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levels. While knowledge about the impacts of climate change in cetacean's species is still scarce, practitioners and
policymakers need information about the species at risk to guide the implementation of conservation measures.
To assess cetacean's vulnerability to climate change in the biogeographic region of Macaronesia, we adapted the
Marine Mammal Climate Vulnerability Assessment (MMCVA) method and applied it to 21 species management
units using an expert elicitation approach.

Results showed that over half (62%) of the units assessed presented Very High (5 units) or High (8 units) vulner-
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Over 50% of units showed a high potential for distribution, abundance and phenology changes as a response to

climate change.

With this study we target current and future information needs of conservation managers in the region, and
guide research and monitoring efforts, while contributing to the improvement and validation of trait-based vul-
nerability approaches under a changing climate.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Over the past two decades, an increase in greenhouse gas emissions
and subsequent global warming has strongly affected the world's ocean
through rapid physiochemical changes (IPCC, 2007, 2014). The rate of
ocean warming has more than doubled since the 1970's, and marine
heat-related events have increased in frequency, duration and intensity,
being projected to continue as such in the future (IPCC, 2019). Since the
1980's, the ocean pH has declined 0.017-0.027 units per decade due to
the absorption of 20-30% of total anthropogenic CO2 emissions (IPCC,
2019). Oxygen loss, together with the expansion of oxygen minimum
zones, has increased by 3-8% between 1970 and 2010 (IPCC, 2019). Ad-
ditionally, sea level rise is increasing globally due to ocean thermal ex-
pansion, glacier mass loss and increasing rates of ice loss from the
Greenland and Antarctic ice sheets (Leuliette and Nerem, 2016). These
observed and projected changes in the ocean's physical-chemical prop-
erties contribute to changes in the seasonality, abundance and distribu-
tion of marine species. Beyond its impact on cetaceans (such as reducing
reproductive success (Kershaw et al,, 2021), these changes affect eco-
system services with relevant ecological, economic and social impacts
on human wellbeing (IPCC, 2019; Pecl et al., 2017).

To help predict and possibly minimize the negative impacts of cli-
mate change on ecosystems, conservation scientists, managers and
practitioners need to develop a set of approaches to estimate species
vulnerability to climate change. Accordingly, in the last decade an
increasing number of assessments on the vulnerability of biodiver-
sity to a changing climate have been carried out. The main goal of
these assessments is to identify species that are at higher risk and
support policymakers in identifying and prioritizing adaptation
management options (Foden and Young, 2016; Foden et al., 2019;
Pacifici et al., 2015).

There are three general types of approaches that can be used to as-
sess the vulnerability of species to climate change: (1) trait-based ap-
proaches (Foden et al., 2013); (2) trend-based approaches, namely
mechanistic and correlative models (Jeschke and Strayer, 2008;
Kearney et al., 2010; Monahan, 2009); and (3) combined approaches,
that result from the association of the first two approaches (Willis
et al., 2015). Trend-based approaches focus on modelling tools, either
correlative models (considering the observed distribution range of spe-
cies and anticipating potential climate suitable areas) based on future
climate projections or mechanistic models (which incorporate biologi-
cal processes and interactions, such as species physiological tolerances
or energy balance equations and are generally used to determine spe-
cies' extinction risk) (Pearson et al., 2014). Additionally, trait-based ap-
proaches provide ranks of species vulnerability by integrating species
biological characteristics (sensitivity and adaptive capacity) with expo-
sure to climate change based on climate projections of relevant environ-
mental variables (Foden et al., 2019; Stortini et al., 2015).

Trait-based indexes have the advantage of providing rapid assess-
ments of multiple taxa when relevant data on species traits is available.
They have low requirements for detailed information on species distri-
bution, or extensive knowledge of modelling techniques (Foden and
Young, 2016; Foden et al., 2019; Pacifici et al., 2015). For such reasons,
they have been increasingly used by the marine ecology community,
and the number of related publications has more than doubled from
2010 to 2016 (Beauchard et al., 2017). Indeed, trait-based indexes
have been widely developed and applied to marine invertebrates, fishes

and coral reefs (Chin et al., 2010; Crozier et al,, 2019; Hare et al., 2016;
Pecl et al,, 2014), and some studies also integrate social-ecological fac-
tors related to ship traffic disturbance (Fliessbach et al., 2019), fishing
communities (Greenan et al., 2019) or fish farming (Soto et al,, 2019).

As for marine mammals, trait-based vulnerability assessments are a
recent topic, with new indexes being developed in the last few years
(Ferrara, 2017; Hauser et al., 2018; Sousa et al., 2019). Earlier attempts
at marine mammal climate vulnerability assessments were developed
for arctic species through the quantification of sensitivity indicators
(Laidre et al., 2008) that were latter extended to other cetacean species
by Simmonds and Smith (2009). Globally, the assessment of marine
mammals' vulnerability to climate change has highlighted the loss of
functional diversity, as well as the associated impacts on the ecosystem
from the potential extinctions of marine mammals (Albouy et al., 2020).
Regional efforts have also been carried out to develop vulnerability in-
dexes for marine mammal stocks in the Western North Atlantic, Gulf
of Mexico, Caribbean, Pacific and Arctic regions (Lettrich et al., 2019),
as well as for cetacean species in the Madeira Archipelago (Sousa
etal, 2019).

However, trait-based indexes present a number of limitations re-
lated to different sources of uncertainty, such as the choice of traits,
knowledge gaps, unknown thresholds for each trait, and the links be-
tween species traits and the impacts of climate change (Lankford
etal., 2014). Because of such uncertainties, and the relatively recent na-
ture of these indexes, trait-based methods require further development
and validation (Foden and Young, 2016; Foden et al., 2019; Pacifici et al.,
2015).

The present study aims to contribute to the development and valida-
tion of such methods by assessing the vulnerability of cetaceans to cli-
mate change in the biogeographic region of Macaronesia. Results are
intended to be used to support informed decision-making and effective
conservation under a changing ocean. This was accomplished by
adapting and applying the methodology developed by Lettrich et al.
(2019) for marine mammals in the United States (US) and expanding
the index developed by Sousa et al. (2019) to the entire Macaronesia
region.

2. Methods

The method used to assess the vulnerability of cetacean species to
climate change in Macaronesia was largely adapted from the Marine
Mammal Climate Vulnerability Assessment (MMCVA) developed by
the US National Oceanic and Atmospheric Administration (Lettrich
et al.,, 2019). The MMCVA developed a more robust approach than the
one previously developed for the Madeira archipelago (Sousa et al.,
2019), including a broader geographic range and the contributions of
a larger expert working group in the design and test of the methodol-
ogy, over a period of 3 years. The MMCVA method was established to as-
sess the vulnerability of marine mammal stocks to climate change in US
waters, considering species' biological and ecological traits as sensitivity
attributes, and climate variables as exposure factors. Then, the method
uses expert judgment to evaluate such attributes and factors and pro-
duces estimates of species vulnerability to climate change - for detailed
information on the MMCVA method see (Lettrich et al., 2019). The pres-
ent study also takes the work of Sousa et al. (2019) forward by using an
optimized approach and extending the assessment of cetacean species
conducted in Madeira to the entire Macaronesia region (i.e., the Azores,
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Canary Islands and Madeira), including a larger number of species and
consulted experts in the assessment.

In the present work, the climate change vulnerability assessment
consisted of three main steps: 1) definition of scope and scale; 2) scoring
process for sensitivity attributes, exposure factors and data quality; and
3) calculation of vulnerability scores and data analysis. Modifications to
the MMCVA method were exclusively made on the selection of expo-
sure factors to best reflect the species under study and on the scoring
bins of two sensitivity attributes (habitat specificity and site fidelity)
to suit our study area specificities (see Sensitivity attributes and climate
exposure factors). Details on the methodological aspects of each step
are provided in the following sub-sections.

3. Definition of scope and scale
3.1. Study area

The biogeographic region of Macaronesia comprises two Portuguese
archipelagos, the Azores and Madeira, and the Spanish archipelago of
the Canary Islands (Fig. 1). Azores is the northernmost archipelago of
Macaronesia encompassing nine islands. Madeira lies approximately
840 km SE of the Azores and 630 km NW of the African continent and
is composed of two main islands (Madeira and Porto Santo). The Canary
archipelago is situated about 400 km south of Madeira and 115 km off
the West African mainland and is composed of seven main islands
(Fig. 1).

There has been an ongoing debate on whether the Macaronesia bio-
geographic region should include the archipelago of Cape Verde
(Vanderpoorten et al., 2007). Studies have showed that the marine
biota community structure and biogeographic relationships in Cape

Science of the Total Environment 795 (2021) 148652

Verde differ from the remaining North Atlantic archipelagos (Freitas,
2014; Freitas et al., 2019). Indeed, the Azores, Madeira and Canary
Islands were considered a single marine ecoregion in the Lusitanian
province whereas Cape Verde is biogeographically within the West
African Transition province (Spalding et al., 2007). For these reasons,
in the present study only the archipelagos of Azores, Canary Islands
and Madeira were considered.

The Macaronesian islands have an exclusively volcanic origin with
complex oceanographic and topographic features facilitated by the nar-
row continental shelfs and the occurrence of great depths (over 1500
m) relatively close to shore (Geldmacher et al., 2000; Santos et al.,
1995; Valdés and Déniz-Gonzélez, 2015). The main ocean currents
influencing this dynamic region are the Azores and the Canary Currents,
which form two of the boundaries of the North Atlantic Gyre, together
with the Gulf stream along the East Coast of the United States (Barton,
2001; Cropper, 2013). Furthermore, islands create oceanographic dis-
turbances of oceanic flow, known as the “island mass effect”, which re-
sult in the presence of lee eddies, island wakes and upwelling features
(Caldeira and Reis, 2017). These conditions foster a high number of ce-
tacean species in each archipelago (over 20 species; Alves et al., 2018;
Carrillo et al., 2010; Silva et al., 2014), contributing to the classification
of Macaronesia as a world biodiversity hotspot (Myers et al., 2000).

3.2. Experts selection and consultation

In order to support the development of the climate vulnerability as-
sessment, and further validate it, six experts on cetacean ecology with
knowledge and expertise on both the overall study area and on each
of the archipelagos of Macaronesia (two experts per archipelago) par-
ticipated in the present study.
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Fig. 1. Map of the Macaronesia biogeographic region, showing the archipelagos of Azores, Madeira and Canary Islands.
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The participatory process took place for four months, between
February and July 2020, in a full online format because of travel restric-
tions related to the COVID-19 pandemic. A total of six on-line work-
shops were performed. In the first workshop (February 19, 2020)
experts were consulted to select cetacean species and management
units for the assessment (see species selection below), and to validate
sensitivity attributes and exposure factors in order to ensure their ade-
quacy for cetacean species in Macaronesia.

Experts were then given time to individually score each units' expo-
sure factors and sensitivity attributes. Once the individual scores were
collected, preliminary results from archipelago-associated management
units were discussed in three dedicated workshops, one for each archi-
pelago (May 4, 2020 - Madeira; May 14, 2020 - Azores; June 2, 2020 -
Canary Islands), with the participation of the corresponding archipelago
experts. Similarly, preliminary results for Macaronesia management
units were discussed in a workshop with all six experts (May 22, 2020).

After the workshops, experts were given time to independently an-
alyze results and change their scores if desired (this way ensuring im-
partiality and avoiding peer-pressure to reach a consensus). The final
scores from all units were collected, and further discussed and validated
in a final workshop with all six experts (July 23, 2020).

