2019). However, in regions with sparse sighting data, a novel approach is
needed. One such novel approach is to use expert elicitation (Mukherjee

et al., 2015) to define the thermal suitability of these species.

In the present study, we evaluated the thermal response of cetaceans
using a novel expert elicitation methodology. To that end, we used ten
cetacean species from three archipelagos of Macaronesia (Azores,
Canary Islands and Madeira) as a model system. Our goals were to: (1)
define thermal suitability curves for the selected species; and (2) assess
species thermal responses under three different climate change
scenarios, namely Representative Concentration Pathways (RCPs) 2.6,

4.5, and 8.5.
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Methods

Study area and selected species

The biogeographic region of Macaronesia is located in the Eastern North
Atlantic. We included in our study the archipelagos of Azores, Madeira
and the Canary Islands (Figure 1). These archipelagos are considered
one province within the Lusitanian ecoregion due to the relatively
homogenous species composition, oceanographic characteristics, and
specific ecosystems (Spalding et al., 2007). We do not include in our study
the archipelago of Cape Verde as it has recently been shown to have a
significantly different marine biota community structure and biogeographic
relationships compared to the remaining archipelagos (Freitas, 2014,

Freitas et al., 2019; Spalding et al., 2007).

The Azores archipelago is located ~1300 km off the European mainland,
and it comprises nine islands spread over about 600 km. The Madeira
archipelago lies ~800 km off the European continent and 600 km off the
West African coast and comprises two main islands (Madeira and Porto
Santo). The Canary archipelago, located ~100 km off the West African

mainland, is composed of eight populated islands.
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The physical oceanographic features of this region include the Gulf
Stream and associated bifurcations, the Azores Current (a southern
branch of the Gulf Stream), the Portuguese and the Canary Currents, and
regional dynamics (Barton, 2001; Caldeira and Reis, 2017). Islands
obstruct the propagation of these currents and generate lee eddies, island
wakes and upwelling features (Barbosa Aguiar et al., 2011; Caldeira and
Reis, 2017; Sangra et al., 2009; Zhou et al., 2000), which enhance ocean
productivity around the archipelagos. This in turn drives the aggregation
of higher trophic levels, including top marine predators such as cetaceans
(Alves et al., 2018; Carrillo et al., 2010; Cartagena-Matos et al., 2021;
Gonzalez Garcia et al., 2018; Herrera et al., 2021; Mclvor et al., 2022;

Silva et al., 2014, Tobefa et al., 2016).
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Figure 1 — The biogeographic region of Macaronesia with the Azores,

Canary Islands and Madeira archipelagos.

Over 20 species of cetaceans are referenced for Macaronesia, including
some resident species that are present year-round and others that are
known seasonal visitors (Alves et al., 2018; Cartagena-Matos et al., 2021,
Herrera et al., 2021; Silva et al., 2014). A list of cetacean species relevant
for the region was selected through literature review and expert judgment,
as described in Sousa et al. (2021). The ten selected cetacean species
are listed in Table 1 (hereafter all species will be referred to by their

common names).

11



226

227

228

229

230

231

232

233

234

235

236

237

Table 1 — Cetacean species selected for the development of thermal

suitability curves, ordered alphabetically by the common name.

Scientific name

Common name

Stenella frontalis
Mesoplodon densirostris
Balaenoptera edeni

Tursiops truncatus

Ziphius cavirostris
Balaenoptera physalus
Grampus griseus
Globicephala macrorhynchus
Delphinus delphis

Physeter macrocephalus

Atlantic spotted dolphin
Blainville's beaked whale
Bryde’s whale

common bottlenose dolphin
Cuvier's beaked whale

fin whale

Risso’s dolphin

short-finned pilot whale
short-beaked common dolphin

sperm whale

Development of thermal suitability curves

We developed thermal suitability curves for ten cetacean species (Table

1) in Macaronesia using an expert elicitation approach. We used an

approach based on Delphi technique principles that minimizes biases

frequently encountered with expert judgement, such as groupthink

(seeking consensus to avoid conflict) or the halo effect (considering

12
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unrelated attributes in scoring; Kuhnert et al., 2010; Linstone & Turoff,
1975; Mukherjee et al., 2015, 2016). While completely eliminating biases
from an expert elicitation process is unlikely, we have sought to minimize
and qualify the biases where present (Morgan et al., 2014; Mukherjee et
al., 2018).

Firstly, we defined a temperature range between 14 to 26 °C, for all
cetacean species considering the known temperature range occurring in
Macaronesian waters (Martins et al., 2007). Experts were then asked to
individually assign a suitability value to each temperature for each
species, ranging from 0 (not suitable) to 1 (highly representative of the
species preferred temperature range).

To assess which was the most accurate scale for the construction of
thermal suitability curves, experts scored six different combinations of
temperature and suitability scales (labelled method 1 to 6) (Table 2). A
Kruskal-Wallis test with Bonferroni post-hoc correction and Tukey's
pairwise comparison was applied to test for significant differences in the
temperature/suitability scales, as implemented in the R agricolae package
(Mendiburu, 2020). Given that no significant differences (p-value>0.05)
were found between the methods 3, 5 and 6 (Figure 2) we selected the
latter one to construct the thermal suitability curves due to its finer

resolution scale.

13
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Data quality scores were attributed by experts for each species and
represent the extent of evidence available to support the construction of
thermal suitability curves. Data quality ranged from O (no data), 1 (expert
judgment only), 2 (limited data), and 3 (adequate data), as in Lettrich et

al. (2019).
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267

268 Table 2 — Six methods combining different thermal suitability and temperature scale.

Thermal
suitability

scales

Temperature

scale (°C)

TS1 0 0.5 1

TS2 0 0.25 0.5 0.75 1

TS3 0 0.17 0.33 0.5 0.67 0.83 1

T1 14-16 16-18 16-18 16-18 16-18 16-18 16-18

T2 14-15 15-16 16-17 17-18 18-19 19-20 20-21 21-22 22-23  23-24 24-25 25-26

Method 1 = TS1xT1; Method 2 = TS1xT2; Method 3 = TS2xT1; Method 4 = TS2xT2; Method 5 = TS3xT1; Method 6 = TS3xT2

269
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Figure 2 - Mean suitability scores attributed by experts using the six
different methods (Table 2). Box represents the upper and lower quartiles,
horizontal line inside each box indicates the median, whiskers reach
maximum and minimum values. Common letters (a, b, ab) indicate means
that are not significantly different (Tukey’'s pairwise comparison at

significance level a=0.05).

Species thermal responses

The suitability/temperature relations provided by experts were used to
build a local polynomial regression fitting (LOESS) with a smoothing

parameter of 0.5, using the R function “loess”.

16



284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

Historical (1956-2005) and projected (2006-2055) sea surface
temperature data from the Climate Model Intercomparison Project 5
(CMIP5) (in °C, average of all models, with a spatial resolution of 1°x 1°)
was obtained from the Earth Systems Research Laboratory (ESRL) web
portal (ESRL, 2014). In ESRL, the seasonal output is available in three-
month periods as follows: October, November, December (OND);
January, February, March (JFM); April, May, June (AMJ); July, August,
September (JAS). Scenarios considering RCPs 2.6, 4.5 and 8.5, until
2050, were used in this study. RCPs are scenarios that represent different
greenhouse gas concentration trajectories and consider a range of
radiative forcing which correspond to the production of 2.6, 4.5, 6, and 8.5
W/m? in the year 2100 and serve as a basis for climate projections (IPCC,
2014). The short to mid-century timeframe (2006—2055) was chosen due
to the effect of increasing uncertainties with extended timeframes, and the
need to produce information to support conservation decisions and
responses in the short-term.

The LOESS models for the thermal suitability were projected on the study
area to obtain spatially explicit thermal response maps for each species
under different RCPs. Annual and seasonal historical and future
temperatures (minimum, mean and maximum) were applied to the
LOESS regressions to compute species thermal response curves. The

difference between future and historical thermal suitability was then

17
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calculated and plotted on thermal suitability maps for the selected

cetacean species in Macaronesia under different RCPs (see S.M. 1 and

S.M.2).

Results

Thermal suitability curves
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332
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337

(Delphinus delphis) DQ= 3; Bryde’s whale (Balaenoptera edeni) DQ = 3;
fin whale (Balaenoptera physalus) DQ= 2; Risso’s dolphin (Grampus
griseus) DQ= 2; short-finned pilot whale (Globicephala macrorhynchus)
DQ= 3; common bottlenose dolphin (Tursiops truncatus) DQ= 3; sperm
whale (Physeter macrocephalus) DQ= 3; Blainville's beaked whale
(Mesoplodon densirostris) DQ= 2; Cuvier's beaked whale (Ziphius
cavirostris) DQ= 2. Mean values are represented by the dots in the solid
line and confidence intervals (standard deviation) are represented in the
dashed line. Data quality values range from zero to three where 0 = No
data; 1 = Expert judgment only; 2 = Limited data; 3 = Adequate data (from

Lettrich et al., 2019).

Suitability increases with temperature for the Bryde’s whale, short-finned
pilot whale, Blainville's beaked whale, and sperm whale, reaching the
most suitable temperature at approximately 22°C (Figure 3). From 22 to
24°C there is a slight decrease in suitability, more pronounced for the
sperm whale. According to the experts, this species showed higher
suitability in colder temperatures with a larger standard deviation, when

compared to other species in this group.

The fin whale and Risso’s dolphin follow a Gaussian thermal suitability

curve with the most suitable temperature at approximately 19°C (Figure
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3). The fin whale thermal suitability gradually declines from 20 to 26°C.
The thermal suitability curve of the Risso’s dolphin showed the lowest
agreement among experts translated by the greater standard deviation,

especially in the warmer half of the distribution, from 20 to 26°C.

