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Editorial on the Research Topic

Ecological and behavioral traits of apex predators in oceanic insular
ecosystems: advances and challenges in research and conservation

Island ecosystems can be highly sensitive to anthropogenic and natural disturbances
due in part to their unique ecology and biogeography as well as their high levels of
endemism (Russell and Kueffer, 2019). Remote archipelagos surrounded by pelagic
environments are often hotspots for biodiversity, providing unique habitats to a wide
array of taxa (Chandelier et al., 2023). Within these oceanic hotspots, apex predators fulfil a
pivotal ecosystem service by maintaining the structure and function of marine and
terrestrial habitats (Figure 1), serving as indicators of ecosystem health, and mitigating
the effects of climate change on communities and systems (Pearson et al., 2023). Within
marine and island systems, apex predators include animals from several taxonomic groups
(e.g., mammals, fishes, reptiles, birds, cephalopods), many of which are threatened by
varying levels of human-induced pressures including but not limited to overfishing,
pollution, marine traffic, marine litter, and climate change (Queiroz et al., 2019; Sequeira
et al., 2019; Alves et al., 2022). Nevertheless, remote insular or oceanic environments tend
to be understudied and face numerous logistical challenges compared to, for example,
coastal habitats.

This Research Topic aimed to advance our understanding of the ecological and
behavioral traits of apex predators that inhabit, permanently or temporarily, marine
waters adjacent to remote or small islands. The collection of 13 papers from 76 authors
comprises a broad taxonomic representation of apex predators spanning cetaceans
(including delphinids, beaked whales, and great whales), seals, sea turtles, sharks, manta
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FIGURE 1

A group of apex predators, the short-beaked common dolphin
Delphinus delphis, feeds on a school of small epipelagic fish in the
insular oceanic waters of the Azores. © Nuno Sa.

rays, marlins, and seabirds. Through 11 original research papers
and two reviews, it addresses broad temporal (i.e., decadal datasets)
and spatial scales - both horizontally, by covering the major ocean
basins, and vertically, by targeting species inhabiting the epi-, meso-
, and bathy-pelagic zones, as well as the aerial (i.e., seabirds) and
terrestrial ecosystems (i.e., seals and penguins).

The contributing papers of this Research Topic fill knowledge
gaps on the behavior, ecology, habitat use, population parameters,
foraging, breeding, and conservation of apex predators in insular
oceanic habitats through state-of-the-art, multidisciplinary and, in
some cases, novel techniques. The resulting information contributes
to the discussion of four main findings, as discussed below.

Studies of behavioral, population, and
spatial ecology of apex predators in
oceanic systems are challenging and
require long-term data sets

Addressing social and ecological processes or demographic
parameters, such as the relationships between individuals in social
structures or the mechanisms driving habitat selection and
movement, are key components for ecosystem-based management
(Badenas et al; Borja, 2014). These studies often require
longitudinal information at the individual and community
ecology levels, preferably on a decadal scale (Gusmao et al;
Setyawan et al.). Such data are, however, difficult to obtain for
most pelagic predators due to their highly dynamic nature and the
constraints (i.e., time, logistics, and costs) associated with surveying
oceanic habitats (Guillemin et al; Palacios and Cantor). Oceanic
islands can, however, offer somewhat easier access to the pelagic
environment, and the use of citizen science and platforms of
opportunity has proven reliable in obtaining long-term scientific
data for reduced financial costs, as exemplified in this Research
Topic for cetaceans, turtles, and manta rays (Badenas et al.; Courtin
et al; Ferreira et al.; Dellinger et al.; Setyawan et al.).
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Multimethodological approaches
provide robust results for studying the
biological and ecological traits of apex
predators in oceanic systems

Enhanced management of anthropogenic threats can benefit
wildlife (as well as humans) when addressed with an
interdisciplinary approach (Lent, 2015). In this Research Topic,
Palacios and Cantor identified priorities for ecological research on
cetaceans in the Galapagos region along five topical areas, and
suggested a broad suite of methodological approaches. Moreover,
Medrano et al. assessed the breeding phenology, population
connectivity, and niche differentiation of two allochronic
populations of the Cape Verde storm-petrel (Hydrobates jabejabe)
through four distinct methodologies, while Reinhold et al. presented
a novel application of stable isotope and trace element techniques to
identify the source colony of little penguins (Eudyptula minor)
predated by long-nosed fur seals (Arctocephalus forsteri).

Oceanic islands are a hotspot for
apex predators

Oceanic islands appear to constitute areas with a high density of
apex predators (Vandeperre et al., 2014), likely due to the island
mass effect, which is linked to nutrient and biological impacts
(Caldeira and Reis, 2017; Chandelier et al., 2023). The two review
papers included in this Research Topic support that supposition,
describing a high diversity of cetaceans in the Galapagos region
(Palacios and Cantor) and a high diversity of marine megafauna
species (comprising mammals, turtles, and fish) in Macaronesia
(Mclvor et al.). In addition, Afonso et al. combined acoustic and
satellite telemetry to show the preference for coastal nurseries
adjacent to oceanic islands by juvenile smooth hammerhead
sharks (Sphyrna zygaena).

Islands within networks of Marine
Protected Areas provide positive
conservation impacts when combined
with ecosystem-based approaches

Highly or fully marine protected areas (MPAs) can mitigate
overfishing, climate change, and other human-induced pressures
(Sala et al., 2021). Here, Setyawan et al. demonstrated the positive
impact of a suite of long-term conservation efforts on increasing the
abundance of reef manta rays (Mobula alfredi) in the Raja Ampat
network of MPAs, and how informative its results can be if
combined with an ecosystem-based approach. Such an approach
was also used by Farifias-Bermejo et al. to investigate potential
changes in the ecosystem and the impact on predators associated
with prey decline, and by Gusmao et al. to analyse the trait diversity
of nesting seabird assemblages.
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Knowledge of the role of individual associations has provided an insightful understanding
of the structures of animal societies, especially in highly social mammals such as
primates. Yet, this is unbalanced towards marine mammals, particularly to beaked
whales, due to their elusive nature. In addition, information on the fundamental drivers
of the social structure of these deep-diving animals is still scarce. Here, the hypothesis
of female defence polygyny was tested in Blainville’s beaked whales (Mesoplodon
densirostris) and discussed within the context of marine and terrestrial organisms
displaying similar patterns, by (i) estimating residency times to obtain information on
the movements into and out of the area, (i) analysing social networks to assess
individual association metrics, (i) measuring the strength of the associations to assess
the existence of preferred or avoided relationships among individuals, and (iv) modelling
different social structures to address temporal patterns in social relationships. Using a 9-
year photographic dataset derived from the pelagic habitat, individual associations were
inferred based on likelihood techniques. This approach allowed to infer on the species’
social structure in relation to age class, sex, residency status, and spatio-temporal
patterns, which can be a good practice to be applied for other taxa. Heterogeneity
in capture probability and residency times was observed between age-sex classes, with
adult females exhibiting long-term site fidelity. This suggests different habitat roles and
spatial structuring within this social organisation. Strong and long dyadic associations
occurred between adult females and immatures, contrarily to between males, and
the best-fitting models of the temporal patterns suggested long-lasting and temporary
associations. The present findings unravel a complex social structure stratified by age-
sex class and influenced by female philopatry and defence polygyny, like an unimale
group mating system, which varies from other beaked whales but is similar to some
birds, pinnipeds, or non-human primates.

Keywords: age/sex-specific, beaked whales, individual temporal associations, island systems, megafauna,
movement and residency patterns, pelagic habitat, social network
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INTRODUCTION

Movement patterns and habitat composition are known to
influence complex animal social structures (He et al., 2019).
Animal movements are generally driven by resource availability,
mating accessibility, predator avoidance and habitat complexity
(e.g., Bailey and Thompson, 2006; Duijns et al., 2019), which
in turn modulate social behaviour, group composition and
population dynamics at a broader scale (Morales et al., 2010).
The resulting social structure plays a pivotal role in the
population’s ecology since it influences the spread of diseases
and genetic flow (Sutherland, 1998). Therefore, social structure
is considered a determining factor in conservation management
plans (Wilson, 1975).

To study a population’s social structure, data on interactions
between known individuals through time are needed (Hinde,
1976; Whitehead, 2008), which can sometimes be challenging
to witness. Once associations are established, various tools
exist to describe and model social structure (reviewed in
Farine and Whitehead, 2015), which has provided a profound
understanding of animal associations and their socio-ecological
processes in highly social terrestrial mammals (e.g., Schreier
and Swedell, 2009; Foerster et al., 2015; Berger et al., 2021).
However, little attention had been given to the societies of
species whose meaningful relationships are difficult to assess,
such as cetaceans (whales and dolphins) (Lusseau et al., 20065
Rendell et al., 2019). Cetaceans associate with conspecifics (and
occasionally interspecifically) when survival, access to resources
and reproductive success are increased by group formation
(Gowans et al., 2007). Nonetheless, the longevity and strength
of those associations, and hence social structures, are modulated
by the individuals’ residency patterns and habitat selection,
which differ among and within species. As a result, cetacean’s
social structures range from highly fluid, so-called fission-
fusion societies, where individuals associate in groups that
change in composition and size daily (e.g., bottlenose dolphin
Tursiops truncatus, Connor et al., 2000), to permanent associated
matrilineal groups (e.g., killer whales Orcinus orca, Baird and
Whitehead, 2000).

Nevertheless, most information on cetacean social systems is
from common and accessible species (i.e., abundant, inhabiting
coastal waters, or easily approachable), thus exists a gap in the
knowledge of the societal patterns of lesser studied Families such
as beaked whales (Li and Rosso, 2021; Weiss et al., 2021). This
is mainly because beaked whales inhabit pelagic and difficult-
to-access environments and because of their short surfacing
periods and cryptic behaviour (Tyack et al., 2006). Although
research on beaked whales has increased in the last two decades
(reviewed in Hooker et al., 2019) due to their high vulnerability to
anthropogenic noise and specifically to navy sonar (Tyack et al,,
2011), studies on these animals’ social structures cover only four
species (out of at least 24 extant species, Carroll et al., 2021) and
are still on their early stages (Baird, 2019; Weiss et al., 2021).
In Blainville’s beaked whales (Mesoplodon densirostris), resident
populations of this medium-sized (4-5 m long) deep-diver have
only been described in a few remote archipelagos (Hooker et al.,
2019) and only one peer-reviewed study, wherever known, has
provided insights on its social structure (McSweeney et al., 2007).

That study suggested ephemeral relationships and female defence
polygyny (characterised when males control females directly by
defending them against conspecifics males; Shuster and Wade,
2003), yet it was based on descriptive analyses.

Here, photographic data of Blainville’s beaked whales from
an oceanic pelagic habitat was used to analyse individual
associations and consequently to serve as a model system to
infer the social structure in relation to age class, sex, residency
status, and spatio-temporal patterns. To better understand the
species’ socio-behavioural traits and test the hypothesis of female
defence polygyny, likelihood techniques were used to (i) estimate
residency times, thus providing information on the movements
into and out of the area, (ii) analyse the social network to
assess individual association metrics, (iii) measure the strength
of the associations to assess the existence of preferred or avoided
relationships among individuals, and (iv) model different social
structures to address temporal patterns in social relationships.
Such an integrative approach is expected to contribute to a more
comprehensive view of the species’ social structure and enlighten
the mysterious life habits of elusive and lesser-known animals.
Finally, it is expected to advance the theoretical understanding
of a specific social strategy related to philopatry, mating, and
parental care in free-ranging animals, given that cetaceans
provide a powerful outgroup for inferring the evolution of the
social structure of other highly related mammals (Pearson, 2011).

MATERIALS AND METHODS
Study Area and Data Collection

Photographic data of Blainville’s beaked whales were collected in
the southern waters of Madeira Island (Portugal, 32°N 017°W),
in a core area covering about 1,000 km? up to 15 km off the
coast (see Fernandez et al., 2021). The study area is surrounded by
warm-temperate Atlantic waters and is characterised by a narrow
continental shelf and steep submarine canyons (Geldmacher
et al., 2000; Martins et al., 2007). These characteristics offer a
privileged access to the pelagic environment where the target
species commonly occurs throughout the year (Alves et al,
2018; Fernandez et al., 2021) and where some individuals are
likely island-associated (Dinis et al., 2017). The data were
collected year-round through whale-watching platforms (see
Acknowledgments; procedures detailed in Alves et al., 2018)
and in research trips, between 2011 and 2019 (Table 1 and
Supplementary Table 1). On each occasion with Blainville’s
beaked whales, animals were approached and photographed
using digital reflex cameras with zoom lenses, independently of
age class, sex, and distinctiveness.

Photographic Analysis and Site Fidelity

A previous photographic-identification (hereafter “photo-id”)
catalogue and dataset of all animals’ capture histories from
2011 to 2016 (Dinis et al, 2017) was updated with the
newly collected data following standardised procedures (Wiirsig
and Jefferson, 1990). Individuals were identified using unique
scarring patterns on the body as well as nicks on dorsal fins
(McSweeney et al., 2007; Dinis et al., 2017). The distinctiveness
of each whale was rated from 1 (poorly distinctive) to 4
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TABLE 1 | Summary of the photographic data used in the analysis, i.e., truncated
to distinctive animals and good quality pictures.

Year No. of No. of No. of newly

photographic captures identified
occasions individuals

2011 13 30 13

2012 6 9 4

2013 7 13

2014 9 14

2015 20 47 18

2016 17 41 12

2017 29 52

2018 23 52

2019 30 67 8

Total 154 325 79

(very distinctive) following McSweeney et al. (2007), and the
photographs were assigned a quality grade ranging from 1 to 4
(low- to high-quality) based on Alves et al. (2013). Only good
quality pictures (grade 3 or 4) and individuals with distinctiveness
2-4 (slightly to very distinctive) were used in the analyses
to enhance the reliability of the data. A capture was defined
as an individual identification from a photographic occasion
(Wiirsig and Jefferson, 1990).

Three catalogues were compiled: one for females, one for
males, and one for immature whales of unknown sex. Sex and
age class (immature, subadult male, adult male, or adult female)
was determined based on body size and colour, body scarring,
association with calves, and the presence or absence of erupted
teeth in the lower jaws (Claridge, 2006; McSweeney et al., 2007;
Dinis et al., 2017). Photographic comparisons were performed
visually (Robbins et al., 2011; Alves et al., 2019), and at least two
co-authors confirmed individual matches, sex, and age class.

Additionally, a residency pattern was attributed to each
individual. Three residency patterns were established based
on the capture histories. Individuals that exhibited multi-year
and year-round site fidelity (captured in at least 4 years and
three seasons, i.e., January-March, April-June, July-September,
October-December) were termed residents; individuals captured
only once or a few times within a week and never captured again
were termed transients; and individuals that fell between these
two categories were considered emigrants/immigrants or regular
visitors and were consequently termed visitors (adapted from
Alves et al., 2013). Two exceptions were made for whales Md99
and Md119 that were only seen during 3 (consecutive) years but
during the four seasons and always with resident whales, and
therefore were termed residents.

A discovery curve was plotted using the capture histories,
and the recapture rates (RRs) per age class were calculated
to assess site fidelity. The discovery curve was created by
plotting the cumulative number of identified individuals against
the cumulative number of captures. The RRs were calculated
by dividing the number of individuals with >2 captures by
the total number of individuals. Recaptures within the same
day were excluded.

Movement Analysis

The amount of time animals spent within the study area was
examined using Lagged Identification Rates (LIR). The LIR is the
probability that an individual observed in the area at a given time
will still be present t time-lags later (Whitehead, 2001). Given
the difference between the capture histories of the age classes and
the fact that immatures were almost always seen with an adult
female, two different LIR were performed: one for all males and
one for females and immatures. All individuals captured between
2015 and 2019 (years with the higher number of captures,
Table 1), independently of the number of captures, were included
in the analysis. Four models were fitted to each dataset using
maximum likelihood, binomial loss, and bootstrapped standard
error (SE), following Whitehead (2009). The model with the
lowest Quasi Akaike Information Criteria (QAIC) was selected
as the best-fitting model (Whitehead, 2008, 2009). The sampling
period was defined as day, and associations were defined as
individuals grouped within an occasion. LIR was conducted using
SOCPROG version 2.9 (Whitehead, 2009).

Social Analyses

Network Analyses

A social network diagram was created using NetDraw 2.158
(Borgatti, 2002) to illustrate the species social structure (Kappeler,
2019). All occasions between 2011 and 2019 were considered,
excluding only those resulting in single captures as they did
not provide any linking information (and such cases likely
represented incomplete sampling effort in photographing the
entire group instead of solitary animals, given these were
never recorded during the research trips). Residency pattern
and age-sex class were included as individual attributes. Nodes
correspond to individuals, while lines between nodes represent
the strength of association among dyads, with thicker lines
indicating stronger associations.