3.3. Species selection

The process of species selection was initiated using a list of indicator
species created specifically for the Macaronesia region with the purpose
of assessing the Good Environmental Status (GES) of European marine
waters under the Marine Strategy Framework Directive (MSFD)
(MISTIC SEAS, 2016). These indicator species were classified into man-
agement units, defined as “animals of a particular species in which man-
agement of human activities are performed” (ICES, 2014).

To ensure that other relevant species were not excluded from our
study, the list of indicator species was crosschecked with species that
are known to be relevant for the whale watching industry in
Macaronesia (i.e., species identified as being frequently encountered
by those vessels), and species that can be used as indicators of
climate-related range changes (e.g., species whose northern distribu-
tion range limit is in at least one of the Macaronesian archipelagos)
(MacLeod, 2009).

The final list of selected species was then classified into four man-
agement units, namely the “Macaronesian unit” and three “archipel-
ago-associated units” (Azores, Canary Islands and Madeira).

Species in the Macaronesian unit correspond to individuals that use
the entire region as a single habitat, but that are seen in archipelagic wa-
ters during a short period of time (days to weeks), based on long-term
data such as photo-identification.

Classification of species into archipelago-associated units was de-
fined as individuals that are resident (or island-associated) or exhibit
multi-year and year-round site fidelity to one archipelago.

Overall, this classification distributed 10 individual cetacean species
into 21 species management units - 10 Macaronesia units (MAC) and
11 archipelago-associated units (Table 1).

The 11 archipelago-associated units were scored by the two experts
from each archipelago and the 10 Macaronesia units were scored by all
six experts.

3.4. Sensitivity attributes and climate exposure factors

All 11 sensitivity attributes defined in the MMCVA (Lettrich et al.,
2019) were used. From those, two attribute scoring bins description
(Site fidelity and Habitat specificity) were slightly modified to suit the
study area (S. M. Table 1). In the case of site fidelity, the description of
scoring bins was adapted to fit the different geographic scales of our
study area, from the Macaronesia region to the archipelagos level, and
to the island-specific level. Habitat specificity was modified to consider
the reliance on features vulnerable to climate conditions in all life stages
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Table 1

Selected species included in the climate change vulnerability assessment and their classi-
fication into species management units: Macaronesia unit (MAC) and the archipelago-as-
sociated units of Azores (AZO), Canary Islands (CAN) and Madeira (MAD).

Common name Scientific name Species management

unit
Atlantic spotted dolphin Stenella frontalis MAC
Bryde's whale Balaenoptera edeni MAC
Fin whale Balaenoptera physalus MAC
Short-finned pilot whale Globicephala MAC, MAD, CAN
macrorhynchus
Short-beaked common Delphinus delphis MAC, AZO
dolphin
Sperm whale Physeter macrocephalus MAC, AZO
Risso's dolphin Grampus griseus MAC, AZO, CAN
Common bottlenose dolphin  Tursiops truncatus MAC, AZO, CAN,
MAD
Blainville's beaked whale Mesoplodon densirostris MAC, CAN
Cuvier's beaked whale Ziphius cavirostris MAC, CAN

since there were no differences in the habitat used in specific life stages
for cetacean species in Macaronesia.

Five of the original nine exposure factors presented in Lettrich et al.
(2019) were used in this study (S.M.1 Table 1). Excluded factors were
air temperature, precipitation, ice cover and sea level rise. The first
three factors were considered not to directly affect cetaceans in
Macaronesia given that in the original MMCVA they were defined as
mainly relevant for pinnipeds, some ice-associated or coastal cetacean
populations (i.e., bowhead, killer whales, belugas) (Lettrich et al.,
2019). Sea level rise is a relevant factor mainly for some particular
shoreline habitats and areas with extended continental shelfs. It was
therefore not considered to be relevant for Macaronesia where coastal
waters tend to exceed depths of 1500 m (Geldmacher et al., 2000;
Santos et al., 1995; Valdés and Déniz-Gonzalez, 2015).

Primary productivity was included as an additional exposure factor
due to its direct effect on the distribution, diversity and abundance of
cetacean species in Macaronesia (Correia et al., 2020; Garcia et al.,
2018; Tobeiia et al., 2016).

4. Scoring process for sensitivity attributes, exposure factors and
data quality

Each sensitivity attribute and exposure factor selected was scored
individually by experts. The scoring process consisted in the attribution
of five tallies across four scoring bins: Low (=1); Moderate (=2); High
(=3) and Very High (=4) (S.M.1 Table 1). For sensitivity attributes'
scoring, experts distributed their tallies according to available evidence
from the literature and their own knowledge and experience on the se-
lected cetacean units. When considering exposure factors, scores were
attributed according to the degree of change projected for each factor
(based on climate projection maps) within the distribution range of
each cetacean unit (the latter was assessed by experts through litera-
ture review).

Climate projection maps used to determine exposure scores were
obtained from the Earth Systems Research Laboratory (ESRL) web por-
tal (ESRL, 2014). These maps were scaled to fit the criteria of the scoring
bins, allowing for a clearer visualization and interpretation of each ex-
posure factor (S.M.2 Fig. 1). The North Atlantic region was selected in
order to encompass the potential distribution range of all considered ce-
tacean species (Silva et al., 2013). “Circulation” was the only exposure
factor for which projections were not available, hence information
from literature and expert judgment were used to score it.

For comparability purposes, and following the original method by
(Lettrich et al., 2019), this study used the Representative Concentration
Pathway (RCP) 8.5 scenario and a short to mid-century timeframe
(2006-2055). The choice of RCP 8.5 is also justified as it is the climate
change pathway that allows to capture the high-end tail of the
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uncertainty envelope associated with climate impacts (Riahi et al.,
2011). Given the level of uncertainty surrounding the ecological and bi-
ological effects of climate change on cetacean species and the lack of
substantial change in the magnitude of projected potential climate
changes we adopted the precautionary principle by selecting the RCP
8.5 (Foden et al., 2019). The short to mid-century timeframe was se-
lected for similar reasons, but also because the final aim of this study
was to assist decision-making processes and support adaptation mea-
sures that target species' conservation. Despite the intrinsic value of an-
alyzing the effect of climate change on cetaceans until the end of the
century, the combination of increasing uncertainties in longer time
frames and the need to produce salient information for conservation de-
cisions taken now dictated the choice (Foden and Young, 2016).

Each sensitivity attribute and exposure factor were classified regard-
ing the quality of the evidence underpinning the experts' choices. Data
quality values ranged from zero to three, supporting the degree of evi-
dence available to assign the distribution of tallies in the scoring bins:
0 = No data; 1 = Expert judgment only; 2 = Limited data; 3 = Ade-
quate data (Lettrich et al., 2019). Regarding exposure factors, only the
quality of the information on the distribution range of each cetacean
unit was assessed by the experts, not the quality of the climate models
used, as in Lettrich et al. (2019).

5. Calculation of vulnerability scores and data analysis
5.1. Climate vulnerability

Climate vulnerability scores were calculated through a three-step
approach, following the methods of Hare et al. (2016) and Lettrich
et al. (2019). First, each Attribute or Factor Weighted Means (AFWM)
were calculated for each attribute/factor, based on the distribution of
experts tallies in the scoring bins, as follows:

By x 1) + (By x 2)(Bs x 3)(By x 4))

(«
AFWM =
(B1 + By + B3 + By)

where B, is the number of tallies in scoring bin n.

Each exposure factor was scored for both a change in mean and a
change in variability. The highest factor weighted mean value (either
from a change in mean or a change in variability) was the one consid-
ered as the mean score for that factor (Lettrich et al., 2019).

Second, using the obtained AFWM values, scores for sensitivity and
exposure components were calculated using the logic model developed
by Hare et al. (2016). The overall vulnerability to climate change of each
cetacean unit was thus calculated by multiplying sensitivity and expo-
sure component scores. Component scores varied from Low (=1) to
Moderate (=2), High (=3), and Very High (=4), and the crossing be-
tween both component scores provided a vulnerability category for
each unit (Fig. 2).

5.2. Certainty and data quality

Data quality was calculated for each sensitivity attribute and expo-
sure factor, and vulnerability score, as an average of all experts' scores.

Certainty in sensitivity, exposure and vulnerability scores were cal-
culated with a bootstrap analysis (Hare et al., 2016), using R software.
The bootstrap analysis resampled the aggregate of all experts' scores
and created simulated samples from the original dataset. Scores attrib-
uted by experts were drawn 10,000 times randomly with replacement
and the proportion of outcomes was counted for each scoring bin,
resulting in the correspondent certainty scores. Calculated scores for at-
tributes, factors, and vulnerability were compared against predicted
bootstrap scores, resulting in a metric to evaluate certainty. Certainty
scores were classified as very high (>95%), high (90-95%), moderate
(66-90%) or low (<66%).
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Fig. 2. Vulnerability matrix from Lettrich et al., 2019, showing the component scores of
sensitivity/adaptive capacity and exposure to obtain the overall vulnerability score.
Numbers in parenthesis indicate the component scores of sensitivity and exposure and
the vulnerability score resulting from multiplying sensitivity and exposure [Low
vulnerability (1-3), Moderate vulnerability (4-6), High vulnerability (8-9), Very High
vulnerability (12-16)].

5.3. Sensitivity analysis

To investigate which attributes and factors were the most influential
in determining vulnerability for each unit, a sensitivity analysis was per-
formed following Hare et al. (2016). The analysis consisted of removing
one attribute or factor at a time and re-calculating the overall vulnera-
bility score.

5.4. Potential for distribution, abundance and phenology changes

The potential for changes in distribution, abundance and phenology
was assessed based on the relation of each sensitivity attribute to poten-
tial responses in a unit's geographic distribution, abundance or phenol-
ogy. These responses were calculated considering only the sensitivity
attributes that showed a relationship with each response category
(Lettrich et al.,, 2019). The response scores and respective certainty
were calculated similarly to the overall vulnerability scores.

6. Results

From the 21 species management units that were assessed, over half
(62%) presented Very High (5 units) or High (8 units) vulnerability
scores. From these, 10 units were archipelago-associated and only
three were Macaronesian. At the lower range of the vulnerability
scale, eight species management units have Moderate (7 units) to Low
(1 unit) vulnerability scores, and of these nearly all (7 units) are
Macaronesian (Figs. 3 and 4).

Certainty scores show that 29% of the species management units fall
under the High to Very High certainty category (>90%), 38% in the Mod-
erate (66-90%), and 33% in the Low category (<66%) (Figs. 3 and 4).
Overall, the actual vulnerability scores were very similar (20 out of
21) to the predicted bootstrap vulnerability scores (S.M.3 Fig. 2c¢).
Data quality scores for exposure factors were higher than for sensitivity
attributes.
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sea surface temperature (mean), ocean acidification (mean) and dis-
solved oxygen (mean) were the most influential in determining vulner-
ability (S.M.2 Fig. 1a, e, i). In general, the variance in sensitivity
attributes scoring was higher than for exposure factors (S.M.5 Figs. 3c,
d, 4c, d). Sensitivity attributes for archipelago-associated species man-
agement units showed a higher variance in scores when compared to
Macaronesia (S.M.5 Figs. 3¢, 4c).

