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Resources and population traits
modulate the association
patterns in the common
bottlenose dolphin living nearby
the Tiber River estuary
(Mediterranean Sea)
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Sociality and ecological drivers that can influence individual association
patterns are infrequently considered in wildlife management, although they
are essential aspects affecting animals’ responses to both human-related
pressures and conservation strategies. In common bottlenose dolphins
(Tursiops truncatus), sex-specific social dynamics and interactions with
anthropogenic activities may affect grouping and induce changes in
relationships between individuals. Out of a total of 347 individuals, we
assessed the level of association among 68 bottlenose dolphins that have
been sighted more than five times near the Roman coast (central
Mediterranean Sea, ltaly). The half-weight index (HWI) of dyadic associations,
their network relations, and stability over time were investigated by using the
SOCPROG software. Outcomes showed that females were more strongly
associated than other individuals, with both preferred constant short-term
associations and random long-term associations, possibly resulting in greater
success in rearing young. Individuals interacting with the bottom trawl fishery
showed weaker and short-term associations. Temporary disruption of
individual associations during interaction with fishery and the relatively low
number of females with calves participating in depredation seem to denote
both the opportunistic nature of interactions with fishing vessels and the
offspring-related protection strategy. The results show that the dolphins in
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this region maintain a complex but flexible social structure that varies with local
biological requirements and is resilient to anthropogenic pressures.
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Introduction

Differences in gregariousness and social relationships are
features of many group-living mammalian species, influencing
numerous traits of an individual’s life, from feeding success, mate
selection, and grouping in different life stages, to habitat
preference (Pace et al., 2014a; Majolo and Huang, 2018; Pace
et al,, 2018) and defense against predators (Heithaus and Dill,
2006; Wirsing et al., 2008; Miller et al., 2022). Group formation is
a highly dynamic process subjected to many variations in size and
member composition over different temporal scales. Groups can
separate (fission) or merge (fusion) (Couzin, 2006; Couzin and
Laidre, 2009), and this fluid joining and splitting possibly evolved
as an adaptive strategy to minimize competition in relation to the
fickleness of resources, the mating access, and the habitat type
(Majolo and Huang, 2018). The flexible scheme, within fission-
fusion societies, is assumed to enable mammals to react to highly
mobile resources and/or rapid-changing pressures. It allows to
adjust the number of associates and to shift the identity of the
individuals with which they relate (Archie and Chiyo, 2012).
However, ‘strategic’ non-random association patterns and long-
term social preferences may emerge in specific conditions or
contexts. They can guide, for example, the development of
sympatric communities, as in some common bottlenose dolphin
(Tursiops truncatus, hereinafter ‘bottlenose dolphins’) populations
with specializations in hunting/foraging techniques (Chilvers and
Corkeron, 2001; Wiszniewski et al., 2009; Daura—Jorge et al., 2012;
Pace et al., 2012). In the fluid fission—fusion societies of bottlenose
dolphins, the composition of group members changes over hours,
days, or seasons (Gowans et al., 2007). Differences in interaction
patterns and social affinity between and within genders are also
recognized (Moreno and Acevedo-Gutierrez, 2016). For example,
sex-specific social dynamics, such as sex-age segregation (in
Florida: Wells et al., 1987), hierarchical male alliances (in
Australia: Randic et al,, 2012; Connor and Kriitzen, 2015),
strong or preferred associations between/within sexes (in New
Zealand and Australia: Lusseau et al., 2003; Gero et al., 2005,
respectively), and female-male affiliations with the absence of
male alliances (in Ireland: Baker et al., 2020), may have effects on
social structure.