Two network metrics (strength and clustering coefficient)
were obtained using SOCPROG’s network statistics (Whitehead,
2009). The strength is the sum of the weights of all links of a given
node, and can be used as a measure of individual social centrality
(Barrat et al., 2004). The clustering coefficient measures whether
the associates of an individual are themselves associated (Barrat
etal., 2004; Lusseau, 2007). Significant differences in the network
measures among attributes of age/sex and residency patterns
were tested with a double permutation test (Farine and Carter,
2022) using the aspine R package (Farine, 2013).

Preferred Associations

To reduce the chance of including spurious associations, only
whales with >3 captures from occasions with medium- (where
at least half of the group was photographed) and high-coverage
(where essentially all individuals were photographed) between
2011 and 2019 were included in this analysis. Because of the
opportunistic nature of data, the photographic coverage of
individuals during sightings was unknown. To overcome this
issue, 50 high-quality photographs, including at least three whales
in the frame, were selected to calculate the percentage of marked
individuals in a group and infer photographic coverage. The rate
of distinctive individuals was obtained by dividing the number
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of marked individuals by the total individuals captured in the
frame for each photograph and calculating an overall mean for
all pictures. This resulted in 71% (£19%) of the individuals in a
group being marked. Based on this and on the Blainville’s beaked
whales mean group size of 3.7 (SD = 1.7) individuals in the study
area (Alves et al, 2018; which is similar to other regions, see
Ritter and Brederlau, 1999; Claridge, 2006; McSweeney et al.,
2007), sightings with >2 captures were considered to be of
medium- and high-coverage, and were therefore used in the
subsequent analyses.

The half-weight association index (HWI) (Cairns and
Schwager, 1987) was used to represent the strength of the
association between beaked whale dyads (following Whitehead,
2008; Hoppitt and Farine, 2018), where “0” indicated that
individuals were never captured together and “1” that individuals
were always together. The mean and the maximum of
associations were also calculated.

Permutation tests were used to assess whether preferred
or avoided relationships among individuals and among age
classes existed (Bejder et al, 1998; Whitehead, 1999). The
null hypothesis was that individuals were associated with the
same probability with other individuals. Observed coeflicients of
variation (CV) of the pairwise association indices significantly
higher than those from permuted datasets were taken as evidence
that individuals had preferred companions (Whitehead, 1999;
Whitehead et al., 2005). The number of permutations generated
was increased until the p-values stabilised (Bejder et al., 1998;
Whitehead, 1999), at 1,000 trial flips per permutation. Based
on the LIR results, three different sampling periods were
used to assess associations between individuals and among
age classes (adapted from Gero et al, 2015): (1) “hour’
hourly sampling period to test for short-term associations,
(2) “month,” a monthly sampling period to test for medium-
term associations, and (3) “year,; yearly sampling period
to test for long-term associations. This procedure removes
any existing autocorrelation between groups that have been
sighted together for short periods (hours or days) (personal
communication, H. Whitehead, 2020). The association was
defined as individuals grouped within an occasion for all three
sampling periods, and associations were permuted between
sampling periods.

Temporal Patterns

Standardised lagged association rates (SLAR) were used to
address temporal patterns in social relationships (Whitehead,
1995). SLAR assessed the probability that two associated
individuals at a given time would still be associated at a
certain time-lag in the future. To aid in the interpretation of
SLAR, the null association rate was also considered (Whitehead,
2009). The moving average was chosen to adjust best between
precision and smoothing, and SE was estimated using the
temporal jackknife method on each sampling period (Whitehead,
2009). Four exponential models that represented simulated social
structures were fitted to the SLAR: the first model had no
decay and suggests permanent associations; the second model
had a decay down to zero and suggests that associations
decrease until complete disassociation; the third model had a

decay that levelled off and suggests long-lasting and temporary
associations; and the fourth model had two decays and suggests
two levels of disassociation, one at shorter and one at longer
time lags (Whitehead, 2008). The best fitting model was
chosen through the lowest QAIC (Whitehead, 2008, 2009).
Since the patterning of all associations is important, data
from 2011 to 2019 including all individuals, independently
of the number of times captured, during medium- and
high-coverage events were used for two SLARs: one for all
individuals and other for adult female associations. The sampling
period was defined as day, and associations were defined as
individuals grouped within an occasion. Preferred association
and temporal pattern analyses were performed using SOCPROG
2.9 (Whitehead, 2009).

RESULTS

A total of 325 captures based on good quality pictures
were obtained from 154 photographic occasions, allowing the
identification of 79 distinctive animals (Table 1). There was a
mean of 2.1 captures (SD = 1.1, range 1-5) per occasion, and of
the total catalogued whales, 29 were adult females, 19 were adult
males, 12 were subadult males, and 19 were immature (Table 2).

Sixty-six percent of the animals (n = 52) were captured on
multiple occasions (mean = 4 captures, range 2-31). Fifty-seven
percent of the animals (n = 45) were captured intra-annually
and the remaining were captured inter-annually [of which 53%
(n = 18) were adult females, 21% (n = 7) adult males, 9%
(n = 3) subadult males, and 18% (n = 6) immatures]. Inter-
annual recaptures ranged from 2 to 8 years, but only adult
females were recaptured in > 5 years (Supplementary Table 1 and
Supplementary Figure 1).

Residents comprised 14% of the animals (n = 11), visitors 39%
(n = 31), and transients 47% (n = 37). Adult females were the
dominant age-sex class of residents (64%, 7/11) and visitors (48%,
15/31), whereas adult and subadult males and immatures were
mainly transients (Table 2).

The overall RR was 0.66. Adult females presented the highest
value (RR = 0.86), followed by immature individuals (RR = 0.63)
and adult males (RR = 0.58), while subadult males had the
lowest (RR = 0.42). The discovery curve showed a slight decrease
between 200 and 300 cumulative captures, and thereafter the
curve begins to stabilise (Figure 1).

TABLE 2 | Frequency table of age-sex class per residency patterns of Blainville’s
beaked whales in Madeira.

Adult females  Adult males Subadult Immature Total
males
Residents 7 2 0 2 11
Visitors 15 6 3 7 31
Transients 7 11 9 10 37
Total 29 19 12 19 79
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FIGURE 1 | Discovery curve for distinctive whales based on good quality images.
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Movement Analysis

The best-fitting LIR model for the adult females and
immatures, and for the adult and subadult males, was the
“Emigration + Reimmigration + Mortality” (Table 3). The
model indicates that 11 adult females and immatures (SE = 2)
spent an average of 214 days (SE = 99) in the area before
leaving to return after 158 days (SE = 448) with a mortality rate
of < 0.001 (Figure 2A). It also estimated that 1 male (SE = 0.94)
spends an average of 1 day (SE = 21) before leaving to return
to the study area 14 days later (SE = 44) with a mortality rate
of <0.001 (Figure 2B).

Social Analyses

Network Analyses

The social network analyses comprised 70 individuals from 97
photographic occasions with a total of 267 captures, of which
28 were adult females, 18 adult males, 9 subadult males, and
15 immature individuals. The network diagram shows that
most individuals (92%; n = 64) are linked by association in
the main social core, while the remaining six individuals (8%)
form satellite dyads (Figure 3). The main cluster includes all
the resident individuals, 29 visitors (93%) and 24 transients
(86%). In contrast, the remaining three satellite clusters only
include transients and visitors (two visitor-transient dyads and
one transient-transient dyad).

Network measures varied greatly between residency patterns
but were similar between age classes and sexes (Figure 4
and Supplementary Table 2). The double permutation test
showed no significant differences in the strength and clustering
coefficient when testing the influence of age-sex classes and
residency patterns.

Preferred Associations

The mean association indices were low (HWI = 0.04 & 0.02), but
the maximums were high (Supplementary Figure 2). The highest
maximum association indices were found between immature
whales and adult females (0.51 £ 0.13), followed by adult males
with adult females (0.34 £ 0.12), and within adult females
(0.25 £ 0.13). The lowest mean and maximum association indices

were found for all combinations of subadult males and adult
males’ dyads (HWI = 0 for subadult-subadult and male-male
dyads, HWI = 0.01 = 0.01 for subadult male—adult male dyads).
The sum of association indices indicated that the associates per
individual ranged from 1.3 to 4 whales (mean = 2.48 & 0.59,
Supplementary Figure 3).

Permutation tests within and between adult males, subadult
males, and immature whales, could not be permuted, for which
the null hypothesis that individuals associate randomly could not
be rejected. However, preferred associations within adult females
and between adult females and the other age-sex classes varied
for short-, medium-, and long-term sampling periods (Table 4).
The observed CV was significantly higher than the random CV
for the dataset, including all the individuals for short-, medium-,
and long-term periods. Adult females had short- and medium-
term preferred associations within their category and between all
age-sex classes (p < 0.05) except for subadult males with whom
they associated randomly. The significant monthly associations
between adult females and adult males revealed that Md119
(adult resident male) had strong associations with Md55 and
Md99 (adult resident females, HWI = 0.45 and 0.48 respectively,
p < 0.05). Long-term preferred associations occurred within
adult females, and between adult females and immatures
(p < 0.05), and long-term random associations occurred between
adult females and all males independently of age class.

Temporal Patterns

The third model was the best-fitting model for all individuals
and for adult females (Table 5). For all individuals, SLAR was
highest for short time lags and started decreasing fast after
100 days, reaching the null association rate in about 1 year
(Figure 5A). Adult females showed a similar pattern, except that
SLAR constantly declined from the short time lags and that the
null association rate was reached later (Figure 5B).

DISCUSSION

This study provides an analysis of the social structure of
Blainville’s beaked whales in insular oceanic ecosystems, which
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TABLE 3 | Models fitted to Lagged Identification Rates (LIR) for adult females and immatures, and for adult and subadult males of Blainville's beaked whales captured
between 2015 and 2019.

Age-sex class Model Formula QAIC
Adult female 4+ immature (n = 48) Closed 1/22.10 4899.37
Emigration/mortality (1/14.97) (-~ /1424.11) 4848.00
Emigration + reimmigration (1/12.40)x[(1/800.99) + (1/503.82) g~ (1/800.99 + 4843.14
1/803.82) x )1/(1/800.99 + 1/503.82)
Emigration + reimmigration + mortality (e(—0-0004 x 1)/10.89) x [(1/158.43) + (1/214.44) 4842.27
e(=(1/158.43 + 1/214.44) x ©)]/(1/158.43 + 1/214.44)
Adult + subadult males (n = 31) Closed 1/17.43 813.78
Emigration/mortality (1/9.80) e(~ T /862.12) 794.42
Emigration + reimmigration (1/2.91) x [(1/58.92) + (1/10.61) e(~(1/58.92 + 1/10.61) 802.39
* ©)1/(1/58.92 + 1/10.61)
Emigration + reimmigration + mortality (e(—0-001 x 1/0.94) x [(1/14.36) + (1/1.38) 791.08

e(~(1/14.36 + 1/1.38) x 1]/(1/14.36 + 1/1.38)

T is time lag in days. The lowest QAIC (in bold) indicates the best-fitting model. Estimated residency parameters and standard errors (SE) for the best-fitting model for
adult females and immatures are: population size in the study area at a given time = 10.89 (2.29); residence time in the study area = 214.44 (99.68) days; residence
time out of the study area = 158.43 (448.63) days, and mortality = 0.0004 (0.0004). Estimated parameters for the best-fitting model for adult and subadult males are:
population size in the study area at a given time = 0.94 (2.13); residence time in the study area = 1.38 (21.16) days; residence time out of the study area = 14.36 (44.48)
days; and mortality = 0.007 (0.0006).

0.16 - .

0.14 - o

0.02 ‘ L L L

10 10 10? 10°
B 038 ; . T
0.6 - .

Lagged Identification Rate

10° 10! 10° 10
Time Lag (Day)

FIGURE 2 | Lagged Identification Rates (LIR) for (A) adult females and immatures and (B) adult and subadult males in Madeira between 2015 and 2019. The graph
shows the probability that an individual Blainville’s beaked whale captured at an initial time “0” will be captured again at x time later in the study area. Blue lines
represent the best-fitting model according to Table 3, green circles represent the data, and vertical bars indicate SE calculated using a bootstrap method on each
sampling period.

are characterised by specific topographic and oceanographic in relationship to age class, sex, residency status, and spatio-
variables that are known to influence predators’ habits, such as  temporal patterns showed a social structure modulated by
cetaceans (Abecassis et al.,, 2015; Fernandez et al., 2021). The adult females. This agrees with analyses of mammalians’
analysis of a longitudinal dataset on individual associations social complexity where a female-based sociality prevails
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FIGURE 3 | Network diagram of Blainville's beaked whales. Nodes represent
individuals and are coloured and shaped for age-sex class and residency
attributes: pink- adult female, blue- adult male, orange- subadult male, green-
immature; circle- resident, triangle- visitor, and square- transient. The
thickness of the lines between nodes represents the strength of association
among dyads, where thicker lines correspond to stronger associations. The
embedded network at the top right is the network of the resident whales only.
llustration® ARDITI/E. Berninsone.

(Lukas and Clutton-Brock, 2018), in which cetaceans, and
especially toothed whales, are no exception (Rendell et al., 2019).
The present findings support the hypothesis of female defence
polygyny suggested by McSweeney et al. (2007) for a population
in Hawaii, as well as reported in the Bahamas and Canary Islands
(Claridge, 2006; Sudrez, 2018). In addition, the present findings
support information on female philopatry based on higher
residency levels by adult females and provide a discussion on this
social strategy.

The findings obtained in this study are inferred from a good
agreement of the combination of movement and social analyses,
from which five broad main results have emerged. First, there
was heterogeneity in capture probability, given that 60% of the

animals were captured on multiple occasions and most of the
inter-annual recaptures (and the longer ones; >5 years) were
from adult females. Island-associated animals (i.e., residents and
visitors) were also mainly adult females, which presented the
highest RR (0.86). The asymptotic discovery curve, observed
from approximately > 300 cumulative captures, reveals that
the studied island-associated population seems relatively small
(likely < 50 animals). This also shows that recruits are less
common throughout the years and some adult females exhibit
high site fidelity, supporting Dinis et al. (2017).

Second, the best-fitting models from the LIR analysis included
emigration and reimmigration with (residual rates of) mortality,
which suggests temporary migration into and out of the area
and transiency, with mortality within expected values given the
duration of the study and the long-living nature of this mammal
species. Additionally, it shows heterogeneity in residency times
between age-sex classes. A higher number of adult females and
immatures spent more time in the area than adult and subadult
males, but also left for more extended periods. This reinforces
the more constant presence of adult females and immatures in
Madeira. The differentiated habitat use by Blainvilles beaked
whales of different age classes, sexes and residency patterns has
also been described in the Hawaii, Bahamas and Canaries from
photo-id analysis (Claridge, 2006; McSweeney et al., 2007; Sudrez,
2018). Moreover, the heterogeneity in residency times between
age-sex classes suggests different habitat roles, supporting spatial
structuring within the species social organisation, with an
indication of female philopatry.

Third, the social network analyses shows that the main
cluster includes all the resident individuals and 93% of the
visitors, supporting an island-associated population in the study
area. This agrees with the previous points and with Dinis
et al. (2017). Central individuals can be information carriers in
dolphin societies (Lusseau and Newman, 2004), yet there was no
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FIGURE 4 | Boxplot for strength and clustering coefficient for each residency pattern (R-resident, V-visitor, T-transient) in adult females (the most representative
group). The horizontal line in the box represents the median, the bottom and top of the boxes represent the first and third quartiles and whiskers show values within
1.5 times of the interquartile range from the boxes. Raw data are plotted as single points. A double permutation test showed no significant differences on the

influence of residency patterns in the social network structure.
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TABLE 4 | Permutation tests for preferred associations within and between age
classes and sexes for individuals captured on > 3 occasions for short-, medium-,
and long-term between 2011 and 2019.

CV of CV of random p-value
observed HWI HWI mean

mean
Short-term (sampling period hours)
All individuals (n = 36) 2.31 2.00 0.001
Adult female —Adult female 217 1.99 0.02
(n=19)
Adult female—Adult male 1.74 1.61 0.02
(n = 26)
Adult female—Subadult male 2.34 2.29 0.25
(n=21)
Adult female—Immature 2.40 2.04 0.002
(n = 26)
Medium-term (sampling period months)
All individuals 2.26 2.09 0.001
Adult female —Adult female 2.30 2.03 0.003
Adult female —Adult male 1.75 1.63 0.03
Adult female —Subadult male could not be permuted
Adult female —Immature 2.25 1.97 0.00
Long-term (sampling period years)
All individuals 2.26 2.09 0.001
Adult female —Adult female 2.30 2.10 0.01
Adult female—Adult male 1.75 1.68 0.16
Adult female —Subadult male 2.34 2.24 0.13
Adult female —Immature 2.26 2.05 0.01

HWI, half-weight association index; CV, coefficients of variation.

TABLE 5 | Models fitted to the standardised lagged association rate (SLAR) for all
individuals and for adult females.