The short-beaked common dolphin most suitable temperatures ranged
from 14 to 18°C, with the highest thermal suitability between 17 to 18°C
followed by a steep decrease (Figure 3). By contrast, the Atlantic spotted
dolphin increased its thermal suitability towards warmer waters with the
highest thermal suitability from 24 to 26°C (Figure 3). The Cuvier's beaked
whale showed a regular increase in thermal suitability in warmer waters,
with a high standard deviation and low expert agreement, together with a
lower data quality reflecting a higher degree of uncertainty (Figure 3).
Finally, the common bottlenose dolphin showed a very high thermal
suitability across the whole temperature range with the highest value
between 19 to 22°C (Figure 3).

Confidence in species thermal suitability curves, reflected in standard
deviation and data quality scores, is lower for both species of beaked
whales, the fin whale and the Risso’s dolphin, highlighting the limited data

available for experts to define the curves.
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Species thermal responses

Overall, annual thermal suitability increases were found for the Bryde’s
whale, short-finned pilot whale, Blainville's beaked whale, sperm whale,
Atlantic spotted dolphin, common bottlenose dolphin and Cuvier’'s beaked
whale (Table 3). On the contrary, declines were found for the fin whale,
short-beaked common dolphin, and Risso’s dolphin. One of the highest
increases in thermal suitability was found for the Atlantic spotted dolphin
and the lowest for the short-beaked common dolphin (Table 3 and Figure

4).

Table 3 — Changes in mean annual thermal suitability for cetacean
species in Macaronesia (MAC), and in the respective archipelagos of
Azores (Az), Canary Islands (Can), and Madeira (Mad) for RCPs 2.6, 4.5
and 8.5 until 2050. Values indicate the difference between historical and
future thermal suitability in a scale from O (not suitable) to 1 (highly
representative of the species preferred temperature range). The colour
scale gradient indicates an increase (green) or decrease (red) in thermal

suitability.
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Species/region

Bryde's whale

MAC

Az

Can

Mad

Fin whale

MAC

Az

Can

Mad

Annual thermal suitability changes

RCP
2.6 4.5 8.5
0.116 0.114 0.132
0.105 0.114 0.130
0.121 0.114 0.135
0.123 0.113 0.131

0.082 0.060 0.070

Short-beaked common dolphin

MAC

Az

Can

Mad

Risso’s dolphin
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MAC

Az

Can

Mad

Short-finned pilot whale

MAC

Az

Can

Mad

Blainville's beaked whale

MAC

Az

Can

Mad

Sperm whale

MAC

Az

Can

Mad

Atlantic spotted dolphin

-0.004

0.105

0.103

0.095

0.091

0.122

0.088

0.072

0.076

0.116

0.061

0.073

0.056

0.054

0.076 0.090

0.102 0.118
0.107 0.122
0.090 0.104
0.110 0.127
0.090 0.103
0.087 0.098
0.077 0.089
0.106 0.123
0.057 0.066
0.072 0.083
0.050 0.060
0.048 0.056
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382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

MAC

Az

Az

Can

Mad

MAC

Az

Can

Mad

0.098

0.041

0.078

0.069

0.085

0.079

0.097

0.039

0.075

0.078

0.077

0.070

0.045

0.087

0.088

0.092

0.082
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The Bryde's whale, the short-finned pilot whale and the Atlantic spotted
dolphin showed the highest increase in thermal suitability under all climate
scenarios, especially under RCP 8.5 (Table 3). The first species presents
a similar increase in thermal suitability in warm waters in all archipelagos,
reflected by the suitability curve (Figure 3). The increase in thermal
suitability for the short-finned pilot whale was lower in the Canary Islands
since, according to the experts, the species’ thermal suitability decreases
slightly from 23 to 26°C. The Atlantic spotted dolphin showed a higher
increase in thermal suitability in Madeira and Azores than in the Canary
Islands due to the increase in projected temperatures in future scenarios
that appear to be more suitable for this species.

The Blainville's beaked whale, sperm whale, Cuvier's beaked whale and
common bottlenose dolphin are the species exhibiting the lowest
increases in thermal suitability under all climate scenarios. For the former
species, our results suggest a lower increase in thermal suitability in the
Canary Islands. The Cuvier's beaked whale and sperm whale displayed
a minor increase in thermal suitability in all archipelagos.

The common bottlenose dolphin showed high thermal suitability across
the whole temperature range (Figure 3) with minor increases in thermal
suitability in the future for all archipelagos.

The short-beaked common dolphin showed a decrease in thermal

suitability related to their lower suitability values towards higher
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425 temperatures. The fin whale and the Risso’s dolphin also decreased their
426  thermal suitability in all archipelagos, except in the Azores where thermal

427  suitability slightly increased in both species.
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Thermal range
Atlantic tted dolphin Short-beaked common dol

Historical

Angeyns (ewlay |

Future

Figure 4 — Example of historical (1956-2005) and future (2006-2055) thermal suitability maps (mean annual sea

surface temperature) for RCP 8.5 for short-beaked common dolphin and Atlantic spotted dolphin. Numbers in
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433
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440

the upper left and in the lower left map indicate latitude and longitude, respectively. The thermal suitability scale
on the right-hand side represents the lowest (=0) and highest thermal suitability (=1). Thermal suitability maps

for the remaining species can be found in the supplementary materials (S.M.1 and S.M.2).

Table 4 — Changes in mean seasonal thermal suitability in Autumn (OND), Winter (JFM), Spring (AMJ), and
Summer (JAS) for cetacean species in Macaronesia (MAC) and respective archipelagos, Azores (Az), Canary
Islands (Can) and Madeira (Mad) for RCP 2.6, 4.5 and 8.5 until 2050. The colour scale gradient indicates an
increase (green) or decrease (red) in thermal suitability. Values indicate the difference between historical and
future thermal suitability in a scale from 0 (not suitable) to 1 (highly representative of the species preferred
temperature range).

Seasonal thermal suitability changes

Species/region RCP 2.6 ‘ RCP 45 ‘ RCP 8.5

Autumn/Winter Spring/Summer ‘ Autumn/Winter Spring/Summer ‘ Autumn/Winter Spring/Summer
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OND JFM ‘ AM JAS ‘ OND JFM ‘ AMJ JAS ‘ OND JFM ‘ AMJ JAS ‘
Bryde's whale
MAC 0118 0090 | 0101 0095| 0118 o0085| 0101 0078| 0127 0099 | 0117 0079
Az 0110 0059 | 0074  0110| 0116  0054| 0087 0086 | 0124 0061 | 0098 0085
Can 0106  0108| 0104  0078| 0106  0102| 0099  0070| 0117  0121| 0117 0073
Mad 0139  0103| 0124 009 | 0132  0098| 0117 0078| 0141  0114| 0135 0078
Fin whale
MAC - 0.089 0.095 0.107
Az 0018  0.112 0.114 0.130
Can 0.029 0.058 0.060
Mad 0.126 0.115

Short-beaked common dolphin

0.132
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MAC

Az

Can

Mad

Risso’s dolphin

MAC

Az

Can

Mad

-0.014

Short-finned pilot whale

MAC

Az

Can

0.089

0.111

0.055

0.092

0.088

0.033

0.156

0.098

0.098

0.105

0.104

0.088

0.105

0.035

0.054

0.021

0.087

0.115

0.058

0.102

0.083

0.070

0.152

0.097

0.110

0.096

0.100

0.085

0.101

0.019

0.025

0.014

0.093

0.123

0.063

0.113

0.126

0.114

0.116

0.097

0.119

0.019

0.025

0.013
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Mad 0.100 0.091 0.120 0.031 0.090 0.084 0.115 0.017 ‘ 0.094 0.098 ‘ 0.133 0.017
Blainville’s beaked whale

MAC 0.067 0.061 0.081 -0.006 0.065 0.055 0.082 -0.021 0.069 0.065 0.095 -0.021

Az 0.102 0.035 0.041 0.017 0.101 0.033 0.047 -0.017 0.108 0.038 0.054 -0.017

Can 0.018 0.089 0.103 -0.017 0.025 0.077 0.102 -0.021 0.026 0.092 0.118 -0.024

Mad 0.081 0.059 0.098 -0.019 0.069 0.056 0.097 -0.023 0.072 0.066 0.111 -0.023
Sperm whale

MAC 0.058 0.070 0.063 0.029 0.060 0.071 0.061 0.007 0.065 0.081 0.071 0.006

Az 0.055 0.065 0.071 0.051 0.062 0.066 0.075 0.017 0.065 0.076 0.086 0.017

Can 0.052 0.061 0.045 0.011 0.054 0.065 0.045 0.001 0.059 0.075 0.052 -0.002

Mad 0.066 0.085 0.074 0.025 0.065 0.081 0.064 0.002 0.070 0.094 0.074 0.003
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Atlantic spotted dolphin

MAC 0.102 0.110 0.121 0.054 0.099 0.100 0.120 0.044 0.106 0.116 0.139 0.045
Az 0.129 0.101 0.108 0.068 0.129 0.095 0.112 0.050 0.138 0.108 0.128 0.050
Can 0.068 0.117 0.123 0.044 0.070 0.102 0.121 0.040 0.076 0.123 0.141 0.043
Mad 0.110 0.114 0.131 0.052 0.098 0.103 0.128 0.042 0.103 0.119 0.148 0.042
Common bottlenose dolphin
MAC 0.007 0.027 0.022 0.001 0.009 0.028 0.023 -0.003 0.009 0.032 0.026 -0.003
Az 0.020 0.010 0.022 0.002 0.027 0.007 0.031 -0.002 0.028 0.008 0.034 -0.002
Can 0.003 0.030 0.006 -0.001 0.002 0.035 0.008 -0.004 0.003 0.040 0.008 -0.006
Mad -0.002 0.042 0.038 0.003 -0.002 0.043 0.031 -0.002 -0.002 0.050 0.036 -0.001
Cuvier's beaked whale
MAC 0.085 0.051 0.061 0.070 0.086 0.049 0.062 0.058 0.093 0.058 0.072 0.059
Az 0.075 0.020 0.032 0.084 0.079 0.020 0.041 0.065 0.084 0.023 0.047 0.064
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441

Can

Mad

0.080

0.099

0.074

0.058

0.066

0.086

0.058

0.068

0.080

0.098

0.069

0.059

0.064

0.081

0.053

0.055

0.089

0.105

0.082

0.069

0.075

0.093

0.056

0.055

34



442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

Seasonal projections for the Bryde's whale indicate an increase in thermal
suitability in all seasons (Table 4), with the highest values in autumn and
spring. In winter, the lowest increase in suitability was recorded in Azores.
The fin whale showed a decreasing trend in thermal suitability in summer
and autumn. The thermal suitability of fin whale increases in winter and
spring with the notable exception of spring in the Canary Islands. In winter
and spring, the fin whale showed an increase in thermal suitability except

for the Canary Islands in spring.