Overall, results show a high potential for changes in distribution,
abundance, and phenology, with all three categories typically scoring
higher for archipelago-associated species management units than for
Macaronesian (Fig. 5). In general, no clear relationship between climate
vulnerability scores and potential changes in distribution, abundance, or
phenology was found (S.M.6 Table 3).

6.1. Macaronesia units

The majority (6 out of 10) of Macaronesia species management units
presented a Moderate vulnerability score, while covering the full range
of certainty scores (Fig. 3). Bottlenose dolphin, Bryde's whale and short-
finned pilot whale showed a High vulnerability to climate change, with
a low certainty score (<66%). Bryde's whale and short-finned pilot
whale displayed Moderate sensitivity and Very High exposure, while
the Bottlenose dolphin exhibited High sensitivity and High exposure.
The common dolphin had the lowest vulnerability score as a result of
its Low sensitivity and High exposure values, with a Very High certainty
score (>95%).

The most influential attributes determining vulnerability in
Macaronesia were generation length, habitat specificity and migration
(S.M.5 Fig. 3c). The only exposure factors that contributed to changes
in vulnerability scores were sea surface temperature (mean), ocean
acidification (mean) and dissolved oxygen (mean) (S.M.5 Fig. 3d).

Macaronesia species management units showed High (50%) and
Moderate (50%) potential for changes in distribution, with most cer-
tainty scores in the Very High range (Fig. 5).

Most units exhibited a Moderate potential for changes in abundance,
except for common dolphin, Atlantic spotted (hereafter referred as
spotted dolphin) and common bottlenose dolphin (hereafter referred
as bottlenose dolphin), which showed a Low potential (Fig. 5).

Spotted dolphin, fin whale and Bryde's whale presented a High po-
tential for phenology changes, while the bottlenose dolphin presented
a Low phenology response score, and a low certainty score (Fig. 5).

6.2. Archipelago-associated units

The most vulnerable archipelago-associated species management
units, with a Very High vulnerability score, were the short-finned
pilot whale and the bottlenose dolphin in the Canary Islands and
Madeira, and the Risso's dolphin in the Canary Islands (Fig. 4). All
the above units scored Very High in sensitivity attributes and High
in exposure factors, with the exception of bottlenose dolphin in
Madeira with High sensitivity and Very High exposure. In general,
the units of Madeira and the Canary Islands showed a higher vulner-
ability to climate change than the Azores units. The majority of units
showed a Moderate certainty in vulnerability scores. The lowest
vulnerability and certainty scores were attributed to the common
dolphin in Azores.

The most influential attributes determining vulnerability in
archipelago-associated units were migration, site fidelity and home
range (S.M.5 Fig. 4c). Prey/diet specificity and habitat specificity were
the attributes that showed a higher variability in scoring (S.M.5 Fig. 4c).

Sea surface temperature (mean) and ocean acidification (mean)
were the two most influential exposure factors contributing to the vul-
nerability scores, followed by dissolved oxygen (S.M.5 Fig. 4b, d).

The majority of archipelago-associated species management units
displayed a High potential for distribution change. The certainty of
these results varied from Very High to Moderate.
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Most units exhibited a High potential for changes in abundance ex-
cept for the common dolphin in the Azores which showed a Moderate
potential (Fig. 5).

Most archipelago-associated units scored High for potential changes
in phenology, with a Very high to Moderate certainty scores. The excep-
tions were Blainville's beaked whale in the Canary Islands (Moderate
potential) and the sperm whale in Azores (Low potential) (Fig. 5).

7. Discussion
7.1. Climate vulnerability of cetacean species in Macaronesia

The assessment conducted for cetaceans in Macaronesia identified
the sensitivity attributes and exposure factors that contribute to each
species management unit's vulnerability to climate change. The most
influential sensitivity attributes explaining vulnerability in all units
were: (a) migration; (b) generation length (c) site fidelity; (d) habitat
specificity and (e) home range (S.M.5 Figs. 3c, 4c).

Migratory baleen whale species undertake extensive movements
between tropical breeding grounds in winter and high latitude foraging
areas in summer. For example, fin whales migrate every year to North
Atlantic feeding grounds, mostly in springtime (Carrillo et al., 2010;
Silva et al., 2013) or undertake shorter migrations, both in space and
time (Valente et al., 2019). Sperm whales also migrate but vary their
movements according to sex and age. While adult females and imma-
ture individuals move mostly within the Macaronesia (i.e., travel be-
tween different islands or even archipelagos, every year or season),
adult males are known to perform long-range movements, and gener-
ally live at higher latitudes returning periodically to warmer waters
for reproductive purposes (Clarke, 1956; Whitehead, 2003; Steiner
etal, 2012).

Using migratory behavior as a proxy for the ability of a species to dis-
perse, migratory species may have a greater ability to adapt to changing
conditions and seek areas with suitable conditions compared to non-
migratory species (Gardali et al., 2012; ZSL, 2010).

Nevertheless, migratory species can still be affected by environ-
mental changes across their entire range (Ramp et al., 2015).
Archipelago-associated species management units are known to
have stronger residency patterns, with more restricted movements.
For example, Risso's dolphins in the Azores or in the Canary Islands,
form resident groups that exhibit strong habitat preferences
(Hartman et al., 2015; Sarabia-Hierro and Rodriguez-Gonzalez,
2019). However, information available to accurately comprehend
and evaluate the movements of archipelago-associated units is cur-
rently insufficient. Nonetheless, some archipelago-associated units
were recently found to move to neighbouring archipelagos. Exam-
ples include a core resident group of short-finned pilot whales in Ma-
deira (i.e., the group with more photographic-captures, seen year-
round during at least 17 years) that made a round trip to the Azores
(Alves etal., 2018) or the case of seasonal visitors of the same species
in Madeira that were also captured in the Canary Islands (Alves et al.,
2019). Similarly, bottlenose dolphins' migrant individuals in Ma-
deira (n = 14), equivalent to regular or occasional visitors in this
study, were seen in Azores (n = 1) and in the Canary Islands (n =
13) (Dinis et al., 2021).

These observations support the notion that archipelago-associated
individuals can be, at times, part of their respective Macaronesia species
management unit and that, conversely, transient individuals will also
spend time in archipelagos and may occasionally be a part of their re-
spective species management units (Alves et al.,, 2013, 2019).

Longer generation lengths together with other traits such as shorter
lifetime reproductive potential and lower reproductive plasticity pro-
vide little opportunity for rapid evolutionary adaptation under a chang-
ing climate (Lettrich et al., 2019; Silber et al., 2017).

Obtaining information on generation length is especially onerous for
cetaceans, because of their remote oceanic habitats, their extended
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longevity, and the difficulties in obtaining age specific data (Taylor et al., using life-history and demographic data of other species, based on the
2007). Several methods have been used to overcome this lack of data, general patterns of taxonomic relatedness and body size (Cooke et al.,
such as: (i) extrapolate generation length estimates for a given species 2018); (ii) use a demographic model to estimate both the percentage
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of mature individuals of the current population and the generation
length of a pre-disturbed population (Cooke et al., 2018); or (iii) use
data from captive animals to extrapolate age for wild populations, al-
though this approach has associated problems, as conditions for species
in captivity and in the wild differ substantially (Cooke et al., 2018).

Bottlenose dolphins have a general generation length of approxi-
mately 20 years (Pacifici et al., 2014), which also accounted for its
higher sensitivity score. However, due to the previously mentioned dif-
ficulties in obtaining age specific data (Taylor et al., 2007), these scores
should be considered with caution, even if the expert's judgment about
the overall data quality of the sensitivity attributes found in the litera-
ture is high. Data quality scores presented refer to the average sensitiv-
ity attributes and not to individual attribute scores (S.M.4 Table 2).

The habitat specificity attribute considers a units' reliance on physi-
cal features that are more or less resilient to climate conditions. If a hab-
itat tends to be less affected by climate change, its populations are also
expected to be less affected. The Macaronesia region is characterized
by a high density of volcanic peaks, some of them rising up as oceanic
islands (Morato et al., 2013). Oceanographically, the presence of a sub-
marine peak or an island will disturb the ocean currents and produce
perturbations that ultimately have biological consequences (Caldeira
et al,, 2014; Caldeira and Reis, 2017). These disturbances known as “is-
land wakes”, are areas with intense eddy activity that influence the
availability and transport of organic matter in the ocean. They can
have an effect on the biological productivity and concentration of
prey, particularly if connected with oceanic fronts (Barton, 2001).
Macaronesia is a region where bathymetric and oceanographic features
interact in complex ways, providing the habitat that supports the many
cetacean species recorded in the area.

Risso's dolphins in the Canary Islands have a higher sensitivity than
in the Azores. Coastal population of Risso's dolphins in the eastern
Canary Islands have been reported to be highly habitat specific and ex-
hibit a high site fidelity (Sarabia-Hierro and Rodriguez-Gonzalez, 2019).
Due to the limited studies focusing on this area, the residency patterns
described may be a result of sample bias, therefore not excluding the
possibility of a lower degree of site fidelity. In Azores, results off Pico is-
land show relatively restricted home ranges for Risso's dolphins
(Hartman et al., 2015) and specific habitat conditions for groups with
new-borns and calves (Hartman et al., 2014). Differences in sensitivity
scores between these two species' units are an example of how habitat
specificity and site fidelity can contribute to influence overall vulnerability.

The high sensitivity of bottlenose dolphin relates to their distribu-
tion which is directly or indirectly linked to the habitat they occupy,
and the availability and distribution of prey. Resident individuals of
bottlenose dolphins (all archipelago units) tend to be coastal, with po-
tential spatial overlaps with human coastal development. Their home
range can vary from small to large displacements (Ballance, 1992;
Robinson et al., 2012) depending on food availability, reproductive
cycle, season and calf care (Bearzi and Politi, 1999; Wiirsig et al.,
1991). Bottlenose dolphins in the Canary Islands are highly mobile
within the archipelago (Tobefia et al., 2014). However, and despite the
current insufficient information to identify any ecotypes, there might
be individuals with relatively small home ranges, showing mainly
local movements, which are dependent on specific conditions more
sensitive to climate change. In additon, insufficient ecological and ge-
netic data on bottlenose dolphins in the Canary Islands (Carrillo et al.,
2010) limits the knowledge available to score this unit. On the contrary,
common dolphins in the Azores are sighted year-round in the entire ar-
chipelago and occur in a wide range of environmental conditions
(Gonzalez Garcia, 2019; Silva et al., 2014). This unit was therefore ex-
pected to be less sensitive than other archipelago associated units
with more specific preferences, a characteristic that is supported by
our results.

In addition, the Macaronesia unit of common dolphin, has the lowest
sensitivity score of all assessed units. They show a very seasonal occur-
rence pattern in Madeira, with more sightings during the first semester
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of the year, peaking in spring (Alves et al., 2018). A similar pattern, but
with a wider temporal distribution, occurs in Azores, where the species
is sighted all year around, but declines during summer months (Silva
et al,, 2014). Moreover, the species is generally associated with cold
and productive regions, occupying a wide area in the proximity of the
islands or seamounts (Fernandez et al., 2018; Tobefia et al., 2016).
Therefore, they might move through the archipelagos following produc-
tive water masses, but with a high degree of plasticity. In fact, in other
areas the species has been documented to have an opportunistic feeding
behavior, with a wide range of potential preys (Santos et al., 2013).

The exposure factors that were most influential to species' vulnera-
bility across all units were: (i) sea surface temperature; (ii) ocean acid-
ification; and (iii) dissolved oxygen. These were also the factors for
which the highest magnitude of change is projected.