Bottlenose dolphin social structure shows a high degree of
flexibility and adaptations, with changes in the association
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patterns relative to different pressures acting on local
populations (Papale et al., 2017; Louis et al., 2018). The
environmental conditions, habitat features (Lusseau et al.,
2003; Wiszniewski et al., 2009), behavioral states (Moreno and
Acevedo-Gutierrez, 2016), and prey availability and
predictability (Gowans et al., 2007; Wiszniewski et al., 2009),
are considered drivers for variations in bottlenose dolphin social
structure (Diaz Lopez and Shirai, 2008; Blumstein, 2010; Pace
et al., 2012; Blasi and Boitani, 2014; Genov et al., 2019; Bonizzoni
et al., 2021; Frau et al, 2021). Furthermore, anthropogenic
factors and other mediating forces that alter resource
accessibility and distribution can influence the association
pattern among individuals. For example, individuals
opportunistically exploiting both aquaculture cages and
trawling fishery may form long-term preferred companionship
(Pace et al., 2012). However, during opportunistic feeding
behavior at marine fish farms, the number of dolphin
associations is described to decrease, as it is easier to capture
prey, and cooperation is not as necessary (Diaz Lopez and Shirai,
2008). A trawler efficiently herds species that are part of the
bottlenose dolphin diet, letting dolphins decrease the effort spent
feeding, in both energy and time, thus enhancing foraging
effectiveness (Fertl and Leatherwood, 1997; Pace et al., 2012).
The energetic benefit of depredation (Tixier et al., 2015) comes
with an increased risk of injury for individuals, incidental
capture (bycatch), and/or mortality during the interaction with
the fishing gear, leading to a risk-reward trade-off that can
modify individual behavior and social dynamics (Santana-
Garcon et al., 2018; Buscaino et al., 2021). Several common
bottlenose dolphin populations are known to interact with
different fishing gears (e.g., Blasi and Boitani, 2014; Pennino
et al,, 2015; Buscaino et al., 2021), and a number of reports are
related to trawling boats (e.g., Pace et al, 2012; Genov et al,
2019; Bonizzoni et al., 2021; Bonizzoni et al., 2022), with
individuals intentionally entering the nets and actively take
advantage of fisheries through depredation (i.e., injuries or
removal of captured fish from a fishing gear; Chilvers and
Corkeron, 2001; Hamer et al., 2012).

The interaction with trawling vessels highlights conservation
issues and management implications as well (e.g., Chilvers and
Corkeron, 2001; Pace et al., 2012; Bonizzoni et al., 2021; Vella
et al., 2021; Bonizzoni et al., 2022). It clearly influences social
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dynamics and changes the pattern of interactions at the group
level, possibly affecting demographic parameters such as survival
and reproduction (Maldonado-Chaparro and Chaverri, 2021).
The disruption of groups and the loss of individuals that may
play central roles within a social network, possibly holding key
information (e.g., the location of food resources or the fulfillment
of specific feeding strategies), could induce the loss of behavioral
diversity (Kiihl et al., 2019) and may result in a reduction of
adaptability to changing conditions (He et al., 2019). Sociality
and ecological drivers that affect population dynamics and select
for individual association patterns are infrequently considered in
wildlife management (Bolanos-Jimenez et al., 2021), although
they affect animals’ responses to both human-related pressures
and conservation strategies (Diaz Lopez, 2019). Considering that
different geographic units may have highly variable sizes,
distribution patterns, degrees of exposure to potential
anthropogenic threats, and flexible social structures,
understanding drivers affecting association patterns could be
crucial for dolphin conservation (Avila et al., 2018; Diaz Lopez,
2019). Information on the social structure of bottlenose dolphin
units in the Mediterranean Sea is scattered and not fully reported
yet (Blasi and Boitani, 2014). Some of the available data seem to
suggest that sex composition (Blasi and Boitani, 2014) and
operational trawlers (Pace et al., 2012; Genov et al., 2019
Bonizzoni et al., 2021; Bonizzoni et al., 2022) may play a
pivotal role in shaping social structure and patterns of
individual arrangements. Here, the social structure of the
bottlenose dolphins living nearby the Tiber River estuary
(central Mediterranean Sea, Italy) is reported, with the aim of
providing an initial assessment of the relationships between

10.3389/fmars.2022.935235

individuals in this geographical unit under local conditions.
Furthermore, the following goals are achieved: a) evaluating
the level of association between individuals within groups, b)
examining if any evidence occurred for sex-specific patterns, c)
assessing eventual changes in groups opportunistically
interacting with trawlers, and d) discussing ecological
implications and associated conservation issues.

Materials and methods
Study site

The study area (Figure 1) is located in the central Tyrrhenian
Sea (Mediterranean Sea, Italy). The area is characterized by a
variety of habitats (seagrass meadows; hard and soft bottom
communities within coastal banks and cliffs; Ventura et al., 2015;
Ardizzone et al., 2018; Ventura et al., 2018; Bonifazi et al., 2019;
Casoli et al., 2019) and includes the Tiber River estuary. The
southern portion of the seabed of the Tiber River’s mouths
presents several habitats of biological importance (i.e.,
coralligenous outcrops and Posidonia oceanica meadows,
extending on both sandy and rocky substrata), which are
included in the EU Natura 2000 network Sites of Community
Importance and the Marine Protected Area of Secche di Tor
Paterno (MPA 1T6000010, 1,387 ha).