Age-sex class Model formula QAIC
All individuals 0.059668 677.34
0.164610 g(~0-001975 x ©) 596.11

0.016073 + 0.231560 e(—0-006573 x ©) 568.79

0.229680 e(~0-007026 x 1) | 0 020314 e(~0-000152 x 1) 570 68

Adult females 0.109860 225.70
0.332700 e(~0-001908 x 1) 190.56

0.036611 + 0.457340 e(—0-006697 x 1) 182.97

1.595400 e~ 14119 x 1) 4 0.300120 e(~0-001770 x ©) 192 40

The lowest QAIC (in bold) indicates the best-fitting model. The first model (with
one parameter) suggests permanent associations, the second model (with two
parameters) suggests that associations decrease until complete disassociation,
the third model (with three parameters) suggests long-lasting and temporary
associations, and the fourth model (with four parameters) suggests two levels of
disassociation (detailed in section “Material and Methods”). t is time lag in days.

significant influence of the age-sex classes and residency patterns
in the network measures. This could be related to the sampling
area that likely represents a portion of the home range of these
animals, especially of the transients, making it difficult to confirm
the role that different residency patterns might play in the social
network analyses of Blainville’s beaked whales.

Fourth, the tests for preferred associations show strong
dyadic associations between adult females and immatures,

contrarily to between males, as expected for a long-lived mammal
species (Lukas and Clutton-Brock, 2018). This is based on the
highest maximum association indices between adult females
and immatures and the lowest mean and maximum association
indices among all combinations of subadult males and adult
males’ dyads. The sum of association indices indicated that the
typical number of associates per individual ranged from 1.3 to
4, indicating small group sizes similar to other areas (reviewed
in Baird, 2019). Adult females exhibited short- and medium-
term preferred associations between all age-sex classes, except
for subadult males with whom they associated randomly. The
significant monthly associations between adult females and adult
males were likely influenced by pairs of dyads composed by a
particular adult resident male (Md119) with two adult resident
females (Md55 and Md99; based on their capture histories,
Supplementary Table 1). In the long-term, preferred associations
occurred only within adult females, and between adult females
and immatures, supporting the hypothesis of female defence
polygyny in this species.

Fifth, the best-fitting models from the analysis of the temporal
pattern included a decay that levelled off and suggested long-
lasting and temporary associations. The fast decrease of SLAR
after 100 days for all individuals, indicated that many associations
between individuals did not last longer than 3 months. The
null association rate was reached in about 1 year, meaning
that individuals associated randomly more often than expected
for about a year. The peaks formed at 400 and ~1,500 days
are, most probably, a sampling by-product. For adult females,
the null association rate was reached later (approximately
3.5 years). Therefore, adult females associated more often than
expected if they associated randomly for periods of at least
3.5 years, although the SLAR stays above the null association
rate for more extended periods. Such period could be related
to time invested in nursing and/or alloparental care, which
is a socioecological strategy commonly displayed by mammals
(Greenwood, 1980; Berger et al, 2021), and particularly by
deep-diving cetaceans like pilot (Globicephala spp.) or sperm
whales (Physeter macrocephalus) (Whitehead, 1996; Augusto
et al., 2017). While the obtained SLAR slope for adult females
declines faster, their association rates are higher than those from
all individuals, indicating that other age-sex classes, such as adult
males, subadult males, and immatures, have more ephemeral
associations between individuals and hence decreased the values
of the association rates. The jackknife precision estimates indicate
that associations between adult females last longer than all age
classes combined.

As an overview, there were intra- and inter-annual preferred
associations between females, but preferred associations with
males occurred only intra-annually. In addition, adult females
and immatures stayed extended periods in the area when
compared to adult and subadult males. It is suggested that
Blainville's beaked whales exhibit a general pattern of one adult
male leading a small group of females during a short- to mid-
period of time (hours to months) and that females are the ones
“controlling” the area (i.e., higher site fidelity) and displaying
longer-term associations; thus having a social structure driven
by female philopatry and defence polygyny. This agrees with the
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FIGURE 5 | Standardised lagged association rate (SLAR) for (A) all individuals and (B) adult females captured between 2011 and 2019. Vertical bars indicate SE
calculated using the temporal jackknife method. The brown line is the observed data, the yellow line is the best-fitting model according to Table 5, and the blue line

is the standardised null association rate (i.e., if individuals associated randomly).

unimale group mating system described in Clutton-Brock (1989)
where the cost-effectiveness of territoriality declines and males
are more likely to defend groups of females or to search receptive
females, as observed in several terrestrial mammals (Clutton-
Brock, 1989) and similar to sperm whales (Rendell et al., 2019).
It can therefore be inferred that Blainville's beaked whales have
a social structure stratified by age-sex class, and that they can
combine a mix of the sociality found in smaller delphinids where
ephemeral relationships usually take place (Gowans et al., 2007)
and in mid- to large-sized toothed whales where “matrifocal”
or matrilineal systems occur (Rendell et al., 2019). Different or
mixed social structures are not uncommon among mammals,
such as, for example, the stratified community and the multi-male
mating system of Risso’s dolphins (Grampus griseus) (Hartman
et al.,, 2008, 2015), which differs from the fission-fusion and
matrilineal society models.

The findings presented here shed light on a single species of
the second-most speciose family (Ziphiidae) of cetaceans. Studies
on the social structure of beaked whales exist only for four species

(17% of all known beaked whale’s species; Carroll et al., 2021),
derived from restricted areas (reviewed in Weiss et al., 2021).
While for Cuvier’s beaked whales (Ziphius cavirostris), sperm
competition seems to play a role in the mating system (Baird,
2019), in northern bottlenose whales (Hyperoodon ampullatus),
there are strong associations between males (Gowans et al.,
2001), whereas, in Bairds beaked whales (Berardius bairdii),
there are stable associations among more scarred (old and/or
male) individuals (Fedutin et al., 2015). Thus, beaked whales’
social structures should not be generalised, given that association
patterns, mating structures and societies vary between species
(Hooker et al., 2019).

This study also increases our knowledge of the social strategy
related to female philopatry and female defence polygyny. Here,
both are present, but one does not necessarily imply the other.
One and/or the other has been described for birds, pinnipeds,
deers, or non-human primates (Greenwood, 1980; Le Boeuf,
1991; Koening et al., 2013; Bose et al., 2017), thus suggesting
interspecific flexibility of mating systems and social structure,
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which could arise from several factors such as more cooperative
male resource defence (Koening et al., 2013). The formation
of stable associations can be correlated with biological and
ecological factors (Morales et al., 2010), with long-term bonds
being recorded within age-sex classes and with female-biased
kinship organisation being found among larger species (Weiss
etal.,, 2021). Such stable relationships provide certain advantages
over sporadic bonds, like allomaternal care in deep-diving species
(Rendell et al., 2019) or increased male mating success and
herding of females during breeding seasons (Clutton-Brock,
1989; Connor et al.,, 1992), which could partially explain the
described social system of the Blainville’s beaked whales.

Potential biases in the present study, especially those related
to heterogeneity in capturability and residency, could be related
to using data from platforms of opportunity. Nevertheless,
likelihood techniques were used to estimate parameters of
movement models (Whitehead, 2001), which allowed dealing
with the effort associated with collecting the individual
identifications that had been neither randomly nor systematically
distributed in space-time. In addition, the fact that the data were
collected year-round over a relatively long period, and that it
was restricted to good quality pictures and distinctive individuals,
helped minimising biases. Moreover, the HWI was selected to
represent the strength of the behavioural relationships between
dyads since it is potentially less biased and recommended to be
used when not all individuals have been identified in a sampling
period (Whitehead, 2008), as in this case. Although other indices
such as the Simple Ratio (Ginsberg and Young, 1992) could
also be a good candidate (following Hoppitt and Farine, 2018),
the inferences drawn from that index (not shown) were similar
to the HWI and therefore the latter was preferred based on
Whitehead (2008), even being aware that it does not fully correct
biases. Another issue is that, when there is a difference in QAIC
by less than two, the second best-fitting model should not be
disregarded since it still offers substantial support (Burnham
and Anderson, 2002). In this study, there was one case in the
LIR and another in the SLAR analyses. In the former case, the
only difference with the best model was that the second-best
did not include mortality. Given that it makes sense to consider
mortality in a real-life scenario, the model with the lowest QAIC
was in accordance with being the best one. In the latter case,
the third model was the best-fitting and the fourth model was
the second best. Again, the best-fitting suggests being the most
logical because permanent association (or preferred companions)
occurred to some extent (i.e., long-term associations among
adult females) in the targeted population. Finally, analyses on
the social structure of animals that spend most of its time
submerged, such as beaked whales (Tyack et al., 2006), should
be inferred with caution. However, we believe that the findings
obtained from surface data should reflect, in a general way, the
species social system.

To further assess the socioecology of deep-diving species
within an evolutionary approach, future studies should combine
photo-id analyses with genomics and/or biotelemetry (e.g.,
Aguilar de Soto et al.,, 2012; Abecassis et al., 2015; Visser et al,,
2021). Although challenging, targeting several individuals of the
same group would help clarify these elusive species’ matrilineal
kinship. Comprehensive studies, such as the present one, allow

incrementing our knowledge on the social behaviour of beaked
whales and identifying resident populations. This information is
necessary to better understand, manage and protect such cryptic
species from increasing anthropogenic disturbances for which
they are vulnerable.
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Marine megafauna serve valuable ecological and economical roles globally, yet, many
species have experienced precipitous population declines. The significance of marine
megafauna is particularly evident in Macaronesia, a complex of oceanic archipelagos
in the Northeast Atlantic Ocean. Macaronesian islands provide important habitats
for marine megafauna species, in turn supporting considerable regional economic
activity (e.g., ecotourism and fisheries). Despite this, concerted efforts to manage
marine megafauna throughout Macaronesia have been limited. This systematic review
provides the first description of the trends in marine megafauna research in this unique
insular ecosystem, to provide a better understanding of taxa-specific research needs
and future directions for conservation. We identified and validated 408 peer-reviewed
publications until 2021 following the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) criteria. Literature was dominated by marine mammal
research conducted in the northern archipelagos (Azores, Madeira, and Canary Islands)
and marine turtle research conducted in Cabo Verde. Much less research focused
on large-bodied fish, especially in Madeira and Canary Islands, leaving some of the
most vulnerable species regionally data deficient. Research across scientific disciplines
focused more on biological studies than management and policy, and anthropogenic
impacts were quantified more frequently on mammals or turtles and less on fishes.
By identifying gaps in our knowledge of megafauna in relation to threats faced by
these organisms, we offer taxa-specific recommendations for future research direction.
Although, overall our results indicate that determining population level connectivity
should be a major research priority among many marine megafauna species as this
information is vital to numerous management strategies, including marine protected
areas. In this review, we present a basis of understanding of the current work in
Macaronesia, highlighting critical data gaps that are urgently needed to guide the next
steps toward establishing conservation priorities for marine megafauna in the region.

Keywords: Atlantic, insular systems, marine mammal, sea turtle, elasmobranch, conservation, predators, large
fish
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INTRODUCTION

Marine megafauna are broadly defined by their large size
and important ecological functions, including animals such as
mammals, large fishes, and sea turtles (Moleén et al., 2020;
Pimiento et al, 2020). Most notably, marine megafauna are
key components to their environment as they help shape
ecosystems (and the related functional processes), many of
which are considered ecosystem engineers and act as sentinels
for ecosystem health (Bossart, 2006). For example, baleen
whales contribute to the horizontal transfer of limiting nutrients
throughout the water column (Roman et al., 2014), and stingrays
alter the benthic morphology as bioturbators which increase
localized nutrient fluxes (Lohrer et al.,, 2004). Moreover, many
species of megafauna are considered apex and meso-predators
across pelagic and coastal food-webs (Temple et al., 2018).
The loss or depletion of such species may limit their current
ecological impacts (Pimiento et al., 2020), and potentially result
in trophic cascades with consequent loss of community structure
and dynamics (Heithaus et al., 2008; Kiszka et al., 2015) and
subsequent nutrient cycling (Burkholder et al., 2013). In addition
to the biological and ecological consequences of megafauna
extirpation, commercial and social relationships also rely on
marine megafauna as a source of income in terms of fisheries
(Morato, 2012; Gonzélez et al., 2020; Martinez-Escauriaza et al.,
2021) and ecotourism (O’Connor et al., 2009; Mazzoldi et al.,
2019; Gonzales-Mantilla et al., 2021).

Despite their commercial and ecological importance, many
species of marine megafauna are of high conservation concern,
of which nearly one-third are considered at risk of extinction
(Pimiento et al., 2020; Dulvy et al, 2021). This is primarily
due to the shared k-selected life history traits that these groups
possess, notably high longevity, slow growth, late maturity,
and low fecundity (Temple et al., 2018). The increase of
waterborne anthropogenic activities has led to an increase in
potential threats to marine megafauna, notably fisheries, marine
traffic, pollution, and climate change (Halpern et al., 2008). The
threats associated with humans often overlap with ecologically
important areas for marine megafauna, consequently, a multitude
of species have been impacted globally which continues to rapidly
intensify (McCauley et al., 2015). Without protective measures,
international cooperation, and management of threatened
species, marine megafauna populations are expected to face
global, local, and functional extinction within the next century
(McCauley et al., 2015; Pimiento et al., 2020).

Successful conservation is dependent on quantifying certain
biological aspects of marine megafauna, such as species
distributions, habitat use, and connectivity (Sequeira et al., 2019).
Yet, there are many challenges associated with conservation
and research for these threatened groups, such as low
detectability and encounter rates, in addition to the high costs
associated with accessing the, often remote, marine environment
which they inhabit (Afonso et al, 2020). Furthermore, the
wide-scale migratory nature of many marine megafauna has
made it challenging to acquire descriptive information for
many species, and as such, their decline or loss may go
unnoticed due to lack of knowledge and poor management

(Heetal., 2017; Temple etal., 2018). Insular systems, such as
oceanic island systems, are particularly vulnerable regions that
warrant increased attention as marine megafauna are often in
closer proximity to anthropogenic threats (Fernandez-Palacios
et al, 2021). Management strategies for marine megafauna
in these systems are largely based upon existing research
conducted on these organisms. Consequently, there is a need
to identify research areas lacking in such knowledge to help
provide actionable conservation goals and better manage marine
megafauna groups within oceanic insular ecosystems.

In this context, this review specifically focuses on the status
of marine megafauna research in the Macaronesia region.
Macaronesia lies in the Northeast Atlantic Ocean and is
historically composed of four oceanic archipelagos of volcanic
origin, in decreasing order of latitude: the Azores, Madeira,
Canary Islands, and Cabo Verde. The northern archipelagos of
the Azores, Madeira and Canary Islands are interconnected by
oceanic currents and are considered temperate or sub-tropical,
whereas Cabo Verde is considered a tropical ecosystem (Spalding
et al, 2007). The Macaronesian biogeographic unit has been
subject to years of some debate where, depending on the taxa of
study, archipelagos have either been subdivided or grouped into
smaller and distinct ecoregions (e.g., Lloris et al., 1991; Spalding
et al, 2007). For example, the most recent study proposed
the complete exclusion of Cabo Verde based on a multi-taxon
approach to redefine the region (i.e., coastal fishes, invertebrates
and macroalgae; Freitas et al.,, 2019¢). Owing to the migratory
nature of many marine megafauna species, Macaronesia is
herein considered inclusive of all four archipelagos. Although
there are taxa specific reviews on an archipelago scale (e.g.,
Das and Afonso, 2017), and few throughout the region (e.g.,
Valente et al., 2019; Cartagena-Matos et al., 2021), the current
study presents the first comprehensive multi-taxa review across
Macaronesia. Collecting information on such a wide-scale
enables an assessment of current marine megafauna research
status including gaps among archipelagos and key taxa.

The combination of high regional diversity and lack of
comprehensive understanding of marine megafauna calls for
a synthesized documentation of the research conducted in
the region as a crucial step toward establishing conservation
priorities for Macaronesia. The main objectives of this study were
to (I) quantify the relative magnitude of research that has been
conducted on key marine megafauna groups in Macaronesia,
(II) compare the trends of research among the Macaronesian
archipelagos, and (III) describe the advances and future
direction of marine megafauna research within Macaronesia.
Finally, this review aims to contribute in guiding future
research, management, and evidence-based conservation of vital
taxonomic groups for the marine ecosystem of Macaronesia.

GENERAL METHODOLOGY

This study followed the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA; Moher et al, 2016)
guidelines (Figure 1). All analyses were performed after the
characterization of suitable studies (Supplementary Table 1).
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Records identified through database searching
Scopus (n = 645)
Web of Science (n = 635)
Google Scholar (n = 350)

v

Records after duplicate screening and removal
(n =1029)

Identification

Records excluded if:
Studies were not on marine
megafauna groups (n = 355)
Studies were not conducted in
Macaronesia (n = 165)
Studies focused on fossil data
(palaeontology) (n = 8)

Records excluded = 528

v

Records screened
(n =1029) >

2 v

% Full-text articles assessed Full-text articles excluded if:

o for eligibility = = Comment, correction, non-
(n =501) quantitative, or grey literature

(n=69)

Paper only in abstract form, or

cannot be located (n = 23)

Non-target language (n = 1)
Articles excluded = 93

v

Studies included in quantitative synthesis
(n =408)

FIGURE 1 | Flow diagram of the Preferred Reporting Items for Systematic
Reviews (PRISMA; Moher et al., 2016) methodology and selection process
used, indicating the number (n) of studies included in this review. The bold
numbers are key numerical values associated with the number of studies
included in the review.