The Risso’s dolphin thermal suitability decreases in summer and autumn
and increases in winter and spring (except in spring in the Canary
Islands).

The thermal suitability of short-finned pilot whale increases in all seasons
and archipelagos with lower gains in the summer.

The sperm whale suitability increases slightly in all seasons and
archipelagos. A similar pattern was observed for the Cuvier's beaked
whale while for the Blainville’s beaked whale, the increase in thermal
suitability was detected in all seasons except in summer, where a slight
decrease was found.

The short-beaked common dolphin showed a decrease in thermal
suitability especially in summer and autumn, except in Azores, where

there was a slight increase in winter and spring.
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Results for the Atlantic spotted dolphin revealed an increase in thermal
suitability in all seasons, although lower in summer. In autumn, this
species showed the smallest suitability increase in the Canary Islands and
the highest in the Azores. For the common bottlenose dolphin minor
changes in thermal suitability were obtained across all seasons and

scenarios.
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Discussion

The use of expert elicitation to define species’ temperature suitability
curves and responses under different climate scenarios provided a novel
approach to assess species projected thermal suitability changes. In
addition, it contributes to support decision-making processes in a context
of high uncertainty combined with the urgency of guiding conservation and
management actions towards vulnerable species, such as cetaceans, in
an increasingly impacted world (Alves et al., 2022a; Avila et al., 2018).
Our results suggest that climate change is likely to decrease the thermal
suitability of three out of ten cetacean species analysed in Macaronesia,
with all remaining seven species showing thermal suitability increases in
the future. In general, species for which thermal suitability increases in the
future may experience range expansions, while species for which thermal
suitability decreases may experience distributional shifts within
Macaronesia (see S.M.1 and S.M.2).

Confidence in thermal suitability curves, derived by the standard deviation
and data quality scores, reflect the limited knowledge for these species in
Macaronesia. In addition, knowledge varies according to the different
archipelagos due to the different research focus of the studied species.
For example, more information is available for the Risso’s dolphin in the

Azores than in Madeira or the Canary Islands, while for beaked whales,
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despite overall limited knowledge for Macaronesia, most information is

available for the Canary Islands.

The increase in suitability for the Bryde’s whale, a tropical and subtropical
species (Kato and Perrin, 2018) was projected for Madeira, Canary
Islands and for the Azores, except for the winter months in Azores where
water temperatures are colder. Our results support the known limit
distribution range of this species in the region with its upper limit latitude
in the Azores (Steiner et al., 2008). Bryde’s whale is amongst the most
sighted species in Madeira (Alves et al.,, 2018) and the most sighted
rorqual species in the Canary Islands (Herrera et al., 2021); while in
Azores, despite exceptional years in which whales were observed in
consecutive months, only occasional sightings have been recorded
(Azevedo et al., 2021). Habitat preferences for the Madeira archipelago
support the relevance of warm surface waters (specifically between 20°C
to 24°C) as well as low surface chlorophyll concentration to shape the
species’ distribution (Fernandez et al., 2021). In Madeira, several
individuals are known to exhibit long-term site fidelity, with a maximum
recapture interval of 12 years, and at least seven individuals were seen
both in Madeira and the Canaries (Ferreira et al., 2021). Together with the
fact that this species is commonly sighted accompanied by calves and

feeding in both archipelagos highlights the ecological importance of this
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area for Bryde's whale (Alves et al., 2010; Ferreira et al., 2021). Bryde’s
whale may potentially be tracking warm waters that are increasing
latitudinally and that may be more productive, therefore extending their

distribution range (Gonzalez Garcia, 2019).

Similarly, the short-finned pilot whale, which is also a tropical to
subtropical species (Olson, 2009), is projected to increase its suitability in
the future. The increase in suitability is lower for the Canary Islands due
to current temperatures being already very suitable for the species. In
Macaronesia, pilot whales are commonly sighted, especially in Madeira
and the Canary Islands (Alves et al., 2019; Herrera et al., 2021; Silva et
al., 2014) where island-associated animals are described (Alves et al.,
2015, 2013; Servidio et al., 2019). This species shows varying degrees of
site fidelity and year-round occupancy in the different archipelagos, which
support an ecological connectivity network in Macaronesia (Alves et al.,
2019). In Madeira, the short-finned pilot whales were found to prefer
warmer waters (over 18°C) and low/moderate chlorophyll values
(Fernandez et al., 2021). In the West Atlantic, it is suggested that this
species’ latitudinal distribution may be limited to regions targeting steep
bathymetric gradients in order to foster an effective foraging strategy
(Thorne et al., 2017). Core foraging regions for this species in Hawai’'i and

in the Macaronesian archipelagos were also associated with intermediate
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slope waters (Abecassis et al., 2015; Fernandez et al., 2021; Servidio,
2014), in which potential climate change effects are unknown but may

cause the displacement of animals.

Sperm whales are present year-round in all archipelagos and are mostly
sighted in Azores (Clarke, 1956; Silva et al., 2014; van der Linde and
Eriksson, 2020), but also in Madeira (Alves et al., 2018) and in the Canary
Islands (Catrrillo et al., 2010; Fais et al., 2016; Herrera et al., 2021). Sperm
whales show a high thermal suitability coincident with their wide
temperature range. In Azores and Madeira, habitat suitability preferences
seem to be linked to sea surface temperature with a peak around 23°C

(Fernandez et al., 2021, 2018).

The Blainville’s beaked whale showed an increase in thermal suitability
with a low confidence and data quality due to the limited information for
this species. Few island-associated populations have been described
worldwide, covering the Hawai’i, Bahamas, and the Macaronesian
archipelagos of Madeira and the Canaries (Badenas et al., 2022;
Claridge, 2006; Dinis et al., 2017; McSweeney et al., 2007; Reyes Suarez,
2018). Abecassis et al. (2015) associated the species’ movements with
specific topographic and oceanographic variables such as bathymetry,
temperature at depth, and a high density of midwater micronekton, that

are known to influence these animals’ distribution, which mainly relate with
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temperature at depth. Blainville’s beaked whale in Madeira was found to
have a restricted ecological niche with preference for warm waters and
steep relief areas close to major canyons (Fernandez et al., 2021). In the
Canary Islands, Blainville’'s beaked whales approach the seafloor to feed
and have a preferred distribution around 1500 m depth contour (Arranz et

al., 2014).

Cuvier's beaked whales occur in all archipelagos year-round, but most
information is only available for the Canary Islands where the species
shows a high level of residency in some islands such as El Hierro,
Lanzarote and Fuerteventura (Arranz et al., 2014; Fernandez et al., 2013).
The species shows an increasing suitability towards warmer temperatures
which explains the projected increase in thermal suitability in October,

November and December in the future.

Risso’s dolphins are present in all the archipelagos, however with
differences in abundance and distribution patterns. Individuals are most
sighted in the Azores and the Canary Islands (Hartman et al., 2008;
Sarabia-Hierro and Rodriguez-Gonzalez, 2019) and only occasionally in
Madeira (Alves et al., 2018). Most of the information available on their
spatial-temporal distribution comes from the Azores, where the species
shows a high degree of site fidelity at least in Pico Island (Hartman et al.,

2014). In the Canary Islands, mostly in the eastern islands, the species is
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known to occur, but little information is available (Sarabia-Hierro and
Rodriguez-Gonzalez, 2019). Risso’s are mostly observed in temperate
waters from mid-latitude areas (Jefferson et al., 2014). Consequently, the
decrease in thermal suitability might be related to their preference for
colder waters. Nevertheless, it is also known that they also occur in
tropical areas, such as the Maldives (Jefferson et al., 2014), suggesting

that the species might adapt to changes in the thermal habitat.

Common bottlenose dolphins are a cosmopolitan species occurring in all
Macaronesian archipelagos year-round and known to have a wide range
of suitable temperatures (Dinis et al., 2021; Wells and Scott, 2009). The
common bottlenose dolphin habitat in the region has been recently
characterized by a preference for waters close to coast (<1,000 m), with
almost no seasonal variation (Correia et al., 2021; Dinis et al., 2016;

Fernandez et al., 2021; Silva et al., 2014).

The short-beaked common dolphin is a temperate water species in the
Atlantic (Perrin, 2009) with a preference for colder waters in Macaronesia.
It shows a seasonal presence in Madeira mainly during winter and spring
(from December to June, (Alves et al., 2018; Fernandez et al., 2021), in
the Canary Islands from December to May (Catrrillo et al., 2010; Herrera
et al., 2021), and a year-round presence in the Azores (Silva et al., 2014).