Bryde's whale, short-finned pilot whales and Bottlenose dolphin
(Canary Islands unit) exhibited the highest exposure score of all units
because their distribution overlaps with areas of high projected climate
changes, when compared to the remaining units (S.M.2 Fig. 1). The first
two species are known to have a tropical and warm-temperate distribu-
tion (Kato and Perrin, 2018; Olson, 2018), with their northern, central
and eastern Atlantic limit at the latitude of Azores (Steiner et al., 2008;
Alves et al., 2019). In Madeira, Bryde's whales were only first recorded
in 2003 (Freitas et al., 2012) but since 2005 are amongst the most en-
countered species in the region (Alves et al., 2018). In the Azores, it
was first sighted in 2004, and since then, occasional occurrences have
been reported in the archipelago, with some exceptional years where
Bryde's whales were observed in several consecutive months
(Azevedo et al,, 2018).

7.2. Comparison with other climate change vulnerability assessments

Exploring and comparing results from multiple trait-based indexes
is an important step to further advance and validate vulnerability as-
sessments for marine species under changing climates.

When comparing the results of our work with recently published
studies, similarities and differences were found, namely in taxonomic
groups, study areas and/or methodologies. The main differences identi-
fied were related to: (1) the full list of species selected, and manage-
ment units defined; (2) the overall study area; (3) the sensitivity
attributes and exposure factors considered (even in the cases of similar
climate modelling approaches like the use of projection maps from
ESRL); (4) the definition of scoring bins for each indicator; and (5) the
computation of results (e.g., the use of logic models).

Results show that the overall climate vulnerability scores differ from
the previous assessment for the Madeira archipelago (Sousa et al.,
2019). In that study, sperm whales and fin whales were identified as
the most vulnerable species, being highly scored for both exposure
and sensitivity, whereas in the present study most vulnerable species
corresponded to the archipelago-associated units of bottlenose dolphins
(Canary Islands and Madeira), Risso's dolphins and short-finned pilot
whales (both in the Canary Islands). Still, some similarities could be
found, namely for island associated (or archipelago-associated) individ-
uals of bottlenose dolphins in Madeira which showed a lower sensitivity
than island associated individuals of short-finned pilot whales in both
studies. Common and spotted dolphins also showed a low vulnerability
in both studies. Differences between both studies can be related with
the number and type of sensitivity attributes and exposure factors con-
sidered, as well as their definition and scoring categories. For example,
Genetic variability and IUCN Status were attributes only considered in
Sousa et al., 2019 while Generation Length and Habitat specificity
were only considered in this study (S.M.1 Table 1). Also, Diet diversity
was defined in Sousa et al., 2019 in three scoring categories (One prey
type comprises >20% of a species diet - Score = 3; Two prey types com-
prise >20% of a species diet - Score = 2; Three or more prey types com-
prise >20% of a species diet - Score = 1) different from the ones defined
in this study (S.M.1 Table 1). Additionally, the present study defined
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Macaronesia and archipelago-associated species management units,
while Sousa et al. (2019) considered the North Atlantic populations of
7 cetacean species and island associated individuals of short-finned
pilot whales and bottlenose dolphins.

When comparing the results of our approach to a similar expert-
based scoring method developed by Hare et al. (2016) to assess the vul-
nerability to climate change, of 82 marine fish and invertebrate species
in the Northeast U.S, we found a similar high potential for changes in
species distribution (over 50% of analysed species management units).
In our study, we found certainty scores for distribution response to be
high for 43% of units, while vulnerability certainty scores varied from
Moderate to Low. Whereas Hare et al. (2016) found that certainty re-
sults for distribution change potential were low (<66%) when com-
pared to the certainty in vulnerability results. Results also differ when
comparing climate vulnerability scores with species potential for distri-
bution change. Hare et al. (2016) found that climate vulnerability was
negatively correlated to potential for a distribution shift, meaning that
species which are highly vulnerable to climate change also have a
lower potential to change their distribution and vice versa, something
not found in our study. Differences between both studies may indicate
that, contrary to fish and invertebrate species, cetaceans are more likely
to have a high potential for distribution change due to their high mobil-
ity and endothermicity despite their vulnerability to climate change.
Cetacean species have a broader range of temperature tolerance com-
pared to fish, making them more resilient to changes in climate. However,
due to their lack of isotherm tracking behavior, their responses to poten-
tial changes in food resources are also less predictable (Silber et al., 2017).

The recently developed method applied in our study was also used
to assess the vulnerability of marine mammal stocks in the Northwest
Atlantic, Gulf of Mexico and Caribbean. In that study, Lettrich et al. (in
preparation) found greater vulnerability to be correlated with greater
potential for distribution change and that most stocks scored high for
distribution change. Potential for abundance change and phenology
change were directionally similar to distribution change (i.e., greater
vulnerability correlated to greater likelihood of change), but the correla-
tion was not as strong as for distribution.

In our study we found a high potential for distribution, abundance and
phenology change but none showed a relation with high vulnerability.

Poleward shifts in the distribution of different marine species have
been recorded since the 1950's with an average range shift of 52 +
33.3 km per decade (IPCC, 2019) and at a rate six time faster than in ter-
restrial species (Lenoir et al., 2020). The rate and direction of distribu-
tion changes result from the interaction of climatic factors such as
local temperature, ocean currents and oxygen gradients across depth,
latitude and longitudinal gradients and non-climatic factors such as
fishing (IPCC, 2019; Poloczanska et al., 2013).

For cetacean species, an increase in species richness has been pre-
dicted from tropical regions to higher latitudes above 40° (Kaschner
et al., 2011; Whitehead et al., 2008). This redistribution of species was
predicted to affect 88% of cetacean species globally due to changes in
water temperature driven by climate change (MacLeod, 2009).

In mid-latitude regions, evidence for climate change impacts in ceta-
cean species is generally documented by range shifts with range con-
tractions of cold-water species such as the minke whale, northern
bottlenose whale and white-beaked dolphin, and a northwards expan-
sion of warmer water species such as striped dolphin, short-beaked
common dolphin, and Cuvier's beaked whale (Evans, 2020; Lambert
etal, 2014).

In addition to shifts in distribution, we assessed the potential for
abundance and phenology responses to climate change. In general, for
all units assessed, we found shifts in abundance and phenology to be
High. In the North-East Atlantic, evidence of changes in distribution,
abundance, and feeding ecology of cetacean species have been docu-
mented (Ngttestad et al., 2015; Vikingsson et al., 2015). Vikingsson
etal. (2015) found an increase in the abundance of Central North Atlan-
tic humpback (Megaptera novaeangliae) and fin whales (Balaenoptera
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physalus). The increase in fin whale's abundance, together with an ex-
pansion of its distribution, may be a response to the increase in the
abundance of their main prey (euphausiids). In addition, a decrease in
the abundance of minke whales (Balaenoptera acutorostrata) in the
Icelandic continental shelf may also be a response to changes in the
local abundance of sand eel, capelin and euphausiids. In the Norwegian
sea, higher densities of toothed whales, killer whales (Orcinus orca) and
long-finned pilot whale (Globicephala melas) were recorded and were
potentially linked to elevated average surface temperatures along with
a reduction in zooplankton biomass and an increase in abundances of
pelagic planktivorous fish (Nettestad et al., 2015). Changes in phenol-
ogy were investigated for fin and humpback whales which showed an
earlier arrival and departure from their summer feeding ground in the
Gulf of St. Lawrence (Canada) over three decades (Ramp et al., 2015).
Earlier ice break-up and increasing sea surface temperature, which
likely triggered earlier primary production, were strongly related to
the earlier arrival trend in both species (Ramp et al., 2015).

The high potential for abundance, distribution and phenology
changes found in our study, further highlights that if climate change im-
pacts increase, changes in cetacean species as a response to environ-
mental changes may also become more common in the future. Thus
creating a challenge for policy and conservation planning by increasing
the need to anticipate species' responses driven by climate change
(Evans and Waggitt, 2020; Silber et al., 2017). In addition, non-climate
stressors can be exacerbated or modified by climate change as a result
of climate driven shifts in human behavior (Alter et al., 2010). For exam-
ple, increased shipping activities in the arctic as a result of a reduction in
sea ice will likely lead to increased mortality or injury events on ce-
taceans due to ship strikes. In our study area no major local impacts
have been currently identified, with the exception of ship strikes
from high-speed ferries in the Canary Islands (Carrillo and Ritter,
2010). Nevertheless, other human induced impacts such as an in-
creased reliance on marine species in the future can produce serious
knock-on effects leading to changes in prey availability or increased
bycatch on cetaceans' populations (Alter et al., 2010; Simmonds,
2017).

Despite differences between the previously mentioned studies, the
improved method used in this study, provided an optimized version of
the previous work developed for the Madeira archipelago (Sousa et al.,
2019) and a solid evolution in the use of this sort of trait-based methods
for the assessment of climate change vulnerability.

7.3. Methodological considerations and further research

There are several methodological challenges in addressing the vul-
nerability of species to climate change. In a recent study from
Wheatley et al. (2017) results showed that different vulnerability as-
sessment methods were not consistent with one another because they
consider different input variables and combine and measure those var-
iables in different ways. These aspects present a challenge in sorting out
the causes of differences in vulnerability rankings (Comte et al., 2019).
In addition, there is a high degree of uncertainty about the relationship
between species traits and the impact of climate change as well as the
limited baseline knowledge on species ecology to carry out such assess-
ments (Foden et al., 2019; Lankford et al,, 2014). Another source of un-
certainty is the use of expert elicitation which presents a set of bias such
as group thinking (i.e., social pressure to minimize individual separation
from the group), overconfidence or conservatism (i.e., overestimating
or underestimating uncertainties) or anchoring (i.e., the tendency to an-
chor subsequent scores around an initial estimate) (Kuhnert et al.,
2010; Mukherjee et al., 2015, 2016). There are several recommenda-
tions to address such uncertainties, namely the use of multiple experts
to provide an estimate of the uncertainty based on the aggregation of
multiple responses. Nevertheless, expert elicitation methods can be a
powerful tool specially when there is limited data available (Kuhnert
etal,, 2010).
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The number of experts assessing archipelago associated units was
limited to two per archipelago while for Macaronesia units the assess-
ment was made by all six experts. Generally, gathering cetacean ecology
experts in geographically isolated areas such as islands can be a chal-
lenging. While we increased the number of experts from the previous
assessment (Sousa et al,, 2019) a larger expert group would be benefi-
cial in future assessments.

According to Hare et al. (2016), there will never be a complete agree-
ment between expert-based assessments and more detailed, empirical,
or process-oriented assessments or approaches. Wheatley et al. (2017)
argued that climate vulnerability assessments should not be used inter-
changeably. Such assessments of vulnerability are proposed to be used
more as scoping studies rather than expecting the clear identification
of robust priorities for investment (Comte et al.,, 2019).

Notwithstanding their limitations, trait-based indexes are valuable
tools that can help to rapidly assess many taxa and are able to identify
specific areas or species in need of more in-depth studies and analysis
(Foden et al., 2019; Pacifici et al., 2015).

The question is then how confident we are in a given assessment and
if we are making meaningful interpretations that can be useful for con-
servation practitioners and policymakers? Considering the results from
different assessments, the uncertainty in the perceived vulnerability of
species to climate change and the potential impact in conservation
management decisions, we provide the following suggestions.