Searches were conducted in English, Portuguese, and Spanish
using SciVerse Scopus', Thompson’s ISI Web of Science?, and
Google Scholar’ databases (Table 1). Results from Google
Scholar that exceeded 100 publications were capped at 10
pages, owing to the negligible chance of finding further relevant
publications past the 10th results page (Cartagena-Matos et al.,
2021). Peer-reviewed research published between 1900 and
February 2021 was included to assess general temporal trends.
Literature published prior to 1970 was excluded from detailed
analysis (i.e., scientific discipline, methodology, general taxa, and
anthropogenic impacts) due to the uncertainty of peer-review.
Additionally, all gray literature post 1970 and publications in a
non-target language were fully excluded. This process provided
1,029 publication records, after removal of duplications.

A screening process was conducted based on a set criterion
to filter appropriate studies (Table 2). Initially, titles and
abstracts were screened for inclusion categories, resulting in 501
publications considered for full-text screening, of which 408
publications were included for full analysis. Validation of every
decision to include or exclude a specific paper was confirmed
by at least two authors to ensure all appropriate literature was

'https://www.scopus.com
Zhttps://webotknowledge.com
3https://scholar.google.com

TABLE 1 | Search terms used to locate and acquire relevant literature for the
systematic review in English, Portuguese (PT), and Spanish (SP).

Search terms

Translation

Marine mammals

“marine mammal*” OR baleen* OR dolphin*
OR whale* OR porpoise* OR cetacean* OR
pinniped* OR seal*

Chondrichthyes

“Elasmobranch*” OR shark* OR stingray*
OR skate* OR Chondrichthyes* OR
chimera*

Osteichthyes

“predatory fish*” OR “mobile predator*” OR
“game fish*” OR “sport fish*” OR “billfish*”
OR sailfish* OR marlin® OR swordfish* OR

PT: golfinho, baleia, foca SP:
delfin, ballena, foca

PT: tubaréo, raia SP: tiburén,
mantarraya

PT: peixe-agulha,
peixe-espada, pesca
desportiva SP: pez espada,

scombrid* OR tuna* marlines, pez vela, pesca
deportiva
Sea turtles

turtle® AND (marine* OR sea* OR ocean®) PT: tartaruga marinha SP:

tortuga marina

Search terms were combined with a location search using TITLE-ABS-KEY
(Macaronesia* OR Azores* OR “Canary Islands*” OR Madeira* OR “Cape Verde*”
OR “Cabo Verde™’).

TABLE 2 | Inclusion and exclusion criteria for literature in the systematic review.

Inclusion criteria Exclusion criteria

The study was conducted on marine
birds, or on non-target fish species

The study focuses on marine
megafauna, i.e., marine mammals, sea
turtles, chondrichthyes, and large
bodied game fish

The study was conducted in
Macaronesia, or the analyses were
performed on data derived from the
Macaronesian region

The study tagged or reported marine
megafauna outside of Macaronesia
which was later detected in
Macaronesian waters

The literature is a comment paper, or
erratum/corrigendum paper, or only
available in abstract form

The literature is in English, Portuguese,
or Spanish

Reviews that do not provide
quantitative analysis/data (e.g.,
descriptive books with no extractable
data)

The study of fossils (paleontology)

included. The details of the retained literature for this systematic
review can be found in the Supplementary Material.

Data Analysis

Data from publications that passed through all inclusion criteria
was extracted using ArcGIS Surveyl23 (detailed description
can be found in Supplementary Table 2). The collected data
categorized publications by year of publication, author affiliation,
archipelago, depth of the surveyed area, research theme (i.e.,
biology, or management and policy), primary methodology
(e.g., extractive, observational, experimental, etc.), primary taxa
(i.e, marine mammals, osteichthyes, chondrichthyes, or marine
turtles), and if assessed, the type of anthropogenic impact
investigated. Although some marine birds might be considered
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marine megafauna, these were excluded for the purpose of
this analyses and review. All parameters were compiled into a
singular database of marine megafauna research in Macaronesia
(Supplementary Table 3). For the purposes of comparative
assessment, publications that had data from more than one
archipelago were represented by each individual archipelago
when describing research trends over time (Figures 2-5; i.e.,
single study with data from Madeira and Canary Islands will
be represented twice). Original graphical representations and
statistical analysis were conducted in R version 4.0.3 (R Core
Team, 2020). A linear regression model was fitted to the
quantity of publications per year to test for significant trends in
publications over time (R base package), excluding 2021 as it was
an incomplete year. The threshold for statistical significance was
p <0.05.

RESULTS

Scientific publications investigating marine megafauna in
Macaronesia have significantly increased over time (> = 0.66;
p < 0.001), reaching a peak annual output of 50 publications
per year between 2019 and 2020 [maximum recorded annual
publications per archipelago: Azores: 15 (2020); Madeira: 12
(2019); Canary Islands: 19 (2019); Cabo Verde: 10 (2019)]
(Figure 2). Although, current trends of marine megafauna
research within Macaronesia are highly variable among
archipelagos. The majority of regional studies have been
conducted solely in the Azores (33%), followed by the Canary
Islands (30%), Cabo Verde (17%), and Madeira (10%). In
addition, 10% of studies were conducted in more than one
archipelago, and 3% included data from all Macaronesia
(Figure 2). Of the studies that were conducted in more than
one archipelago (n = 30), the majority included data derived
from both the Azores and other archipelagos (n = 23; Azores-
Madeira = 16; Azores-Canary Islands = 10; Azores-Cabo
Verde = 2*). Studies that incorporated data from the Canary
Islands and Madeira, and Canary Islands and Cabo Verde were
least common (n = 4, respectively). From the total number of
publications, 79% had at least one author affiliated to a research
institution at the archipelago of study. According to our analysis,
most publications (68%) were from sea-level or above (i.e., boat,
shore, and desk-based). Of the 32% of studies that investigated
marine megafauna at depth, 16% collected data from the first
30 m, 6% from between 31 and 200 m, 18% from depths below
200 m, and 65% did not define the depth investigated.

The primary taxa of research conducted in the Azores,
Madeira, and the Canary Islands were marine mammals
(51%, 51%, and 56%, respectively; Figure 2), followed by
chondrichthyans (29%, 21%, and 18%, respectively), and an
equivalent research output for marine turtles in the Canary
Islands (18%). Relative trends in turtle research per archipelago
appeared to increase with decreasing latitude (Azores: 8%,
Madeira: 17%, Canary Islands: 18%, Cabo Verde: 43%). Research

“Sum of individual products are greater than that of the total due to instances
where data were derived from more than two archipelagos.

output on large-bodied osteichthyes received the third-most level
of relative research effort in the Azores and Cabo Verde (12%
and 14%, respectively), yet few studies were found in Madeira and
Canary Islands (10 and 8%, respectively). Contrasting trends were
observed in Cabo Verde, where the primary output was turtle
research, followed by marine mammal (33%), osteichthyan, and
chondrichthyan research (10%). Additionally, relative patterns
of research effort by archipelago were not consistent among all
taxa (Figure 3). The majority of research on marine mammals,
chondrichthyes, and osteichthyes has been conducted in the
Azores archipelago, with a similar, yet fewer number of studies on
marine mammals having been conducted in the Canary Islands.
Marine turtles have received more research attention in Cabo
Verde than any other archipelago in Macaronesia.

Research across scientific disciplines was not evenly
distributed, with more biological studies (n = 346 c.f. 62)
than management and policy publications. The majority of
biological research was conducted within the sub-disciplines
of biodiversity and behavior yet was highly variable among
taxa (Figure 4). Biological studies involving marine mammal
research was composed mainly of pathological studies (19%),
followed by population (18%), and biodiversity assessments
(16%). There were less marine mammal publications focusing
on life history (1%) and none on reproduction, similar to
chondrichthyan research (1%, respectively). Chondrichthyan
research was dominated by biodiversity research (34%), followed
by trophic ecology (11%), whereas osteichthyan research had
primarily behavioral (25%), and biochemical (17%) related
studies. Within the sub-disciplines of osteichthyan research,
there were no available publications on either reproductive
of pathological assessments. Marine turtle research was
predominantly focused on biochemistry studies (23%), pathology
(14%), and genetic assessments (11%), with no publications on
behavior or taxonomy, and few on their life history (1%). Within
management and policy related sub-disciplines, the majority of
marine mammal, chondrichthyan, and osteichthyan research was
based on fisheries (38%, 62%, and 56%, respectively), whereas
marine turtle research focused on environmental impacts
assessments (EIAs; 47%). There were few publications on EIAs
or marine protected areas (MPAs) for either chondrichthyes (5%
and 6%, respectively) or osteichthyes (5% and 6%, respectively).

The number of sub-disciplines investigated within the primary
thematic lines (i.e., biological studies; management and policy)
have increased considerably over the past two decades (2000-
2020; Figure 5). Biological studies, specifically biodiversity
research, appears to be the earliest occurring sub-discipline
per taxa, and is also one of the fastest growing research
themes for marine mammal, chondrichthyan, and osteichthyan
research. Marine mammal research on pathology, behavior and
movement have seen recent increases in publication output,
whereas chondrichthyan and osteichthyan trophic ecology have
also shown recent increases. Marine turtle research has increased
in almost all sub-disciplines in the past decade, especially within
biochemistry, movement, and population ecology. Management
and policy related disciplines have lagged in comparison with the
first publications for marine mammal and osteichthyan research
surfacing in 2003, then in 2010 for chondrichthyes, and 2011

Frontiers in Marine Science | www.frontiersin.org

March 2022 | Volume 9 | Article 819581


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Mclvor et al.

Marine Megafauna Research in Macaronesia

A 1
420N ] PORTUGALi
38°N 3
34N1 " [ Marine Mammals _ Madeira I
[] Chondrichthyes ©[70]
so.n| [ Osteichthyes 4 i
P . 2
Marine Turtles YT 4 ALGERIA
26°N+ 3
Canary Islands
[152]
22°N I
18N | Cabo Verde :
& [87] *. .
km .0 OO
[
14°N7 ¢ 500 r
36W  32W  28W  24W  20W  16W  120W
B
—
® 200 1 mm Azores - 400
>q£) 175 1 == Madeira 2
o
o 150 { mm Canary Islands L 300 &
c 9
S 125 gabo ?/T.rde §
© — Cumulative a
£ 100 200 o
S 2
a 75 5
"'6 >
o 50 100 g€
3 3
g 25
z 0 0
O
Q)®
FIGURE 2 | Quantitative representation of reviewed publications by Macaronesian archipelago in relation to (A) composition of focal taxa (size of chart scaled to
relative number of publications) and (B) publication trends over time.

for marine turtles. Research into MPAs has seen the most recent
increase in publications for all taxa, except for osteichthyes.
Notable increases in publication output have recently been
observed in EIA research for osteichthyes and marine turtles, and
in fisheries research for chondrichthyes.

The majority of publications did not attempt to quantify
anthropogenic impacts (73%). Of the publications that quantified
risk to the focal taxa, most focused on fishing related impacts,

followed by marine pollutants and maritime traffic (Figure 6).
Specifically, the majority of impacts assessments in marine
mammal and chondrichthyan research focused on fishing related
impacts, whereas osteichthyan and marine turtle research had
a greater emphasis on impacts from marine pollution. Papers
which assessed the impacts of pollution and climate change
in Macaronesia were primarily focused on marine turtles,
while the majority of marine traffic research was conducted in
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relation to marine mammals. Overall, anthropogenic impacts
were quantified more frequently in publications that focused
on marine mammals or marine turtles, and less likely in
fish (Figure 6).

DISCUSSION

This study provides the first quantitative representation of
relative trends in marine megafauna research throughout
Macaronesia. Research output has increased annually, yet the
reviewed studies are currently dominated by marine mammal
research in the northern archipelagos (Azores, Madeira, and
Canary Islands) and by marine turtle research in Cabo Verde.
There is less fish-related research, especially within the Canary
Islands and Cabo Verde, leaving some of the most vulnerable
species regionally data deficient (Pimiento et al., 2020; Dulvy
et al, 2021; Supplementary Table 4 and Supplementary
Figure 1). The majority of research is conducted from boats/land,

and only 24% of research explored depths >30 m, highlighting a
serious knowledge gap regarding pelagic and deep-sea ecology in
this oceanic system. Although overfishing and direct harvesting
are commonly referred to as the main global anthropogenic
threats to marine megafauna (McCauley et al., 2015; Dulvy et al.,
2021), our findings reveal that other significant threats (e.g.,
marine pollutants, climate change, etc.; Figure 6) remain largely
unexplored in Macaronesia and require further research attention
to fully-understand their impacts across marine megafauna taxa.

Marine Mammals

Macaronesia hosts a variety of resident marine mammals [e.g.,
short-finned pilot whale Globicephala macrorhynchus (Alves
et al., 2013; Servidio et al., 2019), common bottlenose dolphin
Tursiops truncatus (Dinis et al., 2016), and Mediterranean monk
seal Monachus monachus (Pires et al., 2008)] as well as migratory
species [e.g., rough-toothed dolphin Steno bredanensis (Steiner,
1995; Alves et al., 2018) and Bryde’s whale Balaenoptera edeni
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(Ferreira et al., 2021)]. Marine mammals are typically seen as
charismatic animals that receive a lot of support from the public
and conservation entities, which often refer to them as flagship
species (Mazzoldi et al., 2019). There has been a corresponding
shift in perspectives of marine mammals from a consumptive
to an ecological resource. Following the end of industrial
whaling in the Azores and Madeira (1984 and 1981, respectively;

Brito, 2008; Mazzoldi et al., 2019), cetacean eco-tourism has
become an important regional industry that has promoted their
conservation (Mazzoldi et al., 2019). However, the expansion of
anthropogenic activities in Macaronesia brings with it associated
pressures that may require novel management strategies.

The majority of research in Macaronesia has been conducted
in the Azores and Canary Islands. Marine mammal research
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FIGURE 5 | Sub-topic evolution of (A) management and policy, and (B) biological studies per marine megafauna group, over the past two decades (2000-2020).
Dashed red line indicates the first research article published within the respective topic. Note differences in scale per taxa.
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is the main research output for the Azores, Madeira, and the
Canary Islands, and second largest output in Cabo Verde.
Early exploitation of marine mammals in Macaronesia allowed
preliminary research to grow (e.g., sperm whales Physeter
macrocephalus in the Azores; Clarke et al., 1993) and has been
steadily increasing since the 1980s. The primary focus of cetacean
research in Macaronesia has been biodiversity/biogeography
studies, population assessments [i.e., abundance and distribution
(Alvesetal., 2015; Wenzel et al., 2020)], and pathological research
[e.g., necropsy/clinical reports, virology (Fernandez et al., 2017)].
The high volume of pathological research is related to established
stranding networks throughout Macaronesia, for which the
majority has been conducted in the Canary Islands. In line with
previous research, our review highlighted species specific biases
in which research primarily focused on three main species (i.e.,
short-beaked common dolphin Delphinus delphis, sperm whale,
and common bottlenose dolphin; Cartagena-Matos et al., 2021).
Although marine mammals have received the most research
attention among marine megafauna regionally, certain fields
of study remain unrefined. There is a distinct lack of
ecological research surrounding species such as the pygmy
(Kogia breviceps) and dwarf (Kogia sima) sperm whale, or
beaked whales (Ziphiidae). This is not surprising as many of
these species are elusive and difficult to study, and most of
the known information comes from stranding-related necropsy
reports (McAlpine, 2018). We also found a paucity of peer

reviewed research on basic biological aspects of the Critically
Endangered Mediterranean monk seal Monachus monachus
(e.g., diet, movement, pollutants; European Mammal Assessment
Team, 2007). The Mediterranean monk seal formerly inhabited
the whole of Macaronesia (Monod, 1948; Machado, 1979;
Hernandez, 1986; Silva et al., 2009; Brito, 2012; Gonzélez,
2015), yet is now confined to the Madeiran Archipelago with
a single population of ~20 individuals (Karamanlidis et al.,
2005; de Larrinoa et al., 2021). Without adequate information
available for certain marine mammal species in Macaronesia,
population declines and threats may go undocumented and
ineffective species protections may be enacted. Across all
marine mammals, population estimates, migratory patterns,
and abundance estimates, which underpin many conservation
strategies, are currently limited in Cabo Verde and Madeira
(Figure 3). Understanding species connectivity is another
important component of conservation, yet within Macaronesia
this information remains scarce. For example, short-finned pilot
whale and bottlenose dolphin population structuring is evident
between the Azores, Madeira, and Canary Islands (Alves et al.,
2019; Dinis et al., 2021), yet has not been expanded to include
Cabo Verde (Hazevoet et al., 2010; Correia et al., 2020).