In the region of Macaronesia, the distribution of common dolphins has
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been found to be influenced by depth and associated with lower sea
surface temperatures (Correia et al., 2021; Fernandez et al., 2021). Our
study projected a decrease in thermal suitability in the future, with
increasing temperatures for Macaronesia. Similarly, for the Northeast
Atlantic, Lambert et al. (2011) found a potential northward range
expansion of common dolphin distribution as temperatures increase over

time.

The Atlantic spotted dolphin also has a seasonal presence in Madeira and
the Azores, mainly occurring from May to October (Alves et al., 2018;
Fernandez et al., 2021; Silva et al., 2014). Our results show an increase
in thermal suitability in the Azores and in Madeira from October to March
which may suggest a future extension of their presence in autumn and
winter months. In the Canary Islands the species occurs throughout the
year with relative fewer sightings in the summer months (June to August;
Herrera et al., 2021). Atlantic spotted dolphins appear to have a strong
relation with warm water temperatures, potentially linked to the distribution
of their preferred prey. This may be a good indicator species for climate

driven changes in Macaronesia (Saavedra et al., 2018).

In the Azores, the fin whale has been recorded in winter, spring and
summer (Romagosa et al., 2020; Silva et al., 2014) while in Madeira it has

been sighted mostly in summer and autumn (Fernandez et al., 2021).
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Presence of fin whales in the Canary Islands has been recorded in spring
and summer (Carrillo et al., 2010). In Madeira and Azores, the fin whale
ecological niche was shaped by low water temperature at 100 m depth
(<18°C), while for Madeira the preference for high chlorophyl levels was
identified as a limiting factor (Fernandez et al.,, 2021). Compared to
Madeira, the extended presence of fin whales in the Azores may be
explained by the complex topography and higher number of long-lived
eddies occurring in the Azores which modulate and increase oceanic

productivity in the archipelago (Fernandez et al., 2021).

Species occurrence patterns relate to a combination of physical and
biological features which show that different environmental variables
besides temperature can influence species movements and distribution
(Forcada, 2009). In addition, species can occur in waters within core
temperatures of their thermal niche and select, in that range, preferred
habitat characteristics regardless of temperature (Correia et al., 2021;
Lambert et al., 2011). Our method focuses exclusively on species thermal
suitability which may prove to be most relevant for taxa with a clear
relation with temperature. Increasing knowledge on species habitat
preferences can therefore contribute to identify the most relevant
environmental variables and guide the future applicability of the thermal

suitability method to specific species. Also, we developed thermal
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suitability curves for populations in the Macaronesia region, targeting the
scale at which conservation and management actions take place (Alves,
et al., 2022b). However, it should be noted that the temperature range of
these species is wider when compared to the populations assessed in our

study area.

The method developed in our study can serve as a simple and easy to
apply tool that offers a rapid assessment targeted for decision-makers.
This approach can provide an indication of potential thermal suitability
changes and can complement other methodologies such as mechanistic
modelling or vulnerability indexes towards a more comprehensive
understanding of climate change impacts. We acknowledge that species’
habitat preferences are dependent on a set of environmental variables
and their interaction with complex ocean dynamics, and that considering
one absolute environmental variable (sea surface temperature) is a
simple but limited approach to project how species will respond to a

changing climate.

One of the traits of marine mammals is endothermy, which offers them a
broader temperature range tolerance and may increase species resilience
to increasing water temperatures. Despite species being less likely to be
affected physiologically, their responses are more challenging to predict

when compared to fish and zooplankton/invertebrates that follow isotherm
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lines (Learmonth et al., 2006; Silber et al., 2017). Furthermore, biological
traits such as long lifespan, low birth rate, and long generation time
provide limited opportunity for rapid evolutionary adaptation, which makes
reliance on other characteristics such as behavioural responses a
relevant ability for species adaptation to climate change (Learmonth et al.,
2006; Lettrich et al., 2019; Silber et al., 2017). In addition, other ecological
traits contributing to species sensitivity to climate change such as
behaviour, life history or genetic diversity can contribute to species
adaptive capacity and resilience to climate (Clusella-Trullas et al., 2021;
Silber et al., 2017). However, the ability to assess how species will
respond, either through evolutionary changes and phenotypic plasticity or

by tracking suitable temperatures, is unknown.

The present approach also does not consider the cumulative effects of
other environmental threats such as the impact of maritime transport,
nautical tourism or military exercises on species survival. Furthermore,
changes in human behaviour and economic activities resulting from
climate driven shifts can also have considerable effects on cetacean
species (Alter et al., 2010). For example, species may be affected by the
acoustic disturbance, habitat disruption or collisions caused by the
construction of energy infrastructure built in an effort to reduce fossil fuel

consumption and increase the focus on renewable energy (Alter et al.,
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2010). The development of wave energy and offshore wind farms in
Macaronesia are currently under discussion (Calado et al., 2021) and may
affect cetaceans if these construction areas overlap with species’
distribution areas. In Macaronesia, except for ship collisions from ferries
in the Canary Islands (Carrillo and Ritter, 2010), no major direct local
impacts have currently been identified. However, other pressures that
affect cetacean species and that should be monitored in the region include
the input of contaminants and anthropogenic sound, marine litter and
disturbance from whale watching activities (e.g., Arranz et al., 2021;
Cardoso & Caldeira, 2021; Montoto-Martinez et al., 2021; Sambolino et
al., 2022).

Additionally, we used the annual and seasonal mean sea surface
temperature to derive species historical and future thermal suitability.
However, species responses to extreme conditions such as marine
heatwaves may be larger than expected (Cheung and Frdlicher, 2020),
even if the principal driver of these events comes from long-term climate
change (Collins et al., 2019; Laufkotter et al., 2020). Another source of
uncertainty comes from the lack of downscaled climate models that offer

regional-scale climate projections (Christensen et al., 2007; Tomé, 2013).

Finally, future research should focus on using sightings data to validate

expert-based curves and to monitor species with standardized protocols
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across all archipelagos of Macaronesia. This would increase the
knowledge base on oceanographic and climate processes as well as on
species ecology and their relationship with the environment. Moreover, as
more recent coupled climate models' experiments under the Climate
Model Intercomparison Project 6 (CMIP6) (Eyring et al., 2016) become

available, these should also be used in future research.

Conclusions

The results highlight the potential future thermal responses of cetaceans
in Macaronesia and implications for species’ distribution changes.
Challenges in obtaining experimentally driven thermal limits or in situ
measures of environmental temperature associated with species
sightings limit our use of these methods, particularly in large marine
predators such as cetaceans.

Our approach allowed for the development of thermal suitability curves
and responses to be rapidly derived for cetaceans using expert elicitation
in support of decision-making under climate change. These results can
prepare managers and conservationists with potential future outcomes
and can serve as inputs to broader habitat modelling exercises. Further

application and validation of this approach can be conducted in other
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areas or applied at a basin-wide or global scale while increasing the poll
of experts involved in the design of the thermal suitability curves.

Research that helps to further understand the main environmental
variables influencing the current distribution of cetacean species in
Macaronesia, as well as projected future distribution changes, is welcome

to develop a greater understanding of climate-driven impacts.

Acknowledgements

AS was funded by the Portuguese Foundation for Science and
Technology (FCT) through the PhD grant PD/BD/135352/2017.

AS, REC, HC and TCL acknowledge the support from the Portuguese
Foundation for Science and Technology (FCT) under the programmatic
funding granted to cE3c Research Centre (UIDP/00329/2020).

PA was funded by the Program ‘Agustin de Betancourt’' of La Laguna
University and Cabildo de Tenerife throughout the project CETTUS.

AD, FA and MF had the support of the Oceanic Observatory of Madeira
throughout the project M1420-01-0145-FEDER-000001-O0OM, of the
Portuguese Foundation for Science and Technology (FCT) throughout the
strategic projects UIDB/04292/2020 and UIDP/04292/2020 granted to
MARE, of the ARDITI - Madeira's Regional Agency for the Development

of Research Technology and Innovation throughout the project M1420-

49



746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

09-5369-FSE-000002, and of the Project Intertagua (Interreg
MAC2/1.1a/385).

MDL was funded as a contractor of the US Government under contract
number: 1305M418DNFF0012

CFS acknowledges funding from FCT under the strategic project granted
to MARE (UID/MAR/04292/2019) and FCT research contract
2020.03704.CEECIND.

This research was supported by the European Union's Horizon 2020
research and innovation programme under grant agreement No 776661,
project “SOCLIMPACT—DownScaling CLImate imPACTs and
decarbonisation pathways in EU islands and enhancing socioeconomic
and non-market evaluation of Climate Change for Europe, for 2050 and

beyond”.

Supplementary material
S.M. 1. Annual thermal suitability maps

S.M. 2: Seasonal thermal suitability maps

Conflict of interest

The authors declare that there is no conflict of interest.

Data availability statement

50



768

769

770

771

772

773

774

775
776
77
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793

The data that supports the findings of this study are available in the

supplementary material of this article.

References

Abecassis, M., Polovina, J., Baird, R.W., Copeland, A., Drazen, J.C.,
Domokos, R., Oleson, E., Jia, Y., Schorr, G.S., Webster, D.L.,
Andrews, R.D., 2015. Characterizing a Foraging Hotspot for Short-
Finned Pilot Whales and Blainville’s Beaked Whales Located off the
West Side of Hawai‘i Island by Using Tagging and Oceanographic
Data. PLOS ONE 10, e0142628-.