Firstly, the communication of the framework used in the assessment
and the associated uncertainties helps to provide the context in which
results were obtained (e.g., the factors considered, how they were mea-
sured, which species and units were defined, and which study area was
considered). An effective communication can support the informed use
of results in the definition of adaptation strategies for species (Foden
etal, 2019).

Secondly, research and monitoring of cetacean species is of utter-
most importance in order to increase our knowledge on species' ecolog-
ical traits. Baseline data on species ecology will help to identify changes
in abundance, distribution and phenology and to validate the frame-
works being used in the assessment of future climate change impacts.
Trait-based vulnerability assessments, such as the one used in this
study, can provide guidance for future monitoring and research studies
(Hare et al., 2016).

Lastly, studies have advocated the use of different approaches such
as the combination of trait-based methods with distribution modelling
(Reside et al., 2019; Silber et al., 2017; Willis et al., 2015) and the use
of an ensemble of climate vulnerability assessments and scenario plan-
ning exercises to produce an array of potential species responses to cli-
mate change (Borggaard et al., 2019; Wade et al,, 2017). In this
particular study and considering the use of climate scenarios, we have
used RCP 8.5 that agrees closely with historical total cumulative CO,
emissions (within 1% for 2005 to 2020) and is especially useful to in-
form short to mid-century decision-making (Schwalm et al., 2020).
Overall, due to the unpredictability of future emissions and variability
in historical emissions trends recommendations are to use a wide
range of emission scenarios as input to analyses of future climate change
(Pedersen et al., 2020).

8. Conclusion

We have built on the previous work for the Madeira archipelago, by
applying a recently developed index and extending the study area of the
assessment to Macaronesia, while including a larger poll of experts. This
study contributed to the assessment of the vulnerability of cetacean in
Macaronesia and to the debate on the comparability and agreement of
results from different trait-based vulnerability assessments.

This methodology has the advantage of contributing to a systematic
evaluation based on the most relevant sensitivity attributes and
exposure factors for species under a changing climate. Additionally, it
produces a species vulnerability rank that can, together with its
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underlying attributes, factors and data quality scores, support conserva-
tion and monitoring efforts while considering known uncertainties and
knowledge gaps.

Further research should focus on the harmonization and validation
of trait-based indexes to increasingly provide more comprehensive as-
sessments. We highlight the importance of trait-based indexes as a
valuable exploratory method that can provide insights into which spe-
cies will most likely be affected by climate change.

CRediT authorship contribution statement

A. Sousa: Conceptualization, Methodology, Writing - original draft,
Visualization, Writing - review & editing. F. Alves: Formal analysis,
Validation, Investigation. P. Arranz: Formal analysis, Validation, Investi-
gation. A. Dinis: Formal analysis, Validation, Investigation. M.
Fernandez: Formal analysis, Validation, Investigation. L. Gonzalez
Garcia: Formal analysis, Validation, Investigation. M. Morales: Formal
analysis, Validation, Investigation. M. Lettrich: Methodology, Software.
R. Encarnacao Coelho: Software, Project administration, Funding
acquisition. H. Costa: Visualization, Project administration, Funding
acquisition. T. Capela Lourenco: Writing - review & editing, Project
administration, Funding acquisition. N.M.J. Azevedo: Writing - review
& editing, Supervision. C. Frazao Santos: Writing - review & editing,
Supervision.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

AS was funded by Fundagdo para a Ciéncia e a Tecnologia (FCT),
Portugal through the PhD grant PD/BD/135352/2017.

PA was funded by the Program ‘Agustin de Betancourt ‘of La Laguna
University.

AD, FA and MF had the support of the Oceanic Observatory of
Madeira throughout the project M1420-01-0145-FEDER-000001-
O0M, of the Portuguese Foundation for Science and Technology (FCT)
throughout the strategic project UID/MAR/04292/2020 granted to
MARE Ul&I, and of ARDITI -Madeira's Regional Agency for the
Development of Research, Technology and Innovation, throughout the
project M1420-09-5369-FSE-000002.

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”.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.148652.

References

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. Sci. Rep. 10, 1-12. https://doi.org/10.1038/s41598-019-57280-3.

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

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


https://doi.org/10.1016/j.scitotenv.2021.148652
https://doi.org/10.1016/j.scitotenv.2021.148652
https://doi.org/10.1038/s41598-019-57280-3
https://doi.org/10.1016/j.marpol.2010.01.026
https://doi.org/10.1016/j.marpol.2010.01.026

A. Sousa, F. Alves, P. Arranz et al.

conservation. Aquatic Conservation: Marine and Freshwater Ecosystems, p. 23
https://doi.org/10.1002/aqc.2332.

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

Alves, F., Alessandrini, A., Servidio, A., Mendonga, A.S., Hartman, K.L,, Prieto, R., Berrow, S.,
Magalhaes, S., Steiner, L., Santos, R,, Ferreira, R., Pérez, ].M,, Ritter, F., Dinis, A., Martin,
V., Silva, M., de Soto, N., 2019. Complex biogeographical patterns support an ecolog-
ical connectivity network of a large marine predator in the north-east Atlantic. Divers.
Distrib. 25, 269-284. https://doi.org/10.1111/ddi.12848.

Azevedo, ].M.N,, Higueras, A., Beatriu, T., Fernandez, M., 2018. MONICET Database - the
Whale Watching Companies and the Public at the Service of the Knowledge and Con-
servation of the Azores Cetaceans. http://www.monicet.net/.

Ballance, L.T., 1992. Habitat use patterns and ranges of the bottlenose dolphin in the gulf
of California, Mexico. Marine Mammal Science 8, 262-274. https://doi.org/10.1111/
j.1748-7692.1992.tb00408.x.

Barton, E.D., 2001. Canary and Portugal currents. In: Cochran, J.K., Bokuniewicz, HJ., Yager,
P.L. (Eds.), Encyclopedia of Ocean Sciences. Academic Press, London, pp. 380-389
https://doi.org/10.1016/B978-0-12-813081-0.00360-8.

Bearzi, G., Politi, E., 1999. Diurnal behavior of free-ranging bottlenose dolphins in the
Kvarneric (northern Adriatic Sea). Marine Mammal Science 15, 1065-1097. https://
doi.org/10.1111/j.1748-7692.1999.tb00878 x.

Beauchard, O., Verissimo, H., Queirés, A.M., Herman, P.M.J., 2017. The use of multiple bio-
logical traits in marine community ecology and its potential in ecological indicator
development. Ecol. Indic. 76, 81-96. https://doi.org/10.1016/j.ecolind.2017.01.011.

Borggaard, D.L,, Dick, D.M., Star, ]., Alexander, M., Bernier, M., Collins, M., Damon-Randall,
K., Dudley, R, Griffis, R., Hayes, S., Johnson, M., Kircheis, D., Kocik, ]., Letcher, B., Man-
tua, N., Morrison, W., Nislow, K., Saba, V., Saunders, R., Sheehan, T., Staudinger, M.D.,
2019. Atlantic Salmon Scenario Planning Pilot Report. Greater Atlantic Region Policy
Series. NOAA Fisheries Greater Atlantic Regional Fisheries Office.

Caldeira, RM.A,, Reis, ].C., 2017. The Azores confluence zone. Front. Mar. Sci. 4, 37. https://
doi.org/10.3389/fmars.2017.00037.

Caldeira, R.M.A,, Stegner, A., Couvelard, X., Aradjo, I.B., Testor, P., Lorenzo, A., 2014.
Evolution of an oceanic anticyclone in the lee of Madeira Island: in situ and re-
mote sensing survey. ]. Geophys. Res. Oceans 119, 1195-1216. https://doi.org/
10.1002/2013JC009493.

Carrillo, M., Ritter, F., 2010. Increasing numbers of ship strikes in the Canary Islands: pro-
posals for immediate action to reduce risk of vessel-whale collisions. J. Cetacean. Res.
Manage 11, 131-138.

Carrillo, M., Pérez-Vallazza, C., Alvarez—Vézquez, R., 2010. Cetacean diversity and distribu-
tion off Tenerife (Canary Islands). Marine Biodiversity Records. 3, €97. https://doi.
org/10.1017/51755267210000801.

Chin, A, Kyne, P.M., Walker, T.L, McAuley, R.B., 2010. An integrated risk assessment for cli-
mate change: analysing the vulnerability of sharks and rays on Australia’s Great Bar-
rier Reef. Glob. Chang. Biol. 16, 1936-1953. https://doi.org/10.1111/j.1365-
2486.2009.02128.x.

Clarke, R.B., 1956. Sperm whales of the Azores. Discovery Reports. 28, pp. 237-298.

Comte, A., Pendleton, L.H., Bailly, D., Quillérou, E., 2019. Conceptual advances on global
scale assessments of vulnerability: informing investments for coastal populations at
risk of climate change. Mar. Policy 99, 391-399. https://doi.org/10.1016/j.
marpol.2018.10.038.

Cooke, R.S.C,, Gilbert, T.C,, Riordan, P., Mallon, D., 2018. Improving generation length esti-
mates for the [UCN Red List. PLoS One 13, e0191770.

Correia, AM,, Gil, A, Valente, R.F., Rosso, M., Sousa-Pinto, L., Pierce, GJ., 2020. Distribution
of cetacean species at a large scale - connecting continents with the Macaronesian ar-
chipelagos in the eastern North Atlantic. Divers. Distrib. 26, 1234-1247. https://doi.
org/10.1111/ddi.13127.

Cropper, T., 2013. The weather and climate of Macaronesia: past, present and future.
Weather 68, 300-307. https://doi.org/10.1002/wea.2155.

Crozier, L.G., McClure, M.M,, Beechie, T., Bograd, S.J., Boughton, D.A,, Carr, M., Cooney, T.D.,
Dunham, J.B., Greene, C.M., Haltuch, M.A., Hazen, E.L, Holzer, D.M., Huff, D.D.,
Johnson, R.C,, Jordan, C.E,, Kaplan, I.C, Lindley, S.T., Mantua, N.J., Moyle, P.B., Myers,
J.M., Nelson, M.W., Spence, B.C., Weitkamp, L.A., Williams, T.H., Willis-Norton, E.,
2019. Climate vulnerability assessment for Pacific salmon and steelhead in the Cali-
fornia Current Large Marine Ecosystem. PLoS One 14, e0217711. https://doi.org/
10.1371/journal.pone.0217711.

Dinis, A., Molina, C., Tobefia, M., Sambolino, A., Hartman, K., Fernandez, M., Magalhdes, S.,
dos Santos, R.P., Ritter, F., Martin, V., Aguilar de Soto, N., Alves, F., 2021. Large-scale
movements of common bottlenose dolphins in the NE Atlantic: dolphins with an in-
ternational courtyard. Peer] 9, e11069. https://doi.org/10.7717 /peerj.11069.

ESRL, 2014. Earth systems research laboratory NOAA's ocean climate change web portal.
February 7, 2020. http://www.esrl.noaa.gov/psd/ipcc/ocn/.

Evans, P.G.H., 2020. Chapter 5 - conservation threats. In: Evans, P.G.H. (Ed.), European
Whales, Dolphins, and Porpoises. Academic Press, pp. 159-202 https://doi.org/
10.1016/B978-0-12-819053-1.00005-3.

Evans, P., Waggitt, J., 2020. Impacts of climate change on marine mammals, relevant to
the coastal and marine environment around the UK. MCCIP Science Review 2020.