The main potential threats to cetaceans in northern
Macaronesia include vessel collision (e.g., Canary Islands; Ritter
and Panigada, 2018) and intensive whale watching throughout
the Azores, Madeira, and Canary Islands (Arranz et al., 2021a,b;
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Sambolino et al., 2022a). Other indirect or difficult to quantify
threats, such as by-catch and overfishing, could also pose risks
to this taxa, and are of greater concern in Cabo Verde (Visser
et al., 2011; Lopes et al., 2016). The increase in marine-based
anthropogenic activities is reflected as an increase of pressures
faced by marine mammals (Fais et al., 2016; Cunha et al., 2017;
Ritter et al., 2019; Schoeman et al., 2020; Sambolino et al., 2022b).
This is echoed throughout the literature and has pushed research
efforts to investigate the impacts of bycatch, pollutants, and
marine traffic, yet future research should also focus on climate
induced impacts (Sousa et al., 2021).

Successful conservation of marine mammals in Macaronesia
will rely heavily upon a population-level understanding of
their ecology and biology. Connectivity and biogeographical
patterns of large delphinids and whales among the Macaronesian
archipelagos should be prioritized, as managing migratory species
often relies upon multi-national cooperation. Facilitating such
cooperation requires robust data on species connectivity to guide
protections within Economic Exclusion Zones (EEZs) and the
international waters in between (Correia et al.,, 2020; Ferreira
et al., 2021). This in turn requires an increased research effort
in Macaronesias offshore areas to attain reliable estimates of
species richness and abundance of marine mammals, which may
currently be underestimated (Valente et al., 2019; Correia et al,,
2020; Cartagena-Matos et al., 2021).

Chondrichthyes

Chimeras, sharks, skates, and rays are especially vulnerable to
exploitation owing to their specific life history traits and are
experiencing precipitous worldwide declines (Dulvy et al., 2021).
Among all megafauna groups, sharks are expected to be most
impacted by the decline of taxonomic and functional diversity
following species loss (Pimiento et al, 2020). Macaronesia
hosts a diverse array of pelagic and demersal species, many of
which are of high conservation concern, such as the shortfin
mako shark Isurus oxyrinchus and angelshark Squatina squatina.
Species composition differs between archipelagos, except for
elasmobranch communities in the Azores and Madeira which
are similarly dominated by deep-water Squaliformes (Das and
Afonso, 2017). There are very few highly migratory species shared
between Cabo Verde and the other Macaronesian archipelagos
(Das and Afonso, 2017). Cabo Verde, which exhibits distinct
biogeographic features (Floeter et al., 2008; Freitas et al., 2019¢),
supports a more coastal, tropical elasmobranch assemblage
than its temperate counterparts (Wirtz et al, 2013). The
majority of chondrichthyan species in Macaronesia are non-
migratory, and species richness appears to decrease with latitude
(Das and Afonso, 2017).

Within Macaronesia, Cabo Verde and Madeira have the
least amount of research conducted on chondrichthyans, with
alarmingly no information available for batoids other than
within species checklists (Wirtz et al, 2008, 2013; Biscoito
et al., 2018; Freitas et al., 2019¢) and landings data (Martinez-
Escauriaza et al., 2020). The Azores is considered a marine
biodiversity hotspot (Afonso et al., 2020), to which many
chondrichthyan studies have focused on biogeography and
biodiversity, movement, and trophic ecology of the species that

utilize local seamounts (Kukuev and Pavlov, 2008; Das and
Afonso, 2017). Similar to other archipelagos, the majority of
chondrichthyan research from the Azores has primarily focused
on sharks and less on batoids or chimeras. Shark-based tourism
in the Azores, which in 2014 was estimated to be worth over USD
$2 million (Torres et al., 2017), may have facilitated the increase
of research effort and long-term datasets from this archipelago.
Thus, potential declines in elasmobranchs are more likely to be
noticed in the Azores compared to other archipelagos, such as
Madeira, where there is very little information on the abundance
and distribution of elasmobranchs (Correia et al., 2016). The
majority of information available on chondrichthyans from
Madeira is derived from commercial fisheries, primarily focusing
on species distribution records, check-lists, and taxonomy of
deep-water sharks (e.g., Freitas et al., 2017; Biscoito et al,
2018; Stefanni et al, 2021). The Canary Islands have been
identified as a unique stronghold for the Critically Endangered
angelshark (Barker et al., 2016; Morey et al, 2019) which
has led to the increase in chondrichthyan research from the
archipelago. Information on elasmobranchs in Cabo Verde is
scant, representing merely ~1% of the reviewed studies.

Many basic biological questions relevant to fisheries
management remain unanswered regarding the life-history,
reproduction, and drivers of distribution of many chondrichthyes
in the region. For example, the scarcity of research conducted
on batoids from Madeira and Cabo Verde, with only recent
advancements from the Canary Islands (see Tuya et al., 2021),
remains a particularly concerning hindrance to the management
of these species. Furthermore, there is some evidence of pupping
and potential nursery grounds in Macaronesia [e.g., blue
shark Prionace glauca, Azores (Vandeperre et al., 2014, 2016);
smooth hammerhead shark Sphyrna zygaena, Azores (Santos
et al., 1995; Das and Afonso, 2017) and Madeira (Freitas and
Biscoito, 2018); angelshark, Canary Islands (Meyers et al., 2017;
Jiménez-Alvarado et al.,, 2020)], yet there is little information
generally on biologically sensitive areas, including nursery
grounds, inshore and offshore aggregation, and deep-water skate
and ray egg deposition sites. Fisheries-related research only
represents 6% of the total research effort in Macaronesia, yet is
an essential component to managing populations as there is little
evidence that currently legal fisheries are sustainable without
adequate baseline information and bycatch statistics (Hareide
et al., 2007; EASME, 2017). For example, there is an absence of
detailed information regarding species distribution and spatial
overlap with regional fisheries, such as those targeting black
scabbardfish Aphanopus carbo (Veiga et al.,, 2013), which may
further increase the vulnerability of biologically sensitive sites
to fisheries. Moreover, inconsistencies between the catch and
landing of sharks (i.e., unreported or misreported discards) have
been documented in the Azores (Machete et al., 2011; Das and
Afonso, 2017) and the Canaries (Pajuelo et al., 2010), yet have
not been investigated in Madeira.

Overfishing has been identified as a global driver of extinction
for more than one-third of chondrichthyan species (Dulvy
et al., 2021), and is likely the largest threat in Macaronesia.
Although shark bycatch rates are considered relatively low
(Bordalo-Machado and Figueiredo, 2009), they often include
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species of conservation concern, specifically deep-sea sharks
such as the Portuguese dogfish Centroscymnus coelolepis, leaf-
scale gulper shark Centrophorus squamosus, and kitefin shark
Dalatias licha (Holley and Marchal, 2004; Ramos et al., 2013;
Campos et al, 2019), and pelagic sharks (i.e., blue shark
and shortfin mako shark). Other factors that may impact
coastal chondrichthyan species, such as the angelshark, include
pollution and habitat destruction (Das and Afonso, 2017;
Jiménez-Alvarado et al., 2020).

Spatial protections often rely upon knowledge of a species’
connectivity patterns, information which is currently unavailable
for many Macaronesian chondrichthyans. Accordingly, future
chondrichthyan research should seek to investigate population
structuring and movement patterns across various spatial
scales throughout Macaronesia. Moreover, the lack of regional
monitoring of fisheries may limit future research efforts, as
baseline information needed to examine population trends
through time may be unavailable. Establishing regional fisheries
observer programs may be one way to address current knowledge
gaps for chondrichthyans in certain Macaronesian archipelagos.
Observer programs can yield robust estimates of bycatch and
discards (e.g., the Azorean Fisheries Observer Program)’, which
could be valuable in understanding the impacts of longline
fisheries on deep-sea sharks. Despite this, there are inherent
limitations in the types of information that can be determined
through observer programs, and the establishment of such
programs may be particularly challenging in Cabo Verde given
the numerous international fleets that fish their waters (Coelho
et al., 2020; Gonzalez et al., 2020). Further research may be
required to propose technical improvements to fishing gear that
can minimize the catch of non-target chondrichthyan species, as
little has been done to investigate economically viable alternatives
in the region. Overall, our findings indicate a pressing need for
future investigations of chondrichthyan abundance, distribution
and connectivity to inform fishing regulations and implement
effective MPAs (Dulvy et al., 2021).

Osteichthyes

The osteichthyan megafauna of Macaronesia is primarily
composed of large-bodied tunas (i.e., Thunnus spp.) and
billfish (i.e., Xiphiidae and Istiophoridae) which are both
highly migratory predators. Tunas are a commercially important
fisheries resource in the waters of Macaronesia, including
albacore tuna Thunnus alalunga, yellowfin tuna Thunnus
albacares, Atlantic bluefin tuna Thunnus thynnus, and bigeye
tuna Thunnus obesus. With the exception of bigeye tuna
(Vulnerable; Collette et al., 2021), all other species have
recently been re-classified as Least Concern by the IUCN
Red List of Endangered Species (Supplementary Table 4)
owing to decades of reduced catch quotas and successful
enforcement in the Atlantic. Billfish are another economically
important group regionally and are targeted by commercial
and recreational fishers throughout Macaronesia, notably the
Atlantic blue marlin Makaira nigricans, white marlin Kajikia
albida, broadbill swordfish Xiphias gladius, Atlantic sailfish
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Istiophorus albicans, roundscale spearfish Tetrapturus georgii, and
the longbill spearfish Tetrapturus pfluegeri.

Within this species group, our review only yielded 31 relevant
papers, showing that more work has been conducted solely on
tunas than on billfish (62 c.f. 16%; excluding species checklists).
The vast majority of work in Macaronesia has been conducted
in the Azores, followed by the Canary Islands, Cabo Verde,
and Madeira. Tuna and billfish research have mainly focused
on biochemical analysis and genetic work to identify population
dynamics, reproductive biology, and to define stock boundaries.
This work has been supported by an increase in telemetry
studies to understand spatio-temporal connectivity of delineated
stocks (Arrizabalaga et al, 2008; Braun et al, 2019). Stock
assessment needs appear to be the primary driver for most
research conducted on large-bodied osteichthyes in the region.
The larger quantity of tuna literature may be due in part to their
heavy exploitation and the subsequent efforts to assess population
dynamics and reproductive biology in the greater Atlantic. Most
work has concentrated on Atlantic bluefin and bigeye tuna in an
attempt to identify population differentiation, mixing rates, and
natal origins. Of the 14 publications available for billfish from
Macaronesia, nine were inclusions in biodiversity assessments
and only two quantified tissue contamination in broadbill
swordfish. The remaining two relevant papers investigated the
movements and connectivity estimates of broadbill swordfish
off the Azores, and estimated fishing intensity and spatial use
for commercial fleets on the Madeira-Tore seamounts. All non-
biodiversity/check-list publications were from the Azores, with
the exception of the latter publication in Madeiran waters.

Contrary to the quantity of bluefin tuna work from the Pacific
and the south and northwest Atlantic, very few ecological studies
have been conducted on tuna movements, reproduction, and
foraging ecology from the northeast Atlantic (Azores, Madeira,
and Canary Islands; Romero et al., 2021). To date, our knowledge
on the spawning periods and locations of Atlantic bluefin tuna
in Macaronesian waters is limited, although potential spawning
grounds may occur in the waters between the Azores and
Madeira, and to the east of the Canary Islands (Natale et al,
2020). Moreover, Cabo Verde has also been suggested to be
a spawning area for yellowfin tuna (Kitchens et al., 2018), yet
there is very little information available from this archipelago.
Nevertheless, fundamental questions regarding stock structure
and natal origins within mixing hotspots remain. Despite six
species of billfish found throughout Macaronesia, the broadbill
swordfish was the only species with dedicated research attention
which is most likely owed to their commercial value. There were
no publications identified in this review on roundscale spearfish,
longbill spearfish, or Atlantic sailfish within Macaronesia.

There were not a sufficient number of studies to examine
the specific anthropogenic impacts on this group, yet fisheries
exploitation is expected to be the greatest threat to declines
of tuna and billfish. Recreational fishing may also have
undocumented impacts, as some species are typically landed
for personal consumption in Macaronesia (e.g., Atlantic blue
marlin; Martinez-Escauriaza et al., 2021), yet there is limited
information regarding recreational fishing industries throughout
the region. Attention must be given to the roundscale spearfish
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(Data Deficient; Collette et al., 2011), as there have been frequent
misclassification of this species in white marlin and longbill
spearfish (Beerkircher et al., 2009), which has hindered catch data
and population estimates throughout its range.

There is a general lack of information on tunas and billfish
in Macaronesia, with strong regional and species biases among
what little research is available. Ascertaining primary biological
data, such as population structure and life history parameters,
would be a logical first step toward adequately managing this
species group in Macaronesia. Significant uncertainty surrounds
stock delimitations for many species, and more information is
needed to understand which Macaronesian archipelagos share
stocks of each species. Further examinations of life history
characteristics among Macaronesian fish stocks could determine
if variation occurs within the region and enable tailored
management strategies for each stock. Although establishing
fishery regulations for such migratory species is inherently
challenging, ongoing research programs (e.g., the Atlantic Ocean
Tuna Tagging Program)® demonstrate that recovery of Atlantic
stocks of historically overfished large pelagic fish species is
possible. With many fundamental biological questions currently
unanswered future research on osteichthyan megafauna in
Macaronesia describing connectivity and life history patterns
between archipelagos will likely have a great impact on future
management and protections for these species.

Marine Turtles

Six species of marine turtles are known to occur in Macaronesia,
the most common being the loggerhead turtle, Caretta caretta.
The summer occurrence of loggerhead turtles in the Azores,
Madeira and Canaries is largely associated with the pelagic phase
of the western-Atlantic rookery that feed in oceanic waters
(Bolten et al., 1993, 1998; Bjorndal et al, 2000). There are
latitudinal correlations between Macaronesian distributions and
the natal origin of loggerhead turtles, where those found in
the Azores and Madeira typically represent turtles from Florida
(United States), and those in Canary Islands from Mexico
(Monzén-Argiiello et al, 2009). Nesting of the North East
Atlantic subpopulation occurs in Cabo Verde and represents the
third largest nesting population of loggerhead turtles worldwide
(Marco et al., 2011, 2012), with the majority of females (ie.,
60-65%) nesting in Boa Vista Island (Marco et al, 2012).
There is evidence of dispersal of Cape Verdean juveniles into
northern waters of Macaronesia (Monzén-Argiiello et al., 2010c).
Hawksbill Eretmochelys imbricata and green turtles Chelonia
mydas have also been documented nesting in Cabo Verde, but
more notably use the area for foraging (Monzon-Argiiello et al.,
2010a,b; Marco et al,, 2011). These two species have additionally
been recorded in the Azores (Santos et al., 2010), Madeira, and
the Canary Islands, albeit relatively less prevalent (Fretey, 2001).
Leatherback turtles Dermochelys coriacea have been documented
in all Macaronesian archipelagos (Doyle et al., 2008; Marco
et al,, 2011; Correia et al.,, 2019). Occasional migrations of Olive
ridley Lepidochelys olivacea have been documented in Madeira,
Canary Islands, and Cabo Verde (Fretey, 2001; Marco et al., 2011;
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Carrillo and Alcantara, 2014; Barcelos et al., 2021), in addition
to Kemp’s ridley turtles Lepidochelys kempii in the Azores and
Madeira archipelagos (Brongersma, 1972; Bolten and Martins,
1990; Santos et al., 2010).

The majority of turtle research in Macaronesia has been
conducted in Cabo Verde, closely followed by the Canary Islands,
with relatively fewer studies from the Azores and Madeira
(Figure 3). This largely is a result of the regional nesting of
the North East Atlantic subpopulation of loggerhead turtles in
Cabo Verde, and the long-term monitoring efforts from local
NGOs and other environmental agencies in this archipelago (e.g.,
Turtle Foundation, in 2008; Maio Biodiversity Foundation, in
2010). In the Canary Islands, the majority of research has been
conducted on dead or stranded turtles, whereas in Cabo Verde
research is conducted on nesting individuals. Turtle research
in Madeira and the Azores has primarily targeted juveniles in
pelagic waters where they forage (Freitas et al., 2018, 2019a). The
quantity of turtle research appears to decrease with increasing
latitude, most likely due to decreasing water temperatures (i.e.,
physiological constraints) and distance from the Cape Verdean
rookery (i.e., decreased prevalence). The majority of initial
publications focused on demographic research, although more
recent research on turtles in Macaronesia have focused on
biochemistry [e.g., stable isotopes (Raposo et al., 2019), pollutants
and contaminants (Or0s et al., 2013; Camacho et al., 2014)], and
environmental impact assessments (Marco et al., 2021).