Albouy, C., Delattre, V., Donati, G., Frélicher, T.L., Albouy-Boyer, S.,
Rufino, M., Pellissier, L., Mouillot, D., Leprieur, F., 2020. Global
vulnerability of marine mammals to global warming. Scientific Reports
10, 1-12. https://doi.org/10.1038/s41598-019-57280-3

Alter, E.S., Simmonds, M.P., Brandon, J.R., 2010. Forecasting the
consequences of climate-driven shifts in human behavior on
cetaceans. Marine Policy 34, 943-954.
https://doi.org/https://doi.org/10.1016/j.marpol.2010.01.026

Alves, F., Alessandrini, A., Servidio, A., Mendonca, A.S., Hartman, K.L.,
Prieto, R., Berrow, S., Magalhées, S., Steiner, L., Santos, R., Ferreira,
R., Pérez, J.M., Ritter, F., Dinis, A., Martin, V., Silva, M., de Soto, N.,

2019. Complex biogeographical patterns support an ecological

o1



794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822

connectivity network of a large marine predator in the north-east
Atlantic. Diversity and Distributions 25, 269-284.
https://doi.org/https://doi.org/10.1111/ddi.12848

Alves, F., Dinis, A., Cascéo, |., Freitas, L., 2010. Bryde's whale
(Balaenoptera brydei) stable associations and dive profiles: New
insights into foraging behavior. Mar Mamm Sci 26, 202-212.
https://doi.org/https://doi.org/10.1111/j.1748-7692.2009.00333.x

Alves, F., Dinis, A., Nicolau, C., Ribeiro, C., Kaufmann, M., Fortuna, C.,
Freitas, L., 2015. Survival and abundance of short-finned pilot whales
in the archipelago of Madeira, NE Atlantic. Mar Mamm Sci 31, 106—
121. https://doi.org/10.1111/mms.12137

Alves, F., Ferreira, R., Fernandes, M., Halicka, Z., Dias, L., Dinis, A.,
2018. Analysis of occurrence patterns and biological factors of
cetaceans based on long-term and fine-scale data from platforms of
opportunity: Madeira Island as a case study. Marine Ecology 39, 1-
13. https://doi.org/10.1111/maec.12499

Alves, F., Monteiro, J.G., Oliveira, P., Canning-Clode, J., 2022a. Portugal
leads with Europe’s largest marine reserve. Nature 601, 318.

Alves, F., Quérouil, S., Dinis, A., Nicolau, C., Ribeiro, C., Freitas, L.,
Kaufmann, M., Fortuna, C., 2013. Population structure of short-finned
pilot whales in the oceanic archipelago of Madeira based on photo-
identification and genetic analyses: implications for conservation.
Aquatic Conservation: Marine and Freshwater Ecosystems 23, n/a-
n/a. https://doi.org/10.1002/agc.2332

Alves, F., Rosso, M., Li, S., Nowacek Douglas, P., 2022b. A sea of
possibilities for marine megafauna. Science (1979) 375, 391-392.
https://doi.org/10.1126/science.abn6022

Arranz, P., Borchers, D.L., de Soto, N.A., Johnson, M.P., Cox, M.J., 2014.
A new method to study inshore whale cue distribution from land-based

52



823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851

observations. Mar Mamm Sci 30, 810-818.
https://doi.org/https://doi.org/10.1111/mms.12077

Arranz, P., de Soto, N.A., Madsen, P.T., Sprogis, K.R., 2021. Whale-
watch vessel noise levels with applications to whale-watching
guidelines and conservation. Marine Policy 134, 104776.
https://doi.org/10.1016/J.MARPOL.2021.104776

Avila, I.C., Kaschner, K., Dormann, C.F., 2018. Current global risks to
marine mammals: Taking stock of the threats. Biological Conservation
221, 44-58.
https://doi.org/https://doi.org/10.1016/].biocon.2018.02.021

Azevedo, J.M.N., Fernandez, M., Gonzéalez Garcia, L., 2021. MONICET:
long-term cetacean monitoring in the Azores based on whale
watching observations (2009-2020).

Azzellino, A., Gaspari, S.A., Airoldi, S., Lanfredi, C., 2008. Biological
consequences of global warming: does sea surface temperature
affect cetacean distribution in the western Ligurian Sea? Journal of
the Marine Biological Association of the United Kingdom 88, 1145-
1152. https://doi.org/10.1017/S0025315408000751

Badenas, A., Dinis, A., Ferreira, R., Sambolino, A., Hamard, E.,
Berninsone, L.G., Fernandez, M., Alves, F., 2022. Behavioural
Ecology Traits of Elusive Deep-Diver Whales Unravel a Complex
Social Structure Influenced by Female Philopatry and Defence
Polygyny. Front Mar Sci 9.

Barbosa Aguiar, A.C., Peliz, A.J., Cordeiro Pires, A., le Cann, B., 2011.
Zonal structure of the mean flow and eddies in the Azores Current
system. Journal of Geophysical Research: Oceans 116, 2012.
https://doi.org/10.1029/2010JC006538

Barton, E.D., 2001. Canary and Portugal Currents, in: Cochran, J.K.,
Bokuniewicz, H.J., Yager, P.L.B.T.-E. of O.S. (Third E. (Eds.), .

53



852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879

Academic Press, Oxford, pp. 330-339.
https://doi.org/https://doi.org/10.1016/B978-0-12-813081-0.00360-8

Becker, E.A., Forney, K.A., Redfern, J. v., Barlow, J., Jacox, M.G.,
Roberts, J.J., Palacios, D.M., 2018. Predicting cetacean abundance
and distribution in a changing climate. Diversity and Distributions
ddi.12867. https://doi.org/10.1111/ddi.12867

Calado, H., Pegorelli, C., Vergilio, M., Hipdlito, C., Campos, A., Moniz, F.,
Costa, A.C., Pereira da Silva, C., Fonseca, C., Frazdo Santos, C.,
Gabriel, D., Guerreiro, J., Gil, AJ.F., Johnson, D., Ng, K., Monwar,
M.M., Ventura, M.A., Suarez-de Vivero, J.L., Pinho, M., Borges, P.,
Cafna-Varona, M., Papaioannou, E.A., 2021. Expert knowledge-based
co-development of scenarios for maritime spatial planning in the
Northeast Atlantic. Marine Policy 133, 104741.
https://doi.org/https://doi.org/10.1016/j.marpol.2021.104741

Caldeira, R.M.A., Reis, J.C., 2017. The Azores Confluence Zone. Front
Mar Sci 4, 37. https://doi.org/10.3389/fmars.2017.00037

Cardoso, C., Caldeira, R.M.A., 2021. Modeling the Exposure of the
Macaronesia Islands (NE Atlantic) to Marine Plastic Pollution. Front
Mar Sci 8. https://doi.org/10.3389/fmars.2021.653502

Carrillo, M., Pérez-Vallazza, C., Alvarez-Vazquez, R., 2010. Cetacean
diversity and distribution off Tenerife (Canary Islands). Marine
Biodiversity Records 3, e97. https://doi.org/DOlI:
10.1017/S1755267210000801

Carrillo, M., Ritter, F., 2010. Increasing Numbers of Ship Strikes in the
Canary Islands: Proposals for Immediate Action to Reduce Risk of
Vessel-Whale Collisions. J. Cetacean. Res. Manage 11, 131-138.

Cartagena-Matos, B., Lugué, K., Fonseca, P., Marques, T.A., Prieto, R.,

Alves, F., 2021. Trends in cetacean research in the Eastern North

54



880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907

Atlantic. Mammal Review 51, 436—-453.
https://doi.org/https://doi.org/10.1111/mam.12238

Chambault, P., Albertsen, C.M., Patterson, T.A., Hansen, R.G., Tervo, O.,
Laidre, K.L., Heide-Jgrgensen, M.P., 2018. Sea surface temperature
predicts the movements of an Arctic cetacean: the bowhead whale.
Scientific Reports 2018 8:1 8, 1-12. https://doi.org/10.1038/s41598-
018-27966-1

Chavez-Rosales, S., Palka, D.L., Garrison, L.P. and Josephson, E.A.,
2019. Environmental predictors of habitat suitability and occurrence
of cetaceans in the western North Atlantic Ocean. Scientific Reports,
9(1), pp-1-11. https://doi.org/10.1038/s41598-019-42288-6

Cheung, W.W.L., Frdlicher, T.L., 2020. Marine heatwaves exacerbate
climate change impacts for fisheries in the northeast Pacific. Scientific
Reports 10. https://doi.org/10.1038/s41598-020-63650-z

Christensen, J.H., Hewitson, B., Busuioc, A., Chen, A., Gao, X., Held, 1.,
Jones, R., Kolli, R.K., Kwon, W.-T., Laprise, R., 2007. Regional
climate projections.In: Climate Change 2007: The Physical Science
Basis. Contribution of Working Group | to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change [Solomon,
S., D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor
and H.L. Miller (eds.)]. Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA.

Claridge, D.E., 2006. Fine-scale distribution and habitat selection of
beaked whales. PhD Thesis. Aberdeen University.

Clarke, R.B., 1956. Sperm Whales of the Azores. Disc. Rep. 28, 237-98.

Clusella-Trullas, S., Garcia, R.A., Terblanche, J.S., Hoffmann, A.A., 2021.
How useful are thermal vulnerability indices? Trends in Ecology and
Evolution. https://doi.org/10.1016/j.tree.2021.07.001

55



908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935

Collins, M., Sutherland, M., Bouwer, L., Cheong, S.-M., Frolicher, T.,
DesCombes, H.J., Roxy, M.K., Losada, |., Mclnnes, K., Ratter, B.,
2019. Extremes, abrupt changes and managing risk.

Correia, A.M., Sousa-Guedes, D., Gil, A., Valente, R., Rosso, M., Sousa-
Pinto, 1., Sillero, N., Pierce, G.J., 2021. Predicting Cetacean
Distributions in the Eastern North Atlantic to Support Marine
Management. Front Mar Sci 8.