At about 3 nautical miles off the two Tiber River mouths is
situated a terminal including two single-point moorings (SPMs)
handling crude and petroleum products. Navigation, anchoring,
diving, and fishing are banned within a radius of 750 m from
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FIGURE 1

Rome

Study area in Central Tyrrhenian Sea (Mediterranean Sea, Italy). Black lines represent the 2017-2020 survey tracks, red dots correspond to the
location of the bottlenose dolphin encounters, black dots identify the two single-point moorings (SPMs), and the yellow square delimits the

Secche di Tor Paterno marine protected area (MPA).
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each SPM. These structures are reported to attract some dolphin
species (Triossi et al, 2013; Todd et al., 2020), as confirmed by
the regular presence of groups of bottlenose dolphins around
them (Pace et al., 2019; Pace et al., 2021). Bottlenose dolphins are
also commonly reported at the mouths of the Tiber River and
the Secche di Tor Paterno MPA (Pace et al., 2019; Pace et al.,
2021; Martino et al., 2021). Three hundred forty-seven unique
individuals have been photo identified, with females showing a
high degree of site fidelity, low levels of dispersion, and localized
movements (Pace et al., 2021). Mother—calf dyads have been
observed throughout all survey seasons (May-November).
Bottlenose dolphin occurrence is possibly favored by the
ecological conditions and heterogeneity of morphological
features of the region (Ardizzone et al, 2018). Water mass
circulation generates upwellings that support high
productivity, making the area a suitable site for both feeding
and nursing bottlenose dolphins (Pace et al., 2019; Pedrazzi
et al.,, 2022). The study area is considered a valuable ground for
the commercial fishery as well (Ardizzone et al., 2018) and is
characterized by a high proportion of small-scale artisanal
fishery and larger trawling vessels (Ardizzone et al,, 2018).
Bottom trawlers belonging to the Fiumicino fleet, consisting of
25-30 vessels typically 18-25 m long, operate on both the
continental shelf and the slope, running 1-day fishing trips
from Monday to Friday year-round. Interactions with fishery
were commonly observed in the bottlenose dolphin population
frequenting the area (Pace et al., 2019; Pace et al., 2021; Pace
et al., 2022). Dolphins have been observed foraging almost
evenly across all the study sites, where target prey species
(Blanco et al., 2001; Bearzi et al., 2009) are distributed. These
include demersal species (European hake, Merluccius merluccius;
red mullets, Mullus barbatus and Mullus surmuletus), small
pelagic fishes (sardine, Sardina pilchardus; anchovy, Engraulis
encrasicolus), cephalopods (common octopus, Octopus vulgaris;
horned octopus Eledone cirrhosa), and crustaceans (shrimps,
Parapenaeus longirostris; Norway lobster, Nephrops norvegicus),
which are also main fishery targets (Ardizzone et al., 2018). Prey
abundance appears to peak in August, with anchovies
representing more than 20% of the fishery catches (EMODnet,
2022; EUMOFA, 2022).

Data collection

Focal follows and photo-identification protocols over four
survey seasons, from August 2017 to November 2020, were
conducted. Data were collected onboard a sailing vessel
Beneteau, model Oceanis, length 41.1 ft, powered by a 55-hp
Volvo diesel engine. Daily surveys were carried out principally
during summer, in favorable weather conditions (i.e., sea state <
3 Douglas, wind force < 3 Beaufort, no rain, and no fog). Surveys
were conducted by three to six observers alternating between 7 x
50 and 7 x 80 binoculars and the naked eye, at a steady speed of
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4-6 knots. Survey track lines did not follow a standardized
scheme but an adaptive procedure (Dawson et al., 2008; La
Manna et al,, 2016; La Manna et al., 2020; Martino et al., 2021).
Acoustic data were also collected (Papale et al., 2021; Pace
et al., 2022).