There is considerably less research available for hawksbill,
Kemp’s and Olive Ridley sea turtles relative to other species,
as they are less prevalent in the region and thus more
challenging to study. Moreover, little information is currently
available on the physiology and reproductive ecology of sea
turtles in Macaronesia. This is particularly important, as higher
environmental temperatures are expected with climate change,
which may reduce hatching success, hatchling fitness (Laloé
et al., 2014; Santidridn Tomillo et al., 2014; Martins et al., 2020),
and increased sporadic nesting events (Carreras et al., 2018) in
areas of previously low to no nesting activity (e.g., loggerhead
turtles in Malaga, Spain; Gonzalez-Paredes et al., 2021), but
also increase parasite abundance (Brunner and Eizaguirre, 2016).
There is little information on the causes of the increase in parasite
prevalence in Cabo Verde, and the functional links between
environmental changes, contaminants, or population density on
viral transmission (Lockley et al., 2020; Farrell et al., 2021).

Parasites can be vectors of virus transmission (Greenblatt
et al., 2005; Bunkley-Williams et al., 2008; Jones et al., 2016)
and have been shown to be correlated with feeding ecology,
reproductive success and population dynamics (Lockley et al.,
2020), posing as a population level threat. Currently, sea turtle
infection has been described in Cabo Verde (Sarmiento-Ramirez
et al., 2010; Stiebens et al., 2013), Madeira (Valente et al., 2009),
and Canary Islands (Oros et al., 2004; Alfaro et al, 2008).
Moreover, among marine megafauna, sea turtles are unique
in that they nest on land. This behavior facilitates important
ecological connections between terrestrial and marine systems,
but also exposes sea turtles to a suite of anthropogenic pressures
(Hamann et al,, 2010; Pimiento et al., 2020). Wildlife watching
tourism (Marco et al., 2021) and the implementation of several
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environmental protection organizations in Cabo Verde has
significantly decreased poaching pressures (Marco et al., 2012,
2021), yet the mass increase in tourism has resulted in a host of
other anthropogenic threats such as habitat modification, light
pollution (Silva et al., 2017), and beach traffic (Aguilera et al.,
2019). In the Azores, Madeira, and Canary Islands, where sea
turtle nesting is not known to occur, fisheries and marine litter
remain the largest threats to sea turtles, in addition to climate
change (Ferreira et al., 2001, 2011; Vandeperre, 2020).

The need to better understand the biological responses of sea
turtles to rapid climate change (Hamann et al., 2010) warrants
considerable future research efforts throughout Macaronesia so
that tailored regional management plans can be established for
these organisms. Recently, the Azores has adopted a monitoring
program (see COSTA project; Vandeperre, 2020) which is
anticipated to result in an increase of scientific research, however,
to the best of our knowledge, Madeira does not yet have
a dedicated and funded monitoring program in place. The
scarcity of long-term monitoring in the Azores and Madeira has
made it challenging to document population estimates in the
surrounding waters. Without this information it is impossible to
identify climate driven changes in abundance and distribution
of sea turtles throughout Macaronesia as a whole. In the
Azores, Madeira, and Canary Islands specifically, many biological
aspects of marine turtles are still unexplored, but future research
should focus on immediately pressing areas of study such
as documenting mortality rates and quantifying the effect of
various pressures (e.g., climate change, fisheries interactions, and
marine debris). In Cabo Verde, further investigation into parasite
prevalence and mediation is paramount as turtle reproduction,
demography, and survival may be significantly impacted.

FINAL REMARKS

The current study provides a comprehensive description of
research conducted on marine megafauna in Macaronesia to-
date, highlighting the limitations of our knowledge and areas
of research that urgently need to be pursued. The literature
discussed in this review reflects what is available to the wider
scientific community, however, we acknowledge that there is
a variety of unpublished works and reports that may not
have been discussed owing to their omission in the search
engines used. Data availability and accessibility varies between
archipelagos (Valente et al., 2019), as such the reporting bias
may impact the quantification of records within this review.
There is a compelling need to make unpublished work more
accessible and to subject regional reports to the peer-reviewed
process so that the development of conservation strategies is
backed by robust research. Secondly, the absence or presence of
literature within the review may have been affected by language.
Although searches were conducted in English, Portuguese,
and Spanish, the English language may have overrepresented
the number of publications which in turn could affect the
number of representative publications per archipelago (Mongeon
and Paul-Hus, 2016). Inconsistent or non-inclusive language
remains a major barrier for regional managers to incorporate

research findings into regulations, which may hinder coordinated
conservation efforts. Lastly, differences in resource allocation
may also play a large role in the output of publications in
Macaronesia. Although European countries may be more likely
to receive research investment, the majority of research quantified
in this review was conducted in the Azores, whereas the least
amount of literature was available from Madeira, despite being
archipelagos of the same country. This may be a result of
different investments and strategy in science from the regional
governments, although the results and patterns found in our
analysis are more likely to be affected by specific sampling and
research effort in each archipelago and the establishment of
particular research groups on those archipelagos.

Within Macaronesia, conservation of marine megafaunal
groups requires coordinated actions among key stakeholders
(i.e., researchers, policymakers, and non-governmental
organizations), and in many cases, among national archipelagos.
Regional stakeholder cooperation will likely be required
to obtain baseline information for many species, which is
essential to understand species population trends in addition
to their movement and distribution patterns. Without such
information, species-specific interactions with the anthropogenic
threats or potential range-shifts in response to climate change
scenarios cannot be fully quantified (Correia et al, 2020).
The implementation of monitoring programs within and
beyond national jurisdictions have the potential to significantly
contribute to the integrated management of marine megafauna
throughout Macaronesia. Tourism development in particular
can increase scientific output through data acquisition (e.g.,
whale watching, sports fishing), but also increase the social
and cultural value of marine megafauna to locals (e.g., shark-
based tourism can provide a shift from a fisheries-based
resource to a more profitable conservation-based resource;
Vianna et al, 2011; Cisneros-Montemayor et al., 2013).
Future conservation initiatives may benefit to focus on citizen
science and ecosystem services based approaches to increase
regional scientific knowledge. As the eco-tourism sectors of
Macaronesian economies grow, so will the need for marine
megafauna conservation.

While our findings represent the current status of
marine megafauna research, the field continues to develop.
Fundamentally, population level connectivity of marine
megafauna species needs to be ascertained so that, among other
management strategies, effective MPAs can be implemented,
yet climate driven changes in abundance and distribution
must also be considered to maintain protection. To prevent
regional extirpation of vulnerable species, national and regional
governments, and other relevant stakeholders must come
together to optimize MPA designs using systematic conservation
planning to meet common conservation objectives (Alves et al.,
2022a; van Zinnicq et al., 2022). For example, although Madeira
has much less research relative to the other archipelagos, it
has the support of multiple stakeholders and has subsequently
recently implemented Europe’s largest MPA, the Selvagens
Nature Reserve (Alves et al., 2022b). Critical data gaps identified
in this review provide a path forward to better understand
the marine megafauna within the complex island system of
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Macaronesia, and aid in the development of regional, national,
and international conservation strategies.
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to the Source Colony of Their
Penguin Prey: A Trace Element
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Sarah-Lena Reinhold ?*, Simon D. Goldsworthy "2, John P.Y. Arnould?,
Bronwyn M. Gillanders’, Sean D. Connell” and Rebecca R. Mcintosh*

7 Southern Seas Ecology Laboratories, University of Adelaide, School of Biological Sciences, Adelaide, SA, Australia, 2 South
Australian Research and Development Institute (SARDI), Aquatic Sciences, West Beach, SA, Australia, 3 School of Life and
Environmental Sciences, Deakin University, Burwood, VIC, Australia, 4 Conservation Department, Phillip Island Nature Parks,
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Marine predators recovering from historic, commercial, over-harvesting can create
conservation challenges when they prey on vulnerable species. Pinniped predation of
seabirds presents one such challenge and identifying the source colonies experiencing
seal predation are needed to inform conservation management and decision planning.
Here, we present a novel application of stable isotope and trace element techniques to
identify the source colony of little penguins (Eudyptula minor) predated by long-nosed fur
seals (Arctocephalus forsteri). We created baseline biochemical ‘feather-prints’ from
feathers for six major breeding colonies across south-east Australia to compare with
feathers from predated penguins recovered from seal scats. Feeding trials of captive seals
confirmed that digestion of penguin feathers did not compromise stable isotope (5'°C and
8'°N) or trace element (Al, Ti, Sr and Mg) signatures. The resulting biochemical ‘feather-
prints’ were found to be robust in being correctly classified to local sites (78%) and
broader regions (85%). The distinguishing ‘feather-prints’ appeared to be driven by
industrial inputs from land, colony-specific foraging patterns and potentially proximity to
oceanographic systems (i.e. upwelling). Here, we show that 46-70% of predated feathers
were assigned to ‘local’ penguin colonies. We consider that the regional penguin
abundances and the proximity of their colonies to seal sites, as well as demographic-
specific foraging patterns may shape their contribution to seal diet at local, regional and
inter-regional scales. This diagnostic tool is powerful, having broad applications identifying
seabird colonies at greatest risk to pinniped predation and informing targeted, site-
specific, conservation effort.

Keywords: wildlife conflict management, predator-prey interaction, feathers, stable isotope analysis, trace element
analysis, little penguin Eudyptula minor, long-nosed fur seal, Arctocephalus forsteri
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INTRODUCTION

Many pinniped populations are undergoing sustained growth
after being heavily depleted by commercial harvest between the
late 1800s and early 1900s (Ling, 1999; Magera et al, 2013;
Roman et al, 2015; Goldsworthy et al, 2019b). Whilst the
resurgence of these top-predators represent significant
conservation outcomes and are to be celebrated, they come
with new challenges in understanding the importance of
healthy predator populations in restoring ecosystem function
and their top-down effects on their prey, including seabirds
(Marshall et al.,, 2016). The effect of higher trophic predators
(such as pinnipeds and other marine mammals) on the
behaviour, distribution or abundance of their prey is also
influenced by how vulnerable the prey species are to other
natural or anthropogenic threats (Hunter and Price, 1992;
Matson and Hunter, 1992; Hunt Jr et al., 2002). Seabirds are
considered the most threatened group of birds in the world,
experiencing natural and anthropogenic stressors in both their
terrestrial and marine environments (Croxall et al., 2012; Dias
et al., 2019) with populations globally declining by >70% since
1950 (Paleczny et al, 2015). Penguins (family Spheniscidae)
provide a prime example of physiologically unique (flightless)
seabirds vulnerable to both terrestrial and marine predation
(Xavier and Trathan, 2020), with 10 of the 18 recognized
penguin species listed as either vulnerable or endangered on
the ICUN Red List 2021. At the lowest end of the penguin size
range, little penguins (Eudyptula minor), averaging 30 cm in
length and 1 kg in body mass, have a slower swimming speed
than other penguin species (Bethge et al., 1997), potentially
increasing their vulnerability to seal predation. Little penguins
also share a sympatric breeding distribution with the long-nosed
fur seal (Arctocephalus forsteri); co-occurring on offshore islands
from the southwest coast of Western Australia, across the
southern coast (including Tasmania) and up the eastern coast
of mainland Australia (as far north as South Solitary Island), and
on to New Zealand and the Chatham Islands (Marchant and
Higgins, 1990) where penguins also breed.

Recent population declines in little penguins (hereafter
penguin), a component of the long-nosed fur seal diet, has
exacerbated social tensions around the recovery of the native
long-nosed fur seal. Ancestral A. forsteri established populations
on New Zealand and Australian coasts in the last million years
(Kirkwood and Goldsworthy, 2013). Also known as the New
Zealand fur seal, we prefer to use the vernacular name ‘long-
nosed fur seal’ in Australia, as fishers and other community
sectors argue incorrectly that the long-nosed fur seal is not native
to Australia (Shaughnessy et al., 2015). In the last 2-3 decades,
the population size of this species across south-eastern Australia
(New South Wales - Tasmania) has been increasing
(Shaughnessy et al.,, 2015; S. Reinhold et al., unpubl. data).
Misperceptions of the ‘introduced’ status of long-nosed fur
seals have in-part driven calls to cull this native top predator
in Australia.

Predation of seabirds occurs amongst many seal species
(Antarctic fur seals (Arctocephalus gazella): (Visser et al., 2008);
Cape fur seals (Arctocephalus pusillus): (Du Toit et al.,, 2004);

leopard seals (Hydrurga leptonyx): (Ainley et al., 2005); South
American sea lions (Otaria flavescens): (Rey et al., 2012); New
Zealand sea lions (Phocarctos hookeri): (Morrison et al., 2016),
and long-nosed fur seals (Page et al., 2005). In South Australia,
penguin remains have been detected in 0-40% of long-nosed fur
seal scats (Page et al., 2005; Goldsworthy et al., 2019a) with the
variance attributed to potential differences in site-specific and age-
class related predation patterns. In 2006-08, 30% of long-nosed
fur seal scats from Kanowna Island, in Central Bass Strait,
Victoria, showed evidence of penguin predation (Hoskins et al.,
2017). Recently, however, seven hot spots of penguin predation
(>30% of scats with penguin remains) have been detected across
south-eastern Australia, four of which occur in Bass Strait
(S. Reinhold et al., unpubl. data).

Bass Strait, the shallow continental shelf area between
mainland Australia and Tasmania, is a key region for
Australian seabirds, supporting a large proportion of breeding
populations of at least 11 species (Ross et al., 1995), including
82% of Australia’s little penguin population. On a global scale,
this marine area is considered a region of low primary
productivity (Gibbs et al., 1986; Gibbs et al., 1991) that occurs
at the confluence of three main ocean currents; the East
Australian Current (EAC), South Australian Current (SAC)
and sub-Antarctic surface water (SASW). The latter two
represent key sources of primary productivity, as do the
Bonney Upwelling and west Tasmanian upwelling that disperse
nutrient rich water into west Bass Strait (Middleton et al., 2007;
Middleton and Bye, 2007; Kampf, 2015).

In Bass Strait, during pre-moult, foraging adult penguins
undertake an intensive foraging bout that lasts approximately
three weeks - likely accessing prey in nutrient rich waters (i.e.
areas of upwelling). This pre-moult foraging period is critical for
adult penguins to increase their body mass to sustain the
upcoming three week period of fasting during moult (Gales
et al, 1988). Post-moult foraging also entails an extended
offshore foraging period that serves to re-plenish fasting
penguins in the lead up to the breeding season (McCutcheon
et al,, 2011). Consequently, moulted penguin feathers retain the
biochemical signatures of the environmental conditions (i.e.
different sources of primary production) and anthropogenic
contaminants, also described as bottom-up influences,
experienced by penguins during the pre-moult foraging period
(Hobson and Clark, 1992; Finger et al., 2015; Kowalczyk et al.,
2015). In St Kilda (Port Phillip Bay, Victoria) for example, trace
metal concentrations in penguin feathers have been linked to
varying levels of industrialisation adjacent to penguin foraging
zones (Finger et al, 2015). Similarly, stable carbon isotopes
(8'°C) from penguin feathers have been used to provide
insight into the relative contributions of different production
sources in a trophic network (Hobson et al., 1994; Cherel and
Hobson, 2007). By contrast, nitrogen (8'°N) serves as an
indicator of consumer trophic position (Vanderklift and
Ponsard, 2003). Combined, trace element and stable isotope
signatures in feathers therefore provide a biochemical map of
bottom-up factors (toxicants, primary productivity and trophic
positioning) for penguins using different pre-moult foraging
zones. Hence, the potential exists to compare between penguin
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feathers recovered from long-nosed fur seal scats and moulted
penguin feathers (Fromant et al., 2020). Complimentary to the
highly synchronised life stages of penguins across Bass Strait, the
different levels of coastal industrialisation and sources of primary
productivity entering this system (EAC in the east and Antarctic
upwelling in the west) (Gibbs et al., 1986; Gibbs et al., 1991),
suggest that Bass Strait may be a good candidate for detecting
biochemical variation (in feathers) between penguin colonies
using different pre-moult foraging zones.

Feathers have been consistently recovered from long-nosed
fur seal scats where penguin predation occurs. In terrestrial
systems, predator-prey relationships have successfully been
explored using stable isotope signatures from the hair of wild
deer, compared to the deer hair retrieved from the scats of wolves
where their ranges overlap (Derbridge et al., 2012). Similarly, we
aim to develop biochemical techniques that can identify the
source colony of predated penguin feathers recovered from long-
nosed fur seal scats. Using a combination of stable isotope and
trace element techniques, this research aims to (1) develop a
biochemical map as a baseline of ‘feather-prints’ - using moulted
feathers from penguin colonies across Western, Central and
Eastern Bass Strait and Port Phillip Bay, (2) use these ‘feather-
prints’ to determine the scale of differentiation as either colony or
region specific (or both), and (3)use the baseline ‘feather-prints’
to infer the source colony and/or region of predated feathers in
long-nosed fur seal scats.