Dinis, A., Carvalho, A., Alves, F., Nicolau, C., Ribeiro, C., Kaufmann, M.,
Cafadas, A., FREITAS Dinis, L., Whale Museum, M., Freitas, L.,
2016. Spatial and temporal distribution of bottlenose dolphins,
Tursiops truncatus, in the Madeira archipelago, NE Atlantic.
Arquipelago - Life and Marine Sciences 33, 45-54.

Dinis, A., Marques, R., Dias, L., Sousa, D., Gomes, C., Abreu, N., Alves,
F., 2017. Site fidelity of Blainville’s Beaked Whale (Mesoplodon
densirostris) off Madeira Island (Northeast Atlantic). Aquatic
Mammals 43, 387+.

Dinis, A., Molina, C., Tobefa, M., Sambolino, A., Hartman, K., Fernandez,
M., Magalhées, S., dos Santos, R.P., Ritter, F., Martin, V., de Soto,
N.A., Alves, F., 2021. Large-scale movements of common bottlenose
dolphins in the Atlantic: Dolphins with an international courtyard.
PeerJ 9, e11069. https://doi.org/10.7717/PEERJ.11069/SUPP-1

Elizabeth Alter, S., Simmonds, M. P., & Brandon, J. R. (2010). Forecasting
the consequences of climate-driven shifts in human behavior on
cetaceans. Marine Policy, 34(5), 943-954.
https://doi.org/https://doi.org/10.1016/j.marpol.2010.01.026

ESRL, 2014. Earth Systems Research Laboratory NOAA’s Ocean
Climate Change Web Portal. February 7, 2020.
http:/www.esrl.noaa.gov/psd/ipcc/ocn/ [WWW Document].

56



936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963

Eyring, V., Bony, S., Meehl, G.A., Senior, C.A., Stevens, B., Stouffer, R.J.,
Taylor, K.E., 2016. Overview of the Coupled Model Intercomparison
Project Phase 6 (CMIP6) experimental design and organization.
Geosci. Model Dev. 9, 1937-1958. https://doi.org/10.5194/gmd-9-
1937-2016

Fais, A., Lewis, T.P., Zitterbart, D.P., Alvarez, O., Tejedor, A., Aguilar
Soto, N., 2016. Abundance and Distribution of Sperm Whales in the
Canary Islands: Can Sperm Whales in the Archipelago Sustain the
Current Level of Ship-Strike Mortalities? PLOS ONE 11, e0150660-.

Fernandez, A., Arbelo, M., Martin, V., 2013. No mass strandings since
sonar ban. Nature 497, 317. https://doi.org/10.1038/497317d

Fernandez, M., Alves, F., Ferreira, R., Fischer, J.-C., Thake, P., Nunes,
N., Caldeira, R., Dinis, A., 2021. Modeling Fine-Scale Cetaceans’
Distributions in Oceanic Islands: Madeira Archipelago as a Case
Study. Front Mar Sci 8.

Fernandez, M., Yesson, C., Gannier, A., Pl, M., 2018. A matter of timing:
how temporal scale selection influences cetacean ecological niche
modelling . Marine Ecology Progress Series 595, 217-231.

Ferreira, R., Dinis, A., Badenas, A., Sambolino, A., Marrero-Pérez, J.,
Crespo, A., Alves, F., 2021. Bryde's whales in the North-East Atlantic:
New insights on site fidelity and connectivity between oceanic
archipelagos. Aquatic Conservation: Marine and Freshwater
Ecosystems 31, 2938-2950.
https://doi.org/https://doi.org/10.1002/aqc.3665

Foden, W.B., Young, B.E., Ak¢cakaya, H.R., Garcia, R.A., Hoffmann, A.A.,
Stein, B.A., Thomas, C.D., Wheatley, C.J., Bickford, D., Carr, J.A,,
Hole, D.G., Martin, T.G., Pacifici, M., Pearce-Higgins, J.W., Platts,
P.J., Visconti, P., Watson, J.E.M., Huntley, B., 2019. Climate change

S7



964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991

vulnerability assessment of species. Wiley Interdisciplinary Reviews:
Climate Change 10, 1-36. https://doi.org/10.1002/wcc.551

Forcada, J., 2009. Distribution. Encyclopedia of Marine Mammals 316—
321. https://doi.org/10.1016/B978-0-12-373553-9.00077-8

Freitas, R., 2014. The coastal ichthyofauna of the Cape Verde Islands: a
summary and remarks on endemism. Zoologia Caboverdiana 5, 1-
13.

Freitas, R., Romeiras, M., Silva, L., Cordeiro, R., Madeira, P., Gonzalez,
J.A., Wirtz, P., Falcon, J.M., Brito, A., Floeter, S.R., Afonso, P.,
Porteiro, F., Viera-Rodriguez, M.A., Neto, A.l, Haroun, R.,
Farminhdo, J.N.M., Rebelo, A.C., Baptista, L., Melo, C.S., Martinez,
A., Nufnez, J., Berning, B., Johnson, M.E., Avila, S.P., 20109.
Restructuring of the ‘Macaronesia’ biogeographic unit: A marine multi-
taxon  biogeographical approach. Scientific  Reports 9.
https://doi.org/10.1038/s41598-019-51786-6

Frohoff, T. and M. Bekoff. 2018. Ethics. In Encyclopedia of marine
mammals Third Edition. Wursig, B., J.G.M. Thewissen, and K. M.
Kovacs (eds.). (pp. 338-344). Academic Press: London, UK.

Fullard, K.J., Early, G., Heide-Jgrgensen, M.P., Bloch, D., Rosing-Asvid,
A., Amos, W., 2000. Population structure of long-finned pilot whales
in the North Atlantic: a correlation with sea surface temperature?,
Molecular Ecology.

Garcia-Soto, C., Cheng, L., Caesar, L., Schmidtko, S., Jewett, E.B.,
Cheripka, A., Rigor, I., Caballero, A., Chiba, S., Baez, J.C., Zielinski,
T., Abraham, J.P., 2021. An Overview of Ocean Climate Change
Indicators: Sea Surface Temperature, Ocean Heat Content, Ocean
pH, Dissolved Oxygen Concentration, Arctic Sea Ice Extent,
Thickness and Volume, Sea Level and Strength of the AMOC (Atlantic

58



992

993

994

995

996

997

998

999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020

Meridional Overturning Circulation). Front Mar Sci.
https://doi.org/10.3389/fmars.2021.642372

Gonzalez Garcia, L., 2019. Cetacean distribution in Sdo Miguel (Azores) :
influence of environmental variables at different spatial and temporal
scales. Phd thesis. University of Vigo.

Gonzalez Garcia, L., Pierce, G.J., Autret, E., Torres-Palenzuela, J.M.,
2018. Multi-scale habitat preference analyses for Azorean blue
whales. PLOS ONE 13, e0201786.

Hartman, K.L., Fernandez, M., Azevedo, J.M.N., 2014. Spatial
segregation of calving and nursing Risso’s dolphins (Grampus
griseus) in the Azores, and its conservation implications. Marine
Biology 161, 1419-1428. https://doi.org/10.1007/s00227-014-2430-x

Hartman, K.L., Visser, F., Hendriks, A.J.E., 2008. Social structure of
Risso’s dolphins (Grampus griseus) at the Azores: a stratified
community based on highly associated social units. Canadian Journal
of Zoology 86, 294-306. https://doi.org/10.1139/207-138

Herrera, 1., Carrillo, M., Cosme de Esteban, M., Haroun, R., 2021.
Distribution of Cetaceans in the Canary Islands (Northeast Atlantic
Ocean):. Implications for the Natura 2000 Network and Future
Conservation Measures. Front Mar Sci 8.

IPCC, 2019. IPCC Special Report on the Ocean and Cryosphere in a
Changing Climate. Intergovernmental Panel on Climate Change.
IPCC, 2014. Climate Change 2014: Synthesis Report. Contribution of

Working Groups [, Il and Ill to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change [Core Writing Team,
R.K. Pachauri and L.A. Meyer (eds.)]. IPCC, Geneva, Switzerland,

151 pp.

Jefferson, T.A., Weir, C.R., Anderson, R.C., Ballance, L.T., Kenney, R.D.,

Kiszka, J.J., 2014. Global distribution of Risso’s dolphin Grampus

59



1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047

griseus: A review and critical evaluation. Mammal Review 44, 56—68.
https://doi.org/10.1111/MAM.12008

Kaschner, K., Tittensor, D.P., Ready, J., Gerrodette, T., Worm, B., 2011.
Current and future patterns of global marine mammal biodiversity.
PL0oS ONE 6. https://doi.org/10.1371/journal.pone.0019653

Kato, H., Perrin, W.F., 2018. Bryde’'s Whale: Balaenoptera edeni, in:
Wirsig, B., Thewissen, J.G.M., Kovacs, K.M.B.T.-E. of M.M. (Third E.
(Eds.). Academic Press, pp. 143-145.
https://doi.org/https://doi.org/10.1016/B978-0-12-804327-1.00079-0

Khalig, I., Hof, C., Prinzinger, R., Bohning-Gaese, K., Pfenninger, M.,
2014. Global variation in thermal tolerances and vulnerability of
endotherms to climate change. Proceedings of the Royal Society B:
Biological Sciences 281. https://doi.org/10.1098/RSPB.2014.1097

Kuhnert, P. M., Martin, T. G., & Griffiths, S. P. (2010). A guide to eliciting
and using expert knowledge in Bayesian ecological models. Ecology
Letters, 13(7), 900-914. https://doi.org/https://doi.org/10.1111/}.1461-
0248.2010.01477.x

Lambert, E., MacLeod, C.D., Hall, K., Brereton, T., Dunn, T.E., Wall, D.,
Jepson, P.D., Deaville, R., Pierce, G.J., 2011. Quantifying likely
cetacean range shifts in response to global climatic change:
implications for conservation strategies in a changing world.
Endangered Species Research 15, 205-222.