Fernandez, M., Yesson, C., Gannier, A., PI, M., 2018. A matter of timing: how temporal scale
selection influences cetacean ecological niche modelling. Mar. Ecol. Prog. Ser. 595,
217-231. https://doi.org/10.3354/meps12551.

Ferrara, A.G., 2017. Assessing the Vulnerability of Marine Mammal Subsistence Species in
the Bering Sea to Climate Change. Master of Marine Affairs. University of Washington.

Fliessbach, K.L., Borkenhagen, K., Guse, N., Markones, N., Schwemmer, P., Garthe, S., 2019.
A ship traffic disturbance vulnerability index for Northwest European Seabirds as a

12

Science of the Total Environment 795 (2021) 148652

tool for marine spatial planning. Front. Mar. Sci. 6, 1-15. https://doi.org/10.3389/
fmars.2019.00192.

Foden, W., Young, B.E., 2016. IUCN SSC Guidelines for Assessing Species’ Vulnerability to
Climate Change. Version 1.0. Occasional Paper of the [UCN Species Survival Commis-
sion No. 59. IUCN Species Survival Commission, Cambridge, UK and Gland,
Switzerland, p. 114 https://doi.org/10.2305/iucn.ch.2016.ssc-op.59.en.

Foden, W.B,, Butchart, S.H.M,, Stuart, S.N., Vié, ].C., Akcakaya, H.R,, Angulo, A, DeVantier,
L.M., Gutsche, A, Turak, E., Cao, L., Donner, S.D., Katariya, V., Bernard, R., Holland,
R.A., Hughes, A.F., O'Hanlon, S.E., Garnett, S.T., Sekercioglu, C.H., Mace, G.M., 2013.
Identifying the world’s most climate change vulnerable species: a systematic trait-
based assessment of all birds, amphibians and corals. PLoS One 8. https://doi.org/
10.1371/journal.pone.0065427.

Foden, W.B., Young, B.E., Ak¢akaya, H.R,, Garcia, R.A., Hoffmann, A.A,, Stein, B.A., Thomas,
C.D., Wheatley, CJ., 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
vulnerability assessment of species. Wiley Interdiscip. Rev. Clim. Chang. 10, 1-36.
https://doi.org/10.1002/wcc.551.

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

Freitas, L., Dinis, A., Nicolau, C.,, Ribeiro, C., Alves, F., 2012. New records of cetacean species
for Madeira archipelago with an updated checklist. Boletim do Museu Municipal do
Funchal (Histéria Natural) 62, 25-43.

Freitas, R., Romeiras, M, Silva, L., Cordeiro, R, Madeira, P., Gonzélez, ].A., Wirtz, P., Falcén,
J.M.,, Brito, A., Floeter, S.R., Afonso, P., Porteiro, F., Viera-Rodriguez, M.A., Neto, A.L,
Haroun, R., Farminhdo, ].N.M., Rebelo, A.C., Baptista, L., Melo, C.S., Martinez, A.,
Ndfiez, J., Berning, B., Johnson, M.E., Avila, S.P., 2019. Restructuring of the
‘Macaronesia’ biogeographic unit: a marine multi-taxon biogeographical approach.
Sci. Rep. 9. https://doi.org/10.1038/s41598-019-51786-6.

Garcia, L.G., Pierce, G.J., Autret, E., Torres-Palenzuela, ].M., 2018. Multi-scale habitat prefer-
ence analyses for azorean blue whales. PLoS One 13, 1-25. https://doi.org/10.1371/
journal.pone.0201786.

Gardali, T., Seavy, N.E., DiGaudio, R.T., Comrack, L.A., 2012. A climate change vulnerability
assessment of California’s at-risk birds. PLoS One 7, €29507. https://doi.org/10.1371/
journal.pone.0029507.

Geldmacher, J., van den Bogaard, P., Hoernle, K., Schmincke, H.U., 2000. The 40Ar/39Ar
age dating of the Madeira Archipelago and hotspot track (eastern North Atlantic).
Geochem. Geophys. Geosyst., 1 https://doi.org/10.1029/1999GC000018.

Gonzalez Garcia, L., 2019. Cetacean Distribution in Sio Miguel (Azores): Influence of En-
vironmental Variables at Different Spatial and Temporal Scales. PhD thesis. University
of Vigo, Spain.

Greenan, BJ.W., Shackell, N.L, Ferguson, K., Greyson, P., Cogswell, A, Brickman, D., Wang,
Z., Cook, A., Brennan, C.E., Saba, V.S., 2019. Climate change vulnerability of American
lobster fishing communities in Atlantic Canada. Front. Mar. Sci. 6, 1-18. https://doi.
org/10.3389/fmars.2019.00579.

Hare, J.A., Morrison, W.E., Nelson, M.W., Stachura, M.M., Teeters, EJ., Griffis, R.B.,
Alexander, M.A,, Scott, ].D., Alade, L., Bell, RJ., Chute, A.S., Curti, K.L., Curtis, T.H.,
Kircheis, D., Kocik, J.F., Lucey, S.M., McCandless, C.T., Milke, L M., Richardson, D.E.,
Robillard, E., Walsh, HJ., McManus, M.C., Marancik, K.E., Griswold, CA., 2016. A vul-
nerability assessment of fish and invertebrates to climate change on the northeast
U.S. continental shelf. PLoS One 11, 1-30. https://doi.org/10.1371/journal.
pone.0146756.

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

Hartman, K.L,, Fernandez, M., Wittich, A., Azevedo, ].M.N., 2015. Sex differences in resi-
dency patterns of Risso’s dolphins (Grampus griseus) in the Azores: causes and man-
agement implications. Marine Mammal Science. 31, pp. 1153-1167. https://doi.org/
10.1111/mms.12209.

Hauser, D.D.W,, Laidre, K.L., Stern, H.L,, 2018. Vulnerability of arctic marine mammals to
vessel traffic in the increasingly ice-free northwest passage and Northern Sea
Route. Proc. Natl. Acad. Sci. U. S. A. 115, 7617-7622. https://doi.org/10.1073/
pnas.1803543115.

ICES, 2014. Report of the Working Group on Marine Mammal Ecology (WGMME), 10-13
March 2014, Woods Hole, Massachusetts, USA. ICES CM 2014/ACOM:27. p. 232.
IPCC, 2007. In: Core Writing Team, Pachauri, R K., Reisinger, A. (Eds.), Climate Change
2007: Synthesis Report. Contribution of Working Groups I, Il and III to the Fourth As-
sessment Report of the Intergovernmental Panel on Climate Change. IPCC, Geneva,

Switzerland, p. 104.

IPCC, 2014. In: Core Writing Team, Pachauri, R K., Meyer, L.A. (Eds.), Climate Change
2014: Synthesis Report. Contribution of Working Groups I, Il and III to the Fifth As-
sessment Report of the Intergovernmental Panel on Climate Change. IPCC, Geneva,
Switzerland, p. 151.

IPCC, 2019. Summary for policymakers. In: [PCC Special Report on the Ocean and
Cryosphere in a Changing Climate [H.-O. Portner, D.C. Roberts, V. Masson-Delmotte,
P. Zhai, M. Tignor, E. Poloczanska, K. Mintenbeck, A. Alegria, M. Nicolai, A. Okem, .
Petzold, B. Rama, N.M. Weyer (eds.)]. (In press).

Jeschke, ].M., Strayer, D.L., 2008. Usefulness of bioclimatic models for studying climate
change and invasive species. Ann. N. Y. Acad. Sci. 1134, 1-24. https://doi.org/
10.1196/annals.1439.002.

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

Kato, H., Perrin, W.F,, 2018. Bryde’s whale. Encyclopedia of Marine Mammals. Elsevier,
pp. 143-145 https://doi.org/10.1016/B978-0-12-804327-1.00079-0.


https://doi.org/10.1002/aqc.2332
https://doi.org/10.1111/maec.12499
https://doi.org/10.1111/ddi.12848
http://www.monicet.net/
https://doi.org/10.1111/j.1748-7692.1992.tb00408.x
https://doi.org/10.1111/j.1748-7692.1992.tb00408.x
https://doi.org/10.1016/B978-0-12-813081-0.00360-8
https://doi.org/10.1111/j.1748-7692.1999.tb00878.x
https://doi.org/10.1111/j.1748-7692.1999.tb00878.x
https://doi.org/10.1016/j.ecolind.2017.01.011
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0055
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0055
https://doi.org/10.3389/fmars.2017.00037
https://doi.org/10.3389/fmars.2017.00037
https://doi.org/10.1002/2013JC009493
https://doi.org/10.1002/2013JC009493
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0070
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0070
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0070
https://doi.org/10.1017/S1755267210000801
https://doi.org/10.1017/S1755267210000801
https://doi.org/10.1111/j.1365-2486.2009.02128.x
https://doi.org/10.1111/j.1365-2486.2009.02128.x
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0085
https://doi.org/10.1016/j.marpol.2018.10.038
https://doi.org/10.1016/j.marpol.2018.10.038
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0095
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0095
https://doi.org/10.1111/ddi.13127
https://doi.org/10.1111/ddi.13127
https://doi.org/10.1002/wea.2155
https://doi.org/10.1371/journal.pone.0217711
https://doi.org/10.1371/journal.pone.0217711
https://doi.org/10.7717/peerj.11069
http://www.esrl.noaa.gov/psd/ipcc/ocn/
https://doi.org/10.1016/B978-0-12-819053-1.00005-3
https://doi.org/10.1016/B978-0-12-819053-1.00005-3
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0130
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0130
https://doi.org/10.3354/meps12551
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0140
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0140
https://doi.org/10.3389/fmars.2019.00192
https://doi.org/10.3389/fmars.2019.00192
https://doi.org/10.2305/iucn.ch.2016.ssc-op.59.en
https://doi.org/10.1371/journal.pone.0065427
https://doi.org/10.1371/journal.pone.0065427
https://doi.org/10.1002/wcc.551
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0165
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0165
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf5010
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf5010
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf5010
https://doi.org/10.1038/s41598-019-51786-6
https://doi.org/10.1371/journal.pone.0201786
https://doi.org/10.1371/journal.pone.0201786
https://doi.org/10.1371/journal.pone.0029507
https://doi.org/10.1371/journal.pone.0029507
https://doi.org/10.1029/1999GC000018
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0190
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0190
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0190
https://doi.org/10.3389/fmars.2019.00579
https://doi.org/10.3389/fmars.2019.00579
https://doi.org/10.1371/journal.pone.0146756
https://doi.org/10.1371/journal.pone.0146756
https://doi.org/10.1007/s00227-014-2430-x
https://doi.org/10.1111/mms.12209
https://doi.org/10.1111/mms.12209
https://doi.org/10.1073/pnas.1803543115
https://doi.org/10.1073/pnas.1803543115
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0220
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0220
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0225
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0225
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0225
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0225
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0230
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0230
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0230
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0230
https://doi.org/10.1196/annals.1439.002
https://doi.org/10.1196/annals.1439.002
https://doi.org/10.1371/journal.pone.0019653
https://doi.org/10.1371/journal.pone.0019653
https://doi.org/10.1016/B978-0-12-804327-1.00079-0

A. Sousa, F. Alves, P. Arranz et al.

Kearney, M.R,, Wintle, B.A,, Porter, W.P., 2010. Correlative and mechanistic models of spe-
cies distribution provide congruent forecasts under climate change. Conserv. Lett. 3,
203-213. https://doi.org/10.1111/j.1755-263X.2010.00097 x.