MATERIALS AND METHODS

Sample Collection

Every year, between November and March, adult penguins in
Bass Strait experience three, highly synchronised, life stages in
the lead up to the breeding season; (1) pre-moult foraging (Nov-
Jan), (2) a catastrophic moult during which all feathers are shed
while individuals are on land (Feb-March), and (3) post-moult
foraging (March-April) (Reilly and Cullen, 1981). We collected
moulted feathers from penguin colonies across four regions;
Western (Cape Nelson and Deen Maar Island), Central (Phillip
Island, Kanowna Island and Rabbit Island) and Eastern Bass
Strait (Gabo Island), and Port Phillip Bay (St. Kilda) to inform
baseline biochemical ‘feather-prints’ (Figure 1 and Table 1).
Kanowna and Gabo Island feathers were opportunistically
collected from satellite tracking retrieval procedures (feathers
remaining on water-proof tape used to attach GPS data loggers
were collected - separate study), whilst moulted feathers were
collected for the other four sites. Trace element and stable isotope
concentrations circulating in the blood at the time of moult are
thought to be a combination of what has been consumed in the
weeks of pre-moult feeding and a remobilisation of chemical
sequestration from internal tissues (Furness et al., 1986; Bearhop
et al,, 2000). The blood supply to feathers ceases after formation
of the new feathers. Therefore, the data presented from feathers
moulted in 2019 are an indication of 2018/19 pre-moult foraging

Latitude

Co-exist  [Q

1 1 1
0 100 200 300 km

144

FIGURE 1 | Simplified representation of the four sampling regions and the major water masses influencing those regions. Western Bass Strait (WBS); Port Phillip
Bay (PPB); Central Bass Strait (CBS); Eastern Bass Strait (EBS); Cape Bridgewater (CB); Deen Maar Island (DM); St. Kilda (SK); Phillip Island (Pl); Kanowna Island
(KN); Rabbit Island (RI); Gabo Island (GB); South Australian Current (SAC); Sub-Antarctic Surface Water (SASW); and East Australian Current (EAC) from Sandery
and Kampf (2007). Circles indicate sampled penguin colonies, squares represent sample sites of scats of long-nosed fur seals and squares with circles represent
locations where both species co-exist. The solid line indicates the location of the 300m isobath.
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TABLE 1 | Collection locations, seasons and sample sizes for Moulted Feathers (MF) and Scat Feathers (SF) retrieved from little penguin colonies and scats of long-

nosed fur seals respectively.

Region of sample Site Lat, Lon Sample Time sampled Feathers sampled (n)
Western Bass Strait Cape Bridgewater - 38.3956, 141.4065 SF Nov-Dec 2018 11
Cape Nelson -38.4042, 141.5615 MF March 2019 7
Deen Maar Island -38.4161, 142.0038 MF March 2019 7
Pt. Phillip Bay St. Kilda - 37.5101, 144.5762 MF March 2019 14
Central Bass Strait Phillip Island -38.5111, 145.1496 MF Feb-March 2019 14
Kanowna Island -39.1548, 146.3104 SF Oct-Dec 2018 10
Kanowna Island -39.1548, 146.3104 MF Oct-Dec 2018 14
Rabbit Island -38.9111, 140.50937 MF March 2019 14
Eastern Bass Strait Gabo Island -37.5649, 149.9133 SF Oct-Dec 2018 16
Gabo Island -37.5649, 149.9133 MF Oct-Dec 2018 14

at all sites (Figure 2 and Table 1). Between October and
November 2018, we randomly sampled fresh scats from three
long-nosed fur seal sites across northern Bass Strait (Table 1).
Feathers are metabolically inert after formation and, hence,
penguin feathers retrieved from long-nosed fur seal scats
collected between April 2018 and up to February 2019 reflect
the biochemical signatures of pre-moult foraging of penguins
during 2018 (Figure 2). Overall, penguin feathers were evident in
37 scats; Cape Bridgewater (Western Bass Strait) (n=11),
Kanowna Island (Central Bass Strait) (n=10) and Gabo Island
(Eastern Bass Strait) (n=16).

Feeding Trial

To investigate the biochemical effect of digestion on penguin
feathers and subsequent comparability between moulted and scat
feathers, three feeding trials were undertaken at Melbourne Zoo,
between August and November 2018. Three long-nosed fur seals
(n =1 female, n = 3 male) and one Australian fur seal (female;
Arctocephalus pusillus doriferus) were fed fish tightly stuffed with
little penguin feathers (approx. 50g) from two penguin carcasses
from Phillip Island that died naturally as a result of heat stress.
Feeding occurred between 0900-1000 h on three separate
occasions (a minimum of 10 days apart). Scats were then
collected daily for 72 h and frozen at -20°C until analysed.
Samples were soaked in warm water in individual plastic
containers for at least 24 h and washed with tap water through

a nested 1.0 mm sieve to extract digested feathers. Undigested
feathers were also collected from the two penguin carcasses and
used as a control for comparison to digested feathers. Due to
sample size limitations, feathers originating from one carcass
were used for trace element signature comparisons between
digested and undigested feathers. Feathers from both penguin
carcasses were utilised for stable isotope comparisons.

Sample Processing

The laboratory procedures described below were used to
determine stable isotope and trace element signatures in
penguin feathers recovered from the feeding trial, moulted
feathers and predated feathers from long-nosed fur seal
scats (Table 1).

Stable Isotope Analyses

We cleaned penguin feathers in 5ml teflon vials containing 2:1
chloroform:methanol solution (5 ml) using a sonic bath with
vials immersed in water for 2 minutes. Two successive methanol
rinses using the sonic bath (2 min per rinse) followed initial
cleaning (Cherel et al., 2014). Feathers were then oven dried
(60°C) for 48 hours and cut into small fragments. We packed
~0.4mg of feathers into pre-combusted tin capsules (Elemental
Microanalysis 9x5mm C10-042) and determined carbon (13C/
12C, 8"C and nitrogen (15N/14N, 8"°N isotope ratios using a
continuous flow ratio mass spectrometer (Nu Horizon,

Post-Moult Foraging

Breeding Season

Pre-Moult Foraging
Moult Period

2018/19 Penguin Foraging | < 2018 2019 -
and Moult Cycle J F M A MJ JASIONDJF M| tommsmem ]
[ [ zoireretounrongmse |
Pre-Moult Foraging
Moult Period

Scat and moulted feather
sampling periods

LNFS Scat Sampling.

FIGURE 2 | Foraging and moult phenology of little penguins in Bass Strait. Blocks with horizontal lines correspond to the 2017 and 2018 pre-moult foraging
signatures of feathers. Yellow and orange shaded blocks correspond to the sampling periods of seal scats and moulted penguin feathers respectively.

Frontiers in Marine Science | www.frontiersin.org

41

March 2022 | Volume 9 | Article 813106


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Reinhold et al.

Tracing Source Colonies of Predated Penguins

Wrexham, UK) coupled to an elemental analyser (EA3000,
EuroVector, Pavia, Italy). Isotopic results are presented in
d notation relative to Vienna PeeDee Belemnite and the
atmospheric abundance for 8'°C and 8'°N, respectively
(Coplen et al., 2006).

All samples where corrected for instrument drift and
normalized according to reference values using in-house
standards (n=25); glycine -31.2%o, glutamic acid -16.72%0 &
triphenylamine (TPA) -29.2%o calibrated against USGS and
TIAEA certified reference materials (USGS40, USGS 41, IAEA-2).

Trace Element Analysis

Penguin feathers were vigorously washed in Milli-Q water three
times and then oven-dried at 45°C for 48 h with a resulting dry
weight (dw) range of 1.9 - 5.4 mg dw (Finger et al., 2015). Whole
feathers were initially digested in an aqua regia solution made up
of (2.7ml 70% nitric acid (RCI Premium, ACI Labscan) and
0.3ml 37% hydrochloric acid (NORMAPURE, VWR
CHEMICALS Analar) at 95°C for 12 h. Samples were then re-
digested using 0.03 ml 69% nitric acid and diluted with Milli- Q
water to a final volume of 3 mL (2% nitric concentration and
~1000ppb dilution). Feathers were assessed for concentrations of
Lithium (Li), Boron (B), sodium (Na), magnesium (Mg),
aluminium (Al), potassium (K), calcium (Ca), titanium (Ti),
vanadium (V), cromium (Cr), manganese (Mn), iron (Fe), cobalt
(Co), nickel (Ni), copper (Cu), zinc (Zn), arsenic (As), selenium
(Se), strontium (Sr), cadmium (Cd), tin (Sn), antimony (Sb),
barium (Ba), lead (Pb), and bismuth (Bi). Feathers were analysed
at Adelaide Microscopy, University of Adelaide, with an Agilent
8900x ICP-MS/MS and limit of detection of 0.01 mg/kg. Trace
elements Li, Cr, Ni, As, Cd, Sn, Sb, Pb and Bi were below the limit
of detection (0.01 mg/kg) and therefore excluded from further
analysis. Elements B, Na, Mg, Al, K, Fe, Sr, Se, Ti, V, Mn, Co and
Ba exceeded the detection limits of the ICP-MS/MS for 100% of
samples. A minimum of five procedural blanks were analysed per
60 samples and all results reported as mg/kg dry weight (dw).
External machine precision (i.e. machine drift) was assessed by
measuring 100ppb standards every 10 samples in the absence of
Standard Reference Materials (SRM) for feather tissues.

Statistical Analyses

Feeding trial analysis of digested and undigested feathers were
prioritised above the broader analysis of moulted and scat
feathers to inform their biochemical comparability.

Feeding Trial

To determine whether long-nosed fur seal digestion altered the
feather biochemical signatures, we performed paired t-tests for
the undigested and digested feathers, for each stable isotope
(8"°C and 8'°N) and trace element (B, Na, Mg, Al K, Fe, Sr, Se,
Sn, Ti, V, Mn, Co and Ba) detected. Significance was taken to be
p<0.05 for all statistical analyses.

Moulted and Scat Feathers

Normality of distribution for each element and stable isotope was
tested using the Shapiro Wilk test. Parametric assumptions were
violated for Mg and 8'°N regardless of transformation type.

Therefore, to apply a consistent statistical approach to all
elements and stable isotopes for multivariate analyses, non-
parametric tests were used. Biochemical signatures were
compared between sites using a two-factor PERMANOVA
design for each element and isotope individually and then all
signatures combined (Anderson, 2001). Data were normalised
prior to constructing resemblance matrices based on Euclidean
distance dissimilarity and analysed using unrestricted
permutation with 9999 random repeats. No significant
differences were detected between the two sites sampled in
Western Bass Strait, Deen Maar Island and Cape Nelson. Due
to the close proximity of the sites and uniform Western Bass
Strait regional representation, the seven samples from each site
were pooled for comparison to the remaining five sites. Boxplots
were used to display the median and lower (Q1) and upper (Q3)
quartiles for each trace element and stable isotope per site.
Outliers in the multivariate baseline data were identified using
Principle Component Analysis (PCA) and feathers that were
beyond a 95% confidence ellipse were excluded from further
analysis (Figure S1). Multivariate data were then reduced to two-
dimensions and visualized using canonical analysis of principal
coordinates (CAP) (Anderson and Willis, 2003). Canonical axes
(CAP1 and CAP2) represent linear combinations of the
orthonormal principal coordinate axes that best discriminate
feather biochemistry by site or region. Vector diagrams in each
canonical plot show the influence of individual elements and
stable isotopes to sample positioning in multivariate space. The
relative length and direction of each vector correspond to its
discriminatory ability.

Signatures of feathers collected from scats were added to the
CAP plot as unknown samples and leave-one-out cross
validation was used to classify a source colony based on the
multi-elemental signals of each scat feather sample. Accurate
source colony allocations of scat feathers relies on the
assumption that all possible colony sources across Bass Strait
and Port Phillip Bay have been included in the baseline data set
(Campana, 1999). All statistical analyses were executed using R
version 4.2.3 (R Core Team, 2020) and PRIMER (v. 7.0.13;
Auckland, NZ).

RESULTS
Feeding Trial

No significant variation was detected among stable isotope
signatures between undigested and digested feathers, from two
penguin carcasses; SPC(n=31t=147 df=2,P=0.28),(n=6,
t=074,df =5, P=049), and 8N (n = 3, t = 0.63, df = 2,
P =1059), (n =6, t =092, df =5, P =040) (Figure 3).
Comparison of undigested and digested feathers from one
carcass also yielded similar means for trace elements Mg (t =
-0.70 df =6, P =0.51), Al (t =-0.72 df = 6, P = 0.50), Ti (t = 0.94
df = 6, P = 0.38), St (t = 0.05 df = 6, P = 0.96) (Figure 4).
However, we did detect a significant difference (P < 0.05 for each)
in B, Na, Fe, Cu, Zn, Se, V and Mn between undigested and
digested feathers and we therefore excluded these from further
analyses of penguin colony or seal scat feathers.
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Penguin Baseline ‘Feather-Prints’

Individual Chemistry Signatures

Trace element and stable isotope concentrations isolated for
comparison with scat feathers for the six penguin locations
sampled across four regions (Western, Central and Eastern
Bass Strait, and Port Phillip Bay) are shown in the
supplementary materials (Table S1). One-way MANOVA
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FIGURE 3 | Comparison of §'C and §'°N signatures for undigested (penguin 1 n= 6, penguin 2 n=6) and digested (penguin 1 n= 3, penguin 2 n=3) feathers of little

detected a significant difference in the distribution of mean
stable isotope values and trace element concentrations in
moulted feathers at both regional and site scales. Mean Ti
concentrations in feathers showed the greatest difference
between Western Bass Strait and other regions, with feathers
containing on average 3.1, 5.4, and 8.3 times more Ti than
feathers from Port Phillip Bay, Central and Eastern Bass Strait
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FIGURE 4 | Comparison of concentrations of trace elements Al, Ti, Mg and Sr (mg/kg dry weight) of undigested (n = 7) and digested (n = 7) feathers from carcass
of n = 1 little penguin. Box plots display median values with box edges representing lower (Q1) and upper (Q3) quartiles, defined as the 25th and 75th percentiles,
whiskers representing variability outside the upper and lower quartiles and dots representing outliers.
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respectively. Similar mean Al concentrations were detected for
feathers from Western Bass Strait sites and Port Phillip Bay
(p = 0.52) with both regions demonstrating a minimum of Al
levels two-fold higher than Central and Eastern Bass Strait sites
(Figure 5). Western Bass Strait demonstrated similar Sr
concentrations to all regions (p >0.05 for all) but significantly
different Mg concentrations at a regional scale (p <0.05 for all).
Port Phillip Bay 8'°N and 8"°C values differed significantly to all
other regions (p = 0.00 for all) (Figure S1, S2), whilst regionally
Western, Central and Eastern Bass Strait resulted in statistically
similar values for both stable isotopes (p >0.05 for all). At a site
level, Kanowna Island 8'°N values differed significantly to all
sites (all p <0.05) with the exception of Gabo Island (p = 0.06).
For 8'3C, Kanowna and Rabbit Island also differed (p=0.00) but
all other sites resulted in statistically similar values when
compared to one another across the three Bass Strait regions
(p >0.05 for all).

Multivariate Results

There was considerable variation in the elemental concentrations
and stable isotope values in baseline feathers that resulted in
biochemical differentiation at both regional and site-specific
scales (Figure 6). With the exception of three feathers (1 per
site; Deen Maar, Rabbit Island and Gabo Island), PCO analysis
resulted in the distribution of all baseline feathers within the 95%
confidence ellipse (Figure $3). Overall, CAP analysis resulted in
regional classification success for 85% of baseline feathers and
78% at colony-specific scales (Figure 6). Western Bass Strait
(93.3% *correct classification) and Port Phillip Bay (92.9% *)
resulted in the highest correct classifications with dissimilarity
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measures predominantly driven by high Ti and §"°N signatures
respectively. Both regions also demonstrated high Al levels
compared to baseline feather signatures from Central and
Eastern Bass Strait (Figure 5). Central (82.1% *) and Eastern
Bass Strait (76.9% *) baseline data shared similar Mg and Sr
concentrations with 8'°C predominantly driving variation
between the two regions. The relative length and direction of
each vector corresponding to the discriminatory ability of each
biochemical signature remained largely consistent between site
and regional CAP comparisons. For sites, St. Kilda (92.9% *)
resulted in the highest proportion of correct classifications
(thereafter referred to as site or regional ‘biochemical
resolution’) followed by Deen Maar Island (86.7% *), Kanowna
Island (78.6% *), Rabbit Island (72.7% *), Gabo Island (69.2% *)
and Phillip Island (64.3% *) (Figure 6).

Scat Feathers - Source Penguin Colony

All signatures of scat feathers overlapped with the baseline data
of which 32.4% were assigned to penguins from Kanowna Island
(Central Bass Strait), followed by 27.0% from Gabo Island
(Eastern Bass Strait). Rabbit Island (Central Bass Strait), Deen
Maar Island (Western Bass Strait) and Phillip Island (Central
Bass Strait) each made up 18.9%, 13.5% and 8.1% of scat feathers
respectively. St. Kilda (Port Phillip Bay) penguins however,
remained undetected from the scats collected across the three
regions in this study (Figure 7). Local penguin colonies
accounted for 46-70% of predated feathers. These local
colonies either (1) co-exist with the long-nosed fur seals we
sampled or (2) occur in closest proximity, relative to other
sampled colonies, to the sampled seal site (Figure 8).
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FIGURE 5 | Concentrations for trace elements Al, Ti, Mg and Sr (mg/kg dry weight) from moulted feathers of little penguins collected from Deen Maar Island and
Cape Nelson (WBS), St. Kilda (PPB), Phillip Island (CBS), Kanowna Island (CBS), Rabbit Island (CBS) and Gabo Island (EBS). Box plots display median values with
box edges representing lower (Q1) and upper (Q3) quartiles, defined as the 25th and 75th percentiles, whiskers representing variability outside the upper and lower
quartiles and dots representing outliers. The Y-axis for each element differs and colors of box plots correspond to colors presented in Figure 1.
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Gabo Island. Vector diagrams show the direction and weight of individual isotopes and elements to sample distribution.