Lambert, E., Pierce, G.J., Hall, K., Brereton, T., Dunn, T.E., Wall, D.,
Jepson, P.D., Deaville, R., Macleod, C.D., 2014. Cetacean range and
climate in the eastern North Atlantic. Future predictions and
implications for conservation. Global Change Biology 20, 1782—-1793.
https://doi.org/10.1111/gch.12560

60



1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076

Laufkotter, C., Zscheischler, J., Frélicher, T.L., 2020. High-impact marine
heatwaves attributable to human-induced global warming. Science
(1979) 369, 1621-1625.

Learmonth, J.A., MacLeod, C.D., Santos, M.B., Pierce, G.J., Crick,
H.Q.P., Robinson, R.A., 2006. Potential effects of climate change on
marine mammals. Oceanography and Marine Biology 44, 431.

Lettrich, M.D., Asaro, M.J., Borggaard, D.L., Dorothy, M., Griffis, R.B.,
Litz, J.A., Orphanides, C.D., Palka, L., Pendleton, D.E., Soldevilla,
M.S., 2019. A Method for Assessing the Vulnerability of Marine
Mammals to a Changing Climate. NOAA Technical Memorandum
NMFS-F/SPO, 73.

Linstone, H. A., & Turoff, M. (1975). The Delphi Method: Techniques and
Applications. Reading, MA: Addison-Wesley. ISBN 978-0-201-04294-
8. 620 p.

Mclvor, A.J., Williams, C.T., Alves, F., Dinis, A., Pais, M.P., Canning-
Clode, J., 2022. The Status of Marine Megafauna Research in
Macaronesia: A Systematic Review. Front Mar Sci 9.

McSweeney, D.J., Baird, R.W., Mahaffy, S.D., 2007. Site
fidelity,associations, and movements of Cuvier’s (Ziphius cravirostris)
and Blainville’'s beaked whales off the Island of Hawai'i. Mar Mamm
Sci 23, 666-687. https://doi.org/https://doi.org/10.1111/}.1748-
7692.2007.00135.x

Martins, A. M., Amorim, A. S. B., Figueiredo, M. P., Souza, R. J.,
Mendonga, A. P., Bashmachnikov, I. L., & Carvalho, D. S. (2007). Sea
surface temperature (AVHRR, MODIS) and ocean colour (MODIS)
seasonal and interannual variability in the Macaronesian islands of
Azores, Madeira, and Canaries. In Remote Sensing of the Ocean, Sea
Ice, and Large Water Regions 2007 (Vol. 6743, pp. 75-89).

61



1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105

Mendiburu F. (2021). agricolae: Statistical Procedures for Agricultural
Research. @R package version 1.3-5. https://CRAN.R-

project.org/package=agricolae

Montoto-Martinez, T., de la Fuente, J., Puig-Lozano, R., Marques, N.,
Arbelo, M., Hernandez-Brito, J.J., Fernandez, A., Gelado-Caballero,
M.D., 2021. Microplastics, bisphenols, phthalates and pesticides in
odontocete species in the Macaronesian Region (Eastern North
Atlantic). Marine Pollution Bulletin 173, 113105.
https://doi.org/10.1016/J.MARPOLBUL.2021.113105
Morgan, M. G. (2014). Use (and abuse) of expert elicitation in support
of decision making for public policy. Proceedings of the National
Academy of Sciences, 111(20), 7176-7184.
https://doi.org/10.1073/pnas.1319946111

Mukherjee, N., Dicks, L. v, Shackelford, G. E., Vira, B., & Sutherland,
W. J. (2016). Comparing groups versus individuals in decision
making: a systematic review protocol. Environmental Evidence,
5(1), 19. https://doi.org/10.1186/s13750-016-0066-7

Mukherjee, N., Hugé, J., Sutherland, W. J., McNeill, J., van Opstal,
M., Dahdouh-Guebas, F., & Koedam, N. (2015). The Delphi
techniqgue in ecology and biological conservation: applications and
guidelines. Methods in Ecology and Evolution, 6(9), 1097-1109.
https://doi.org/https://doi.org/10.1111/2041-210X.12387

Mukherjee, N., Zabala, A., Huge, J., Nyumba, T. O., Adem Esmail, B., &
Sutherland, W. J. (2018). Comparison of techniques for eliciting views
and judgements in decision-making. Methods in Ecology and
Evolution, 9(1), 54-63. https://doi.org/10.1111/2041-210X.12940

Nunny, L., Simmonds, M.P., 2019. Climate Change and Cetaceans-an
update.

62



1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134

Olson, P.A., 2009. Pilot Whales: Globicephala melas and G.
macrorhynchus, in: Perrin, W.F., Wirsig, B., Thewissen, J.G.M.
(Eds.), Encyclopedia of Marine Mammals (Second Edition). Academic
Press, London, pp. 847-852.
https://doi.org/https://doi.org/10.1016/B978-0-12-373553-9.00197-8

Pacifici, M., Foden, W.B., Visconti, P., Watson, J.E.M., Butchart, S.H.M.,
Kovacs, K.M., Scheffers, B.R., Hole, D.G., Martin, T.G., Akcakaya,
H.R., Corlett, R.T., Huntley, B., Bickford, D., Carr, J.A., Hoffmann,
A.A., Midgley, G.F., Pearce-Kelly, P., Pearson, R.G., Williams, S.E.,
Willis, S.G., Young, B., Rondinini, C., 2015. Assessing species
vulnerability to climate change. Nature Climate Change 5, 215.

Perrin, W.F., 2009. Common Dolphins: Delphinus delphis and D.
capensis. Encyclopedia of Marine Mammals 255-259.
https://doi.org/10.1016/B978-0-12-373553-9.00063-8

Poloczanska, E.S., Burrows, M.T., Brown, C.J., Molinos, J.G., Halpern,
B.S., Hoegh-Guldberg, O., Kappel, C. v., Moore, P.J., Richardson,
A.J., Schoeman, D.S., Sydeman, W.J., 2016. Responses of marine
organisms to climate change across oceans. Front Mar Sci.
https://doi.org/10.3389/fmars.2016.00062

Rendoll-Carcamo, J., Contador, T., Convey, P., Kennedy, J., 2020. Sub-
Antarctic Freshwater Invertebrate Thermal Tolerances: An
Assessment of Critical Thermal Limits and Behavioral Responses.
Insects 2020, Vol. 11, Page 102 11, 102.
https://doi.org/10.3390/INSECTS11020102

Reyes Suarez, C., 2018. Abundance estimate, survival and site fidelity
patterns of Blainville’s (Mesoplodon densirostris) and Cuvier's
(Ziphius cavirostris) beaked whales off El Hierro (Canary Islands).

Romagosa, M., Baumgartner, M., Cascao, |., Lammers, M.O., Marques,
T.A., Santos, R.S., Silva, M.A., 2020. Baleen whale acoustic presence

63



1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162

and behaviour at a Mid-Atlantic migratory habitat, the Azores
Archipelago.  Scientific  Reports 2020 10:1 10, 1-11.
https://doi.org/10.1038/s41598-020-61849-8

Saavedra, C., Begoia Santos, M.?, Valcarce, P., Freitas, L., Silva, M.,

Pipa, T., Bécares, J., Gil-Velasco, M., Vandeperre, F., Gouveia, C.,
Lopes, V., Teixeira, A., Simao, A.P., Otero Matias, J., Miodonski, J.
v., Carreira, G.P., Henriques, F., Pérez, S., Esteban, R., Verborgh, P.,
Cafiadas, A., Varo, N., Lagoa, J., Dellinger, T., Atchoi, E., Carlos
Silva, Monica Pérez, Antonella Servidio, Vidal Martin, Manolo Catrrillo,

Erika Urquiola, Catalina Monzén, 2018. Macaronesian Roof Report.

Salvadeo, C.J., Lluch-Belda, D., Gbmez-Gallardo, A., Urban-Ramirez, J.,

MacLeod, C.D., 2010. Climate change and a poleward shift in the
distribution of the Pacific white-sided dolphin in the northeastern

Pacific. Endangered Species Research 11, 13-19.

Sambolino, A., Alves, F., Fernandez, M., Krakauer, A.B., Ferreira, R.,

Dinis, A., 2022. Spatial and temporal characterization of the exposure
of island-associated cetacean populations to whale-watching in
Madeira Island (NE Atlantic). Regional Studies in Marine Science 49,
102084. https://doi.org/10.1016/J.RSMA.2021.102084

Sangra, P., Pascual, A., Rodriguez-Santana, A., Machin, F., Mason, E.,

McWilliams, J.C., Pelegri, J.L., Dong, C., Rubio, A., Aristegui, J.,
Marrero-Diaz, A., Hernandez-Guerra, A., Martinez-Marrero, A.,
Auladell, M., 2009. The Canary Eddy Corridor: A major pathway for
long-lived eddies in the subtropical North Atlantic. Deep Sea
Research Part I: Oceanographic Research Papers 56, 2100-2114.
https://doi.org/https://doi.org/10.1016/j.dsr.2009.08.008

Sarabia-Hierro, A., Rodriguez-Gonzélez, M., 2019. Population

parameters on Risso’s dolphin (Grampus griseus) in Fuerteventura,

64



1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191

Canary Islands. Scientia Insularum. Revista de Ciencias Naturales en
islas 2, 37—44. https://doi.org/10.25145/}.51.2019.02.02

Servidio, A., 2014. Distribution, Social Structure and Habitat use of Short-

finned Pilot whale, Globicephala macrorhynchus, in the Canary

Islands. . Scotland.