Kershaw, J.L., Ramp, CA,, Sears, R,, Plourde, S., Brosset, P., Miller, P.J.0., Hall, AJ., 2021. De-
clining reproductive success in the Gulf of St. Lawrence’s humpback whales
(Megaptera novaeangliae) reflects ecosystem shifts on their feeding grounds. Glob.
Chang. Biol. 27, 1027-1041. https://doi.org/10.1111/gcb.15466.

Kuhnert, P.M., Martin, T.G., Griffiths, S.P., 2010. A guide to eliciting and using expert
knowledge in Bayesian ecological models. Ecol. Lett. 13, 900-914. https://doi.org/
10.1111/j.1461-0248.2010.01477 x.

Laidre, K.L, Stirling, 1., Lowry, L.F., Wiig, @., Heide-Jergensen, M.P., Ferguson, S.H., 2008.
Quantifying the sensitivity of arctic marine mammals to climate-induced habitat
change. Ecol. Appl. 18, 97-125. https://doi.org/10.1890/06-0546.1.

Lambert, E., Pierce, GJ., 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. Glob. Chang. Biol. 20, 1782-1793.
https://doi.org/10.1111/gcb.12560.

Lankford, AJ., Svancara, LK, Lawler, ]J., Vierling, K., 2014. Comparison of climate change
vulnerability assessments for wildlife. Wildl. Soc. Bull. 38, 386-394. https://doi.org/
10.1002/wsb.399.

Lenoir, J., Bertrand, R., Comte, L., Bourgeaud, L., Hattab, T., Murienne, J., Grenouillet, G.,
2020. Species better track climate warming in the oceans than on land. Nat. Ecol.
Evol. 4, 1044-1059. https://doi.org/10.1038/s41559-020-1198-2.

Lettrich, M.D., Asaro, M., 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 vul-
nerability of marine mammals to a changing climate. NOAA Technical Memorandum
NMFS-F/SPO, p. 73.

Lettrich, M., Asaro, M., Borggaard, D., Dick, D., Griffis, R,, Litz, ], et al., 2021. Vulnerability to
climate change of U.S. Marine Mammal Stocks in the western North Atlantic, Gulf of
Mexico, and Caribbean. (in prep). .

Leuliette, EW., Nerem, R.S., 2016. Contributions of Greenland and Antarctica to global and
regional sea level change. Oceanography 29, 154-159. https://doi.org/10.5670/
oceanog.2016.107.

MacLeod, C., 2009. Global climate change, range changes and potential implications for
the conservation of marine cetaceans: a review and synthesis. Endanger. Species
Res. 7, 125-136. https://doi.org/10.3354/esr00197.

MISTIC SEAS, 2016. Macaronesia islands standard indicators and criteria: reaching com-
mon grounds on monitoring marine biodiversity in Macaronesia. 1st Technical Re-
port. Direcdo Regional dos Assuntos do Mar (DRAM), Azores.

Monahan, W.B., 2009. A mechanistic niche model for measuring species’ distributional re-
sponses to seasonal temperature gradients. PLoS One 4. https://doi.org/10.1371/jour-
nal.pone.0007921.

Morato, T., Kvile, K.@., Taranto, G.H., Tempera, F., Narayanaswamy, B.E., Hebbeln, D.,
Menezes, G.M., Wienberg, C., Santos, R.S., Pitcher, T, 2013. Seamount physiography
and biology in the north-east Atlantic and Mediterranean Sea. Biogeosciences 10,
3039-3054. https://doi.org/10.5194/bg-10-3039-2013.

Mukherjee, N., Hugé, ], Sutherland, W ., McNeill, ., van Opstal, M., Dahdouh-Guebas, F.,
Koedam, N., 2015. The Delphi technique in ecology and biological conservation: ap-
plications and guidelines. Methods Ecol. Evol. 6, 1097-1109. https://doi.org/
10.1111/2041-210X.12387.

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. Environ.
Evid. 5, 19. https://doi.org/10.1186/s13750-016-0066-7.

Myers, N., Mittermeler, R.A., Mittermeler, C.G., da Fonseca, G.A.B., Kent, ]., 2000. Biodiver-
sity hotspots for conservation priorities. Nature 403, 853-858. https://doi.org/
10.1038/35002501.

Nottestad, L., Krafft, B.A.,, Anthonypillai, V., Bernasconi, M., Langdrd, L., Merk, H.L., Ferno,
A, 2015. Recent changes in distribution and relative abundance of cetaceans in the
Norwegian Sea and their relationship with potential prey. Front. Ecol. Evol. 2.
https://doi.org/10.3389/fevo.2014.00083.

Olson, P.A., 2018. Pilot whales: Globicephala melas and G. macrorhynchus, in: Wiirsig, B.,
Thewissen, J.G.M., Kovacs, K.M. (eds.), Encyclopedia of Marine Mammals (Third Edi-
tion). Academic Press, pp. 701-705. doi:https://doi.org/10.1016/B978-0-12-804327-
1.00194-1.

Pacifici, M., Santini, Luca, di Marco, Moreno, Baisero, Daniele, Francucci, Lucilla, Grottolo
Marasini, Gabriele, Visconti, Piero, Rondinini, Carlo, 2014. Data from: Generation
Length for Mammals, Dryad, Dataset. https://doi.org/10.5061/dryad.gdOm3.

Pacifici, M., Foden, W.B., Visconti, P., Watson, J.E.M., Butchart, S.H.M., Kovacs, KM.,
Scheffers, B.R., Hole, D.G., Martin, T.G., Ak¢akaya, 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 vulnerabil-
ity to climate change. Nat. Clim. Chang. 5, 215-244. https://doi.org/10.1038/
nclimate2448.

Pearson, R.G., Stanton, J.C., Shoemaker, K.T., Aiello-Lammens, M.E., Ersts, P.J., Horning, N.,
Fordham, D.A., Raxworthy, CJ.,, Ryu, H.Y., Mcnees, ], Ak¢akaya, H.R., 2014. Life history
and spatial traits predict extinction risk due to climate change. Nat. Clim. Chang. 4,
217-221. https://doi.org/10.1038/nclimate2113.

Pecl, G.T., Ward, T.M., Doubleday, Z.A,, Clarke, S., Day, J., Dixon, C., Frusher, S., Gibbs, P.,
Hobday, AJ., Hutchinson, N., Jennings, S., Jones, K., Li, X., Spooner, D., Stoklosa, R.,
2014. Rapid assessment of fisheries species sensitivity to climate change. Clim.
Chang. 127, 505-520. https://doi.org/10.1007/s10584-014-1284.

Pecl, G.T., Aratijo, M.B., Bell, ].D., Blanchard, ]., Bonebrake, T.C., Chen, I.-C., Clark, T.D.,
Colwell, RK., Danielsen, F., Evengard, B., Falconi, L., Ferrier, S., Frusher, S., Garcia,
R.A., Griffis, R.B., Hobday, Al]., Janion-Scheepers, C., Jarzyna, M.A.,, Jennings, S.,
Lenoir, J., Linnetved, H.I,, Martin, V.Y., McCormack, P.C., McDonald, J., Mitchell, N.J.,
Mustonen, T., Pandolfi, .M., Pettorelli, N., Popova, E., Robinson, S.A., Scheffers, B.R.,

13

Science of the Total Environment 795 (2021) 148652

Shaw, ].D., Sorte, CJ.B., Strugnell, .M., Sunday, J.M., Tuanmu, M.-N., Vergés, A.,
Villanueva, C., Wernberg, T., Wapstra, E., Williams, S.E., 2017. Biodiversity redistribu-
tion under climate change: impacts on ecosystems and human well-being. Science
355, eaai9214. https://doi.org/10.1126/science.aai9214.

Pedersen, ].S.T., van Vuuren, D.P., Aparicio, B.A,, Swart, R., Gupta, ], Santos, F.D., 2020. Var-
iability in historical emissions trends suggests a need for a wide range of global sce-
narios and regional analyses. Commun. Earth Environ. 1, 41. https://doi.org/10.1038/
$43247-020-00045-y.

Poloczanska, E.S., Brown, CJ., Sydeman, W J., Kiessling, W., Schoeman, D.S., Moore, P.J.,
Brander, K., Bruno, J.F., Buckley, L.B., Burrows, M.T., Duarte, C.M., Halpern, B.S.,
Holding, ]., Kappel, C. v, O’Connor, M.L, Pandolfi, ].M., Parmesan, C., Schwing, F.,
Thompson, S.A., Richardson, A.J., 2013. Global imprint of climate change on marine
life. Nat. Clim. Chang. 3, 919-925. https://doi.org/10.1038/nclimate1958.

Ramp, C,, Delarue, ]., Palsbell, PJ., Sears, R., Hammond, P.S., 2015. Adapting to a warmer
ocean—seasonal shift of baleen whale movements over three decades. PLoS One 10,
e0121374. https://doi.org/10.1371/journal.pone.0121374.

Reside, A.E., Critchell, K., Crayn, D.M., Goosem, M., Goosem, S., Hoskin, C.J., Sydes, T.,
Vanderduys, E.P., Pressey, R.L., 2019. Beyond the model: expert knowledge improves
predictions of species’ fates under climate change. Ecol. Appl. 29, 0-2. https://doi.org/
10.1002/eap.1824.

Riahi, K, Rao, S., Krey, V., Cho, C., Chirkov, V., Fischer, G., Kindermann, G., Nakicenovic, N.,
Rafaj, P., 2011. RCP 8.5 - a scenario of comparatively high greenhouse gas emissions.
Clim. Chang. 109, 33-57. https://doi.org/10.1007/s10584-011-0149-y.

Robinson, K.P., O'Brien, ].M., Berrowi, S.D., Cheney, B., Costa, M., Eisfeld, S.M., Haberlin, D.,
Mandleberg, L., O’'Donovan, M., Oudejans, M.G., Ryan, C,, Stevick, P.T., Thompson, P.M.,
Whooley, P., 2012. Discrete or not so discrete: long distance movements by coastal
bottlenose dolphins in UK and Irish waters. J. Cetacean Res. Manag. 12, 365-371.

Santos, R.S., Hawkins, S., Monteiro, L.R., Alves, M., Isidro, EJ., 1995. Marine research, re-
sources and conservation in the Azores. Aquat. Conserv. Mar. Freshwat. Ecosyst. 5,
311-354. https://doi.org/10.1002/aqc.3270050406.

Santos, M.B., German, L., Correia, D., FL, R,, ]., M.C,, Caldas, M., Lopez, A., Velasco, F., 2013.
Long-term variation in common dolphin diet in relation to prey abundance. Mar.
Ecol. Prog. Ser. 481, 249-268. doi:https://doi.org/10.3354/meps10233.

Sarabia-Hierro, A., Rodriguez-Gonzélez, M., 2019. Population parameters on Risso’s dol-
phin (Grampus griseus) in Fuerteventura, Canary Islands. Scientia Insularum. Revista
de Ciencias Naturales en islas 2, 37-44. https://doi.org/10.25145/j.51.2019.02.02.

Schwalm, C.R,, Glendon, S., Duffy, P.B., 2020. RCP8.5 tracks cumulative CO2 emissions.
Proc. Natl. Acad. Sci. 117, 19656-19657. https://doi.org/10.1073/pnas.2007117117.