The proportion of predated feathers assigned to regional and
inter-regional penguin colonies, relative to the site of long-nosed
fur seal scat collection, varied across the three regions (Figure 7).
Whilst predated feathers from Western Bass Strait were
exclusively detected in Cape Bridgewater (Western Bass Strait)
scats, the remaining 54% of scat feathers resulted in the highest

inter-regional diversity of penguins including Central Bass Strait
colonies; Kanowna Island (27%) and Phillip Island (9%), as well as
Eastern Bass Strait, Gabo Island (18%), feathers. Comparatively,
scat feathers from Kanowna Island (Central Bass Strait) resulted in
the highest occurrence of localised predation with 70% of feathers
assigned to Kanowna Island penguins and the remaining 30%
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FIGURE 7 | Proportional (%) contribution of source-colonies assigned to little penguin feathers retrieved from scats of long-nosed fur seals. Plots show results of
canonical variate analysis of baseline multi-elemental and isotope signatures from penguin colonies sampled across Western (WBS), Central (CBS) and Eastern Bass
Strait (EBS), and Pt. Phillip Bay (PPB); Deen Maar Island and Cape Nelson (DM); St. Kilda (SK); Phillip Island (Pl); Kanowna Island (KN); Rabbit Island (RI); Gabo
Island (GB). Scats of long-nosed fur seals were sampled between October — November 2018.
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FIGURE 8 | Canonical variate plots of the multi-elemental and isotope chemistry of feathers sampled from colonies of little penguins across Western (WBS), Central
(CBS), Eastern Bass Strait (EBS), and Pt. Phillip Bay (PPB) (indicated by circles). Squares with convex hulls represent feathers retrieved from long-nosed fur seal
scats sampled from (A) Cape Bridgewater (WBS), (B) Kanowna Island (CBS) and (C) Gabo Island (EBS).

attributed to regional colonies; Rabbit Island (20%) and Phillip
Island (10%) (Figure 8). Complimentary to the 50% of Gabo scat
feathers allocated to local Gabo Island penguins, the remaining
predated feathers were assigned to originating from inter-regional
Central Bass Strait colonies; Rabbit Island (31%), Kanowna Island
(13%) and Phillip Island (6%) (Figure 8).

DISCUSSION

This study was able to chemically discriminate moulted penguin
feathers among sites across Bass Strait and Port Phillip Bay.
Using these baseline data, moulted feathers were assigned to their
known region or colony of origin with 85% and 78% accuracy,
respectively. Variance in moulted feather signatures may reflect
system-specific, bottom-up influences including foraging
specialisation in areas of high productivity, as well as potential
industrial and oceanographic factors within or adjacent to the
respective penguin foraging zones.

Across the three regions sampled for long-nosed fur seal scats,
46-70% of feathers collected from scats indicated patterns of ‘local’
penguin predation. Inter-regional predation of penguins, relative
to the site of long-nosed fur seal scat collection, were detected in
Eastern and Western Bass Strait scats, while Central Bass Strait
scats were solely assigned to ‘local’ and regional penguins. The
latter was likely explained by a higher bioavailability of penguins in
Central Bass Strait. In comparison, Western Bass Strait birds were
predated at a localised scale only. Whereas St. Kilda penguins,
known to forage exclusively in Port Phillip Bay and situated
furthest from long-nosed fur seal sites (relative to other penguin
colonies sampled in this study), remained undetected in all scats.
Potential drivers shaping localised and inter-regional predation
(or lack thereof) are described with reference to penguin colony
proximity to seal sites, areas of high productivity and
demographic-specific species foraging movements.

Baseline Signatures From Moulted
Penguin Feathers
Results of feeding trials supported the biochemical comparability
between baseline signatures from moulted and scat feathers.
Arregui et al. (2018) also reported fin whale scats as a reliable
indicator of prey consumption with unaltered stable isotope
ratios of krill post transit along the digestive tract. The afore
mentioned biochemical comparisons between wild deer hair and
predated hair from the scats of wolves, further highlights the
application of such methods across marine and terrestrial
predator-prey relationships (Derbridge et al., 2012).

Across Bass Strait and Port Phillip Bay, moulted feathers from
St. Kilda retained stable isotope and trace element signatures
with the highest overall discriminatory resolution (92.9% correct
classification). Key biochemical signatures discriminating
moulted feathers from St. Kilda, included elevated 8'°N and Al
levels. St. Kilda penguins are known to forage exclusively within
PPB, specialising on juvenile anchovy and luminous bay squid
with high 8"°N values (Preston et al., 2008; Chiaradia et al,,
2012). Consistent with the findings of this study, Kowalczyk et al.
(2015) detected high 8"°N levels in St. Kilda penguin feathers
(Table S1). Finger et al. (2015) also detected elevated Aluminium
(22% higher than this study), Arsenic and Mercury
concentrations in St. Kilda penguins compared to other
Central Bass Strait breeding sites (Phillip Island and Notch
Island) (Table S1). Aluminum impairment in seabirds is
mainly related to its disruptive effect on calcium homeostasis
as well as phosphorus metabolism, ultimately leading to muscle
weakness and decreased growth rates (Scheuhammer, 1987).
Port Phillip Bay is host to the city of Melbourne’s business
district, and the restricted currents and wave action in the bay
may act as a contamination hotspot for the heavy metals
subsequently reflected in elevated levels amongst St. Kilda
penguin feathers (Aly et al., 2013).

Frontiers in Marine Science | www.frontiersin.org

46

March 2022 | Volume 9 | Article 813106


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Reinhold et al.

Tracing Source Colonies of Predated Penguins

Elevated Al but also Ti concentrations discriminated moulted
feathers from Western Bass Strait from penguin colonies in
Central and Eastern Bass Strait. The bioaccumulation of
anthropogenic and natural sources of both Ti and Al represent
potential risks to seabirds such as penguins that forage at higher
trophic levels (Scheuhammer, 1987; Finger et al., 2015; Walsh,
2018; Hauser-Davis et al., 2020). Titanium, which is often
depleted in surface waters but elevated in deep water, and
which can occur over a range of at least two orders of
magnitude, has been described as a potential tracer of chemical
transfer processes in open oceans (Dammshéuser et al., 2011).
Penguin colonies from Western Bass Strait in this study are
situated within the eastern bounds of the Bonney Upwelling
system — an important source of transfer for deep and nutrient
rich waters to the surface (Middleton and Bye, 2007). However,
very little is known about the biological function of Ti and Al, or
the biogeochemical processes (like coastal upwelling) that may
control its distribution in the marine environment.

We highlight two local sources (~40km from Western Bass
Strait penguin colonies) of potential industrial discharge for both
Ti and Al (1) the Portland Aluminium Smelter and (2) the
commercial Port of Portland. Emissions from the Portland
Aluminium Smelter, with a production capacity of 345,000
tonnes of Al per year, can enter coastal waters via
contaminated particulate matter and effluent discharge that
potentially biomagnify up the marine trophic food chain
(Radhalakshmiet al., 2014; Sun et al., 2020). For Ti, potential
local entry points within Western Bass Strait include transport
via the mineral sands from the Port of Portland, from which
titanium dioxide (Ti0,) is derived (Force, 1991). In 2017, for
example, approximately 490,000 tonnes of mineral sands were
reported as imported/exported via the Port of Portland. In its
nanoparticulate (matter between 1-100nm) form, Ti0, is used in
a wide range of products (i.e. sunscreen, paints, cements, care
cosmetics) and considered a contaminant of emerging concern -
particularly for aquatic ecosystems (Weir et al., 2012; Shi et al,,
2013; Hauser-Davis et al., 2020). Miller et al. (2012)
demonstrated that relatively low levels of ultraviolet light,
consistent with those found in nature, can induce toxicity of
Ti0, nanoparticles to marine phytoplankton. However, very little
is known about the potential effects of Ti0, travelling up the
trophic chain.

In comparison to Western Bass Strait and Port Phillip Bay
(93% and 92% correct classification, respectively), a higher level
of biochemical homogeneity was detected between Central
(82.1%) and Eastern Bass Strait (76.9%) sites (Figure 6A). This
may reflect overlapping foraging zones and/or the confluence of
currents meeting in Central Bass Strait reducing the
discriminatory biochemical resolution between the two regions
(Ridgway, 1997; Sandery and Kiampf, 2007). For example,
oligotrophic, low nutrient waters from the East Australian
Current (EAC) flow southward along the eastern edge of Bass
Strait and the South Australian Current (SAC) advects warm
water from the west that flows eastward through Bass Strait
(Sandery and Kdmpf, 2007). Pre-moult Eastern Bass Strait
penguins at Gabo Island, unconstrained by chick feeding

requirements, may travel along the EAC towards other sources
of nutrient rich inputs into Central Bass Strait.

Overall, biochemical variation in moulted penguin feathers
between the four regions provide baseline signatures at high
spatial resolution that reflect variation in distance to areas of high
productivity and consequent foraging strategies, as well as
natural and potentially land derived anthropogenic sources of
elevated contaminants. Interestingly, these baseline signatures
also highlight the complexity of threats penguins encounter,
including potential terrestrial sources of contaminants, at
system-specific levels.

Bioavailability and Proximity Influences
Predation Pressure

Both, long-nosed fur seals and penguins are highly mobile marine
predators demonstrating vastly different foraging strategies which
are broadly shaped by system-specific cycles of productivity and
life history constraints (Page et al., 2005; Sidhu et al., 2012;
Pelletier et al., 2014; Foo et al.,, 2019). Feathers originating from
St. Kilda penguins were undetected from scats, likely explained by
the specialised foraging that occurs from this colony throughout
the year within the confines of Port Phillip Bay (Preston et al,
2008; Chiaradia et al., 2012). We note that long-nosed fur seals do
not commonly within Port Phillip Bay. Furthermore, St. Kilda
penguins have experienced a decline since their estimated peak
population size of 1061 adults in 2015, with estimates of, 998
adults in 2016, 738 adults in 2017, and 694 adults in 2018 (F.
Sperring, unpublished data). Overall, between 46-70% of predated
feathers retrieved from scats across Bass Strait were assigned to
‘local’ penguins (Figure 8). Most likely, this reflects overlapping
marine foraging zones for the animals with shared or close
terrestrial habitat. Both species utilise epipelagic coastal waters,
but the long-nosed fur seals also forage in offshore waters (Collins
et al.,, 1999; Baylis et al., 2008; Salton et al., 2021). For example,
Salton et al. (2021) recently tracked a sub-adult male fur seal from
Montague Island, New South Wales, to the Nee Islets, in southern
New Zealand. During our study, scat sampling occurred during
the penguin-breeding season (Oct-Dec 2018) when adult
penguins across Victoria typically make one-day foraging trips
(Chiaradia, 1999), typically within a 30 km radius of their
breeding site (Collins et al., 1999). Consequently, we can expect
that local breeding penguins are more bioavailable to nearby
long-nosed fur seals when constrained by mate and chick
feeding requirements.

The highest level of localised predation was detected for
Kanowna Island (Central Bass Strait), where predated feathers
were solely allocated to Kanowna penguins (70%) or other
colonies within the Central Bass Strait region (30%). Relative
to Eastern and Western Bass Strait, Central Bass Strait has a
greater abundance of penguins - proportionally increasing the
bioavailability of Central Bass Strait penguins within the region
(Dann pers comm). For both Central and Eastern Bass Strait, the
proportion of different feather signatures found in the scats
correlated to the proximity of source penguin colonies. Both
regions displayed patterns of increased predation pressure on
local, and then regional or inter-regional penguins, with
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proximity to seal sites. For example, in addition to the birds
originating from Kanowna Island (70%), the proportional
contribution of Rabbit Island (20%) and Phillip Island (10%)
penguins to scats collected from Central Bass Strait correlated
with the colonies proximity (~45km and ~120km respectively) to
Kanowna Island. For Eastern Bass Strait, local penguins
comprised 50% of predated birds. The remaining birds were
assigned to inter-regional Central Bass Strait penguins; Rabbit
(31%), Kanowna (13%) and Phillip Island (6%). These three
colonies are located ~330km, ~370km and ~500km from Gabo
Island, respectively. Overall, the largest proportion of scat
feathers collected across Bass Strait originated from Kanowna
and Gabo Island penguin colonies, the two largest penguin
colonies co-existing with long-nosed fur seals (Reinhold, S.
unpublished data). The combination of high penguin
bioavailability in close proximity to seal sites may therefore
place Kanowna and Gabo Island colonies at greater risk of seal
predation. We note however, population level inferences about
penguin colonies at greatest risk to seal predation require an
increased sample size of scat feathers sampled across a broad
temporal spectrum.

Species and Demographic-Specific
Foraging Movements

While understanding where predatory events on penguins occur
is beyond the scope of this study, the presence of inter-regional
penguins in scats from Western and Eastern Bass Strait may
reflect sexually immature penguins (<2yrs) which are more likely
to demonstrate a more versatile foraging strategy that includes
occurrence in these regions (Dann et al., 1992). Unlike breeding
penguins, juveniles are more likely to travel further post-fledging
and during penguin breeding months. However, the exclusive
occurrence of Western Bass Strait penguins in scats from
Western Bass Strait at Cape Bridgewater (46% of Western Bass
Strait scats feathers) may suggest that juvenile as well as breeding
birds from Western Bass Strait undertake more localised
foraging strategies. The nutrient rich Bonney Upwelling system
extends around the Western Bass Strait penguin colonies and
provides an abundance of nearby food. This constrained spatial
distribution of predated penguins from Western Bass Strait is
consistent with dispersal patterns described for banded penguins
from Western Bass Strait colonies (Norman et al.,, 2017). On
average, banded penguins recovered from 20 colonies between
Lorne and Portland (320km range) in Western Bass Strait moved
~38km from their original banding site (Norman et al., 2012).
Phillip Island penguins also travel west post fledging, attributed
to the access of nutrient-rich Bonney upwelling waters (Reilly
and Cullen, 1982; Dann et al, 1992). Recoveries of flipper-
banded first-year birds from Phillip Island indicate that they
travel several hundred kilometers west between Warrnambool
and Port MacDonnell, situated in the Bonney Upwelling 250km
and 420 km from Phillip Island (Dann et al., 1992).

An equally plausible explanation for the occurrence of inter-
regional (adult or juvenile) penguins in seal scats is long-distance
movements by long-nosed fur seals (up to 220 km per day
(Salton et al.,, 2021). Long-nosed fur seals retain prey for an
estimated gut passage half time of 51 hours - prior to defecating

scats (Fea and Harcourt, 1997). This represents the amount of
time it takes for half the total of recovered prey remains to
reappear in scats. Consequently, seals arriving from distant
foraging grounds could still be digesting penguins sourced
from inter-regional predation events upon their return to the
site of scat collection. However, the proportional contribution of
inter-regional penguins detected in this study should be
considered as a minimum - as scats defecated at sea are likely
to retain a higher proportion of hard-parts originating from prey,
including penguin feathers, consumed in offshore waters.

CONCLUSION

This is the first study to develop a diagnostic tool for identifying
seabird colonies at greatest risk to pinniped predation.
Interestingly, the biochemical signatures that best discriminated
between penguin colonies were shaped by system-specific
dynamics including proximity to areas of high ocean
productivity, human development, and industrialization, thus
highlighting the inter-section of terrestrial and marine threats
that penguins encounter. We propose future studies also explore
the resilience of Hg concentrations in feathers to seal digestion,
potentially enhancing the future biochemical resolution of
colony-specific baselines.

Opverall, seals were more likely to prey upon the penguins
breeding in closest proximity to them, consistent with the
constrained foraging patterns displayed by adult penguins
during the breeding season - when the seal scats were
collected. Region-specific predator-prey dynamics were likely
tied to the proximity of penguin colonies to seals sites and the
abundance or bioavailability of penguins. Meanwhile, inter-
regional predator-prey dynamics may reflect variation in the
dispersion of seals or juvenile penguins.

This study also suggests that penguin colonies may still be in
decline despite a lack of seal predation. In such cases, other natural
and anthropogenic stressors, for example industrialisation, shown
here by heavy metal loads in feathers, may warrant further
research to understand their contribution to population declines.
As the factors that influence predation, or lack thereof, vary across
regions and among local sites, this study highlights the value
and importance of identifying the source colony of seabirds
predated by pinnipeds to inform effective management efforts
and outcomes.
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