Servidio, A., Pérez-Gil, E., Pérez-Gil, M., Canfadas, A., Hammond, P.S.,

Martin, V., 2019. Site fidelity and movement patterns of short-finned
pilot whales within the Canary Islands: Evidence for resident and
transient populations. Aquatic Conservation: Marine and Freshwater
Ecosystems 29, 227-241.
https://doi.org/https://doi.org/10.1002/aqc.3135

Silber, G.K., Lettrich, M.D., Thomas, P.O., Baker, J.D., Baumgartner, M.,

Becker, E.A., Boveng, P., Dick, D.M., Fiechter, J., Forcada, J., Forney,
K.A., Griffis, R.B., Hare, J.A., Hobday, A.J., Howell, D., Laidre, K.L.,
Mantua, N., Quakenbush, L., Santora, J.A., Stafford, K.M., Spencer,
P., Stock, C., Sydeman, W., van Houtan, K., Waples, R.S., 2017.
Projecting Marine Mammal Distribution in a Changing Climate

Frontiers in Marine Science .

Silva, M.A., Prieto, R., Cascao, |., Seabra, M.l., Machete, M.,

Baumgartner, M.F., Santos, R.S., 2014. Spatial and temporal
distribution of cetaceans in the mid-Atlantic waters around the Azores.
Marine Biology Research 10, 123-137.
https://doi.org/10.1080/17451000.2013.793814

Silvy, Y., Guilyardi, E., Sallée, J.-B., Durack, P.J., 2020. Human-induced

changes to the global ocean water masses and their time of
emergence. Nature Climate Change 10, 1030-1036.
https://doi.org/10.1038/s41558-020-0878-x

Sousa, A., Alves, F., Arranz, P., Dinis, A., Fernandez, M., Gonzalez

Garcia, L., Morales, M., Lettrich, M., Encarnacdo Coelho, R., Costa,

65



1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219

H., Capela Lourenco, T., Azevedo, N.M.J., Frazao Santos, C., 2021.
Climate change vulnerability of cetaceans in Macaronesia: Insights
from a trait-based assessment. Science of The Total Environment
795, 148652.
https://doi.org/https://doi.org/10.1016/j.scitotenv.2021.148652

Sousa, A., Alves, F., Dinis, A., Bentz, J., Cruz, M.J., Nunes, J.P., 2019.
How vulnerable are cetaceans to climate change? Developing and
testing a new index. Ecological Indicators 98, 9-18.
https://doi.org/https://doi.org/10.1016/j.ecolind.2018.10.046

Spalding, M.D., Fox, H.E., Allen, G.R., Davidson, N., Ferdafia, Z.A.,
Finlayson, M., Halpern, B.S., Jorge, M.A., Lombana, A., Lourie, S.A.,
Martin, K.D., McManus, E., Molnar, J., Recchia, C.A., Robertson, J.,
2007. Marine ecoregions of the world: A bioregionalization of coastal
and shelf areas. BioScience 57, 573-583.
https://doi.org/10.1641/B570707

Steiner, L., Silva, M.A., Zereba, J., Leal, M.J., 2008. Bryde’s whales,
Balaenoptera edeni, observed in the Azores: a new species record for
the region. Marine Biodiversity Records 1, e66.
https://doi.org/10.1017/S1755267207007282

Thorne, L.H., Foley, H.J., Baird, R.W., Webster, D.L., Swaim, Z.T., Read,
A.J., 2017. Movement and foraging behavior of short-finned pilot
whales in the Mid-Atlantic Bight: importance of bathymetric features
and implications for management. Marine Ecology Progress Series
584, 245-257.

Tobefia, M., Prieto, R., Machete, M., Silva, M.A., 2016. Modeling the
potential distribution and richness of cetaceans in the Azores from
fisheries  observer program data. Front Mar Sci 3.
https://doi.org/10.3389/fmars.2016.00202

66



1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245

Tomeé, D.F.R., 2013. Mudancas climéticas nas regides insulares. PhD
thesis. University of Azores, Portugal.

Underwood, Z.E., Myrick, C.A., Rogers, K.B., 2012. Effect of acclimation
temperature on the upper thermal tolerance of Colorado River
cutthroat trout Oncorhynchus clarkii pleuriticus: thermal limits of a
North American salmonid. Journal of Fish Biology 80, 2420-2433.
https://doi.org/10.1111/J.1095-8649.2012.03287.X

van der Linde, M.L., Eriksson, I.K., 2020. An assessment of sperm whale
occurrence and social structure off S&o Miguel Island, Azores using
fluke and dorsal identification photographs. Mar Mamm Sci 36, 47—
65. https://doi.org/https://doi.org/10.1111/mms.12617

van Weelden, C., Towers, J.R., Bosker, T., 2021. Impacts of climate
change on cetacean distribution, habitat and migration. Climate
Change Ecology 1, 100009.
https://doi.org/10.1016/j.ecochg.2021.100009

Webb, T.J., Lines, A., Howarth, L.M., 2020. Occupancy-derived thermal
affinities reflect known physiological thermal limits of marine species.
Ecology and Evolution 10, 7050-7061.
https://doi.org/10.1002/ece3.6407

Wells, R.S., Scott, M.D., 2009. Common Bottlenose Dolphin: Tursiops
truncatus. Encyclopedia of Marine Mammals 249-255.
https://doi.org/10.1016/B978-0-12-373553-9.00062-6

Zhou, M., Paduan, J.D., Niiler, P.P., 2000. Surface currents in the Canary
Basin from drifter observations. Journal of Geophysical Research:
Oceans 105, 21893-21911. https://doi.org/10.1029/2000jc900096

67



Figure 1 Click here to access/download;Figure;Figure 1.tif %

30°00"W 20°00"W
N
z Azores A z
(=] o
& =
=4 2 =4
e *
=
<a
Madeira
o
pd =z
o | | ©
o Canary Islands o
& K
\
o { '
e
0 170 340
L —

30°00"W 20°00"W


https://www.editorialmanager.com/stoten/download.aspx?id=6035083&guid=48883afd-54ab-4689-9d8f-e9d62149fc86&scheme=1
https://www.editorialmanager.com/stoten/download.aspx?id=6035083&guid=48883afd-54ab-4689-9d8f-e9d62149fc86&scheme=1

Figure 2 Click here to access/download;Figure;Figure 2.tiff

a b ab a ab ab
0.9 1
>
= 0.6-
Ne]
el
'S
(D —_—m
0.3+
0.0+
1 2 3 4 5 6

Method


https://www.editorialmanager.com/stoten/download.aspx?id=6035084&guid=1d897de5-e7fa-45b6-828e-a149637d7b69&scheme=1
https://www.editorialmanager.com/stoten/download.aspx?id=6035084&guid=1d897de5-e7fa-45b6-828e-a149637d7b69&scheme=1

Figure 3 Click here to access/download;Figure;Figure 3.tiff

Atlantic spotted dolphin Short-beaked common dolphin

1.00 === =

1.00
0.75
0.50
0.25
0.00

Suitability

1.00
0.75
0.50
0.25

0.00

1.00
0.75
0.50
0.25

0.00

& W) 185 20 A | (R R
Temperature (°C)


https://www.editorialmanager.com/stoten/download.aspx?id=6035085&guid=6270ea50-e13e-4cfc-86b4-e63c59810ca9&scheme=1
https://www.editorialmanager.com/stoten/download.aspx?id=6035085&guid=6270ea50-e13e-4cfc-86b4-e63c59810ca9&scheme=1

Figure 4 Click here to access/download;Figure;Figure 4.tiff =

Thermal range

Allantic spotted dol Short-beaked common dolphin 1.0
08

o

o

€

oo B

<
0.2

00


https://www.editorialmanager.com/stoten/download.aspx?id=6035086&guid=ff2dfbed-ddb7-4674-83b7-7c4ec1e47a29&scheme=1
https://www.editorialmanager.com/stoten/download.aspx?id=6035086&guid=ff2dfbed-ddb7-4674-83b7-7c4ec1e47a29&scheme=1

Supplementary Material

Click here to access/download
Supplementary Material
S.M.1 Annual thermal suitability maps.docx


https://www.editorialmanager.com/stoten/download.aspx?id=6035095&guid=b03ca7b9-696d-404b-91da-f76990f0e010&scheme=1

Supplementary Material

Click here to access/download
Supplementary Material
S.M.2 Seasonal thermal suitability maps.docx


https://www.editorialmanager.com/stoten/download.aspx?id=6035096&guid=f6a69b06-7446-4944-8ce2-abeb028494c7&scheme=1

Declaration of Interest Statement

Declaration of interests

XiThe authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

[COThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:



Author Contributions Statement

CRediT author statement

Sousa, Andreia Conceptualization, Investigation, Methodology, Validation, Writing -
Original Draft, Writing - Review & Editing

Fernandez, Marc Software, Methodology, Formal analysis, Visualization, Validation,
Investigation

Alves, Filipe Formal analysis, Validation, Investigation

Arranz, Patricia Formal analysis, Validation, Investigation

Dinis, Ana Formal analysis, Validation, Investigation

Gonzalez Garcia, Laura Formal analysis, Validation, Investigation

Morales, Misael Formal analysis, Validation, Investigation

Lettrich, Matthew Validation, Writing - Review & Editing

Encarnacao Coelho, Ricardo Software, Project administration, Funding acquisition

Costa, Hugo Visualization, Project administration, Funding acquisition

Capela Lourenco, Tiago Writing - Review & Editing, Project administration, Funding
acquisition

Azevedo, Neto Manuel José Writing - Review & Editing, Supervision

Frazdo Santos, Catarina Writing - Review & Editing, Supervision