Silber, G.K., Lettrich, M.D., Thomas, P.O., Baker, ].D., Baumgartner, M., Becker, E.A., Boveng,
P., Dick, D.M., Fiechter, ]., Forcada, J., Forney, K.A,, Griffis, R.B., Hare, ].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 ma-
rine mammal distribution in a changing climate. Front. Mar. Sci. 4, 1-14. https://doi.
org/10.3389/fmars.2017.00413.

Silva, M.A., Prieto, R, Jonsen, [, Baumgartner, M.F,, Santos, R.S., 2013. North Atlantic blue
and fin whales suspend their spring migration to forage in middle latitudes: building
up energy reserves for the journey? PLoS One 8, e76507. https://doi.org/10.1371/
journal.pone.0076507.

Silva, M.A,, Prieto, R., Cascdo, I, 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. Mar. Biol. Res. 10, 123-137. https://doi.org/10.1080/
17451000.2013.793814.

Simmonds, M.P., 2017. Evaluating the welfare implications of climate change for ceta-
ceans. In: Butterworth, A. (Ed.), Marine Mammal Welfare. Springer, Cham,
Switzerland, pp. 125-135 https://doi.org/10.1007/978-3-319-46994-2.

Simmonds, M.P., Smith, V., 2009. Cetaceans and climate change - assessing the risks. Rep.
Paper Submitted to the Scientific Committee of the International Whaling Commis-
sion SC-F09-CC8.

Soto, D., Le6n-Muiioz, J., Dresdner, ]., Luengo, C., Tapia, F.J., Garreaud, R., 2019. Salmon
farming vulnerability to climate change in southern Chile: understanding the bio-
physical, socioeconomic and governance links. Rev. Aquac. 11, 354-374. https://doi.
org/10.1111/raq.12336.

Sousa, A., Alves, F., Dinis, A., Bentz, J., Cruz, M.J,, Nunes, J.P., 2019. How vulnerable are ce-
taceans to climate change? Developing and testing a new index. Ecol. Indic. 98, 9-18.
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, |.,
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, MJ., 2008. Bryde’s whales, Balaenoptera edeni, ob-
served in the Azores: a new species record for the region. Marine Biodiversity Re-
cords, p. 1 https://doi.org/10.1017/5S1755267207007282.

Steiner, L., Lamoni, L., Plata, M.A,, Jensen, S.K,, Lettevall, E., Gordon, ], 2012. A link between
male sperm whales, Physeter macrocephalus, of the Azores and Norway. Marine Bi-
ological Association of the United Kingdom. ]. Mar. Biol. Assoc. U. K. 92 (8), 1751.

Stortini, C.H., Shackell, N.L, Tyedmers, P., Beazley, K., 2015. Assessing marine species vul-
nerability to projected warming on the Scotian Shelf, Canada. ICES J. Mar. Sci.
J. Conseil. 72, 1731-1743. https://doi.org/10.1093/icesjms/fsv022.

Taylor, B.L., Chivers, S.J., Larese, ]., Perrin, W.F., 2007. Generation length and percent ma-
ture estimates for [UCN assessments of cetaceans. Administrative Report LJ-07-01 Na-
tional Marine Fisheries.

Tobefia, M., Escanez, A., Rodriguez, Y., Lopez, C., Ritter, F., Aguilar, N., 2014. Inter-island
movements of common bottlenose dolphins Tursiops truncatus among the Canary
Islands: online catalogues and implications for conservation and management. Afr.
J. Mar. Sci. 36, 137-141. https://doi.org/10.2989/1814232X.2013.873738.


https://doi.org/10.1111/j.1755-263X.2010.00097.x
https://doi.org/10.1111/gcb.15466
https://doi.org/10.1111/j.1461-0248.2010.01477.x
https://doi.org/10.1111/j.1461-0248.2010.01477.x
https://doi.org/10.1890/06-0546.1
https://doi.org/10.1111/gcb.12560
https://doi.org/10.1002/wsb.399
https://doi.org/10.1002/wsb.399
https://doi.org/10.1038/s41559-020-1198-2
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0280
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0280
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0280
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0285
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0285
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0285
https://doi.org/10.5670/oceanog.2016.107
https://doi.org/10.5670/oceanog.2016.107
https://doi.org/10.3354/esr00197
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0300
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0300
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0300
https://doi.org/10.1371/journal.pone.0007921
https://doi.org/10.1371/journal.pone.0007921
https://doi.org/10.5194/bg-10-3039-2013
https://doi.org/10.1111/2041-210X.12387
https://doi.org/10.1111/2041-210X.12387
https://doi.org/10.1186/s13750-016-0066-7
https://doi.org/10.1038/35002501
https://doi.org/10.1038/35002501
https://doi.org/10.3389/fevo.2014.00083
https://doi.org/10.1016/B978-0-12-804327-1.00194-1
https://doi.org/10.1016/B978-0-12-804327-1.00194-1
https://doi.org/10.5061/dryad.gd0m3
https://doi.org/10.1038/nclimate2448
https://doi.org/10.1038/nclimate2448
https://doi.org/10.1038/nclimate2113
https://doi.org/10.1007/s10584-014-1284
https://doi.org/10.1126/science.aai9214
https://doi.org/10.1038/s43247-020-00045-y
https://doi.org/10.1038/s43247-020-00045-y
https://doi.org/10.1038/nclimate1958
https://doi.org/10.1371/journal.pone.0121374
https://doi.org/10.1002/eap.1824
https://doi.org/10.1002/eap.1824
https://doi.org/10.1007/s10584-011-0149-y
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0385
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0385
https://doi.org/10.1002/aqc.3270050406
https://doi.org/10.3354/meps10233
https://doi.org/10.25145/j.SI.2019.02.02
https://doi.org/10.1073/pnas.2007117117
https://doi.org/10.3389/fmars.2017.00413
https://doi.org/10.3389/fmars.2017.00413
https://doi.org/10.1371/journal.pone.0076507
https://doi.org/10.1371/journal.pone.0076507
https://doi.org/10.1080/17451000.2013.793814
https://doi.org/10.1080/17451000.2013.793814
https://doi.org/10.1007/978-3-319-46994-2
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0425
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0425
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0425
https://doi.org/10.1111/raq.12336
https://doi.org/10.1111/raq.12336
https://doi.org/10.1016/j.ecolind.2018.10.046
https://doi.org/10.1641/B570707
https://doi.org/10.1017/S1755267207007282
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0450
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0450
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0450
https://doi.org/10.1093/icesjms/fsv022
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0460
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0460
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0460
https://doi.org/10.2989/1814232X.2013.873738

A. Sousa, F. Alves, P. Arranz et al.

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.

Oceanographic and biological features in the canary current large marine ecosystem. In:
Valdés, L., Déniz-Gonzilez, I. (Eds.), IOC-UNESCO, Paris. IOC Technical Series, No.
115, p. 383.

Valente, R., Correia, AM., Gil, A, Gonzélez Garcia, L., Sousa-Pinto, I, 2019. Baleen whales in
Macaronesia: occurrence patterns revealed through a bibliographic review. Mammal
Rev. 49, 129-151. https://doi.org/10.1111/mam.12148.

Vanderpoorten, A., Rumsey, FJ., Carine, M.A., 2007. Does Macaronesia exist? Conflicting
signal in the bryophyte and pteridophyte floras. Am. J. Bot. 94, 625-639. https://
doi.org/10.3732/ajb.94.4.625.

Vikingsson, G.A., Pike, D.G., Valdimarsson, H., Schleimer, A., Gunnlaugsson, T., Silva, T.,
Elvarsson, B.b., Mikkelsen, B., @ien, N., Desportes, G., Bogason, V., Hammond, P.S.,
2015. Distribution, abundance, and feeding ecology of baleen whales in Icelandic wa-
ters: have recent environmental changes had an effect? Front. Ecol. Evol. 3. https://
doi.org/10.3389/fevo.2015.00006.

Wade, A.A., Hand, B.K,, Kovach, R.P., Luikart, G., Whited, D.C., Muhlfeld, C.C., 2017. Ac-
counting for adaptive capacity and uncertainty in assessments of species’ climate-
change vulnerability. Conserv. Biol. 31, 136-149. https://doi.org/10.1111/cobi.12764.

14

Science of the Total Environment 795 (2021) 148652

Wheatley, CJ., Beale, CM., Bradbury, R.B., Pearce-Higgins, ].W., Critchlow, R., Thomas, C.D.,
2017. Climate change vulnerability for species—assessing the assessments. Glob.
Chang. Biol. 23, 3704-3715. https://doi.org/10.1111/gcb.13759.

Whitehead, H., 2003. Sperm whales: social evolution in the ocean. University of Chicago
Press.

Whitehead, H., McGill, B, Worm, B., 2008. Diversity of deep-water cetaceans in relation to
temperature: implications for ocean warming. Ecol. Lett. 11, 1198-1207. https://doi.
org/10.1111/j.1461-0248.2008.01234.x.

Willis, S.G., Foden, W., Baker, D.J., Belle, E., Burgess, N.D., Carr, ].A.,, Doswald, N., Garcia, R.A.,
Hartley, A., Hof, C., Newbold, T., Rahbek, C., Smith, RJ., Visconti, P., Young, B.E.,
Butchart, S.H.M., 2015. Integrating climate change vulnerability assessments from
species distribution models and trait-based approaches. Biol. Conserv. 190,
167-178. https://doi.org/10.1016/j.biocon.2015.05.001.

Wiirsig, B., Cipriano, F., Wiirsig, M., 1991. Dolphin Movement Patterns: Information from
Radio and Theodolite Tracking Studies. Dolphin Societies: Discoveries and Puzzles.
University of California Press, Los Angeles, CA, pp. 79-112.

Zoological Society of London (ZSL), 2010. Climate Change Vulnerability of Migratory Spe-
cies: A Project Report for CMS Scientific Council 16, Bonn, 28-30 June. Zoological So-
ciety of London, London, UK, p.2010.


https://doi.org/10.3389/fmars.2016.00202
https://doi.org/10.1111/mam.12148
https://doi.org/10.3732/ajb.94.4.625
https://doi.org/10.3732/ajb.94.4.625
https://doi.org/10.3389/fevo.2015.00006
https://doi.org/10.3389/fevo.2015.00006
https://doi.org/10.1111/cobi.12764
https://doi.org/10.1111/gcb.13759
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0505
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0505
https://doi.org/10.1111/j.1461-0248.2008.01234.x
https://doi.org/10.1111/j.1461-0248.2008.01234.x
https://doi.org/10.1016/j.biocon.2015.05.001
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0520
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0520
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0520
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0525
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0525
http://refhub.elsevier.com/S0048-9697(21)03724-4/rf0525

	Climate change vulnerability of cetaceans in Macaronesia: Insights from a trait-�based assessment
	1. Introduction
	2. Methods
	3. Definition of scope and scale
	3.1. Study area
	3.2. Experts selection and consultation
	3.3. Species selection
	3.4. Sensitivity attributes and climate exposure factors

	4. Scoring process for sensitivity attributes, exposure factors and data quality
	5. Calculation of vulnerability scores and data analysis
	5.1. Climate vulnerability
	5.2. Certainty and data quality
	5.3. Sensitivity analysis
	5.4. Potential for distribution, abundance and phenology changes

	6. Results
	6.1. Macaronesia units
	6.2. Archipelago-associated units

	7. Discussion
	7.1. Climate vulnerability of cetacean species in Macaronesia
	7.2. Comparison with other climate change vulnerability assessments
	7.3. Methodological considerations and further research

	8. Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	References