A group of dolphins were defined as a number of individuals
with relatively close spatial cohesion (i.e., each member within
10 m of any other member) engaged in similar predominant
behavioral activities (Parra et al., 2006). When a dolphin group
was sighted, location, time, direction, behavior, size, age classes
(see below), and the presence of concomitant anthropogenic
activities (e.g., fishing vessels, fishing gears, and pleasure boats)
were recorded. More specifically, the occurrence of trawlers and
the presence of dolphins interacting with the fishing vessels were
evaluated. Dolphins were considered to interact with trawlers
when following the operating vessel at a variable distance (from
less than 100 to 400 m; similarly to Pace et al., 2012; Genov et al.,
2019), alternating sequences of short surfacing with dives of
different duration (from 2 to 6 min), and often showing surface
behaviors (e.g., rushes and leaps).

Two observers collected photographs of the dorsal fins using
Canon digital 5D and 6D cameras and Canon 70-300 and 100-
400 mm f/4.5-5.6L lenses. Once observers were confident that the
best possible photographs had been acquired, or the animals were
lost, dolphin sighting ended. Total group size and age class
composition were estimated in the field and then corrected (if
needed) via photo-identification analysis. Age class was defined
following Pace et al. (2021): adult = an individual generally of a
length of about 2.8-3.0 m; juvenile = a poorly scarred and rarely
nicked individual of about 2/3 the length of an adult; calf = an
individual of about 1/2 the length of an adult, with often visible
fetal folds, always in echelon swimming position close to an adult
mid-lateral flank; and newborn = an individual of about 1/3 the
length of an adult, with visible fetal folds, swimming
uncoordinatedly always in echelon position, very close to an
adult. Sex was determined whenever possible using the
following procedures (Pace et al, 2021): the collection of
photographs of the genital area of individuals or the observation
of constant adult-offspring associations during one or more
encounters (the adult was assumed to be a female). Each
sighting and related photo-identification analysis were
considered an independent sample.

Photo-identification analysis

Photographs were classified considering their quality (see
Wiirsig and Jefferson, 1990), and a quality grade (G) of between
1 and 5 was assigned to each image. Only high-quality photos
with G 2 4 were used. The occurrence and position of permanent
natural markings on the dorsal fins (such as nicks and notches)
and on the body were used to univocally recognize dolphins
(Pulcini et al., 2014; Urian et al., 2015; Mariani et al., 2016; Mussi
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et al., 2021). The individual distinctiveness was scored as well-
marked (individuals with highly distinctive dorsal fins and scars
on the body), fairly marked (individuals with moderately
distinctive dorsal fins), and unmarked (individuals with no
distinctive features on dorsal fins) (see Pace et al., 2021 for
further details).

Association patterns, social network
analysis, and temporal patterns

The ‘gambit of the group’ (GoG) assumption, i.e., each animal
in a group or a cluster is associating and interacting with every other
animal in that group, was adopted to examine dolphins’ association
patterns (Whitehead and Dufault, 1999; Whitehead, 2008a; Franks
et al, 2010). To reduce biases (Chilvers and Corkeron, 2001;
Bouveroux et al, 2019), and to include bottlenose dolphins
regularly frequenting the study area, only distinctive individuals
encountered on >5 occasions intwo to four different years were
used for the association analysis (all individuals, AI dataset; n = 68).
The number of 68 individuals resulted in a powerful sample size
considering an estimated abundance of 80 resident bottlenose
dolphins in the study area (see Pace et al, 2021, for details on
population abundance). The sample size was calculated using
G*Power 3 software (Faul and Erdfelder, 1992; Faul et al., 2007).
Then, association patterns were specifically examined in a) the
subgroup of individuals classified as ‘females’ (females only, FO
dataset; n = 23), b) the subgroup of individuals interacting with
trawling vessels at least 70% of their total encounter occasions
(individuals in the presence of trawls, PT dataset; n = 23), and c) the
subgroup of individuals not interacting with trawling vessels at least
70% of their total encounter occasions (individuals in the absence of
trawls, AT dataset; n = 27). We used the 70% threshold since about
30% of the sightings occurred when trawling vessels were not
operating (every Saturday and Sunday, and during the fishing
break period for biological recovery each year). Daily sampling
periods were used to remove demographic effects occurring during
the study period, such as birth, death, immigration, and emigration
(Whitehead, 2008b; Bouveroux et al., 2019).

Three basic approaches were considered using the software
SOCPROG version 2.9 (Whitehead, 2009a): 1) the dyadic
association levels, 2) the network metrics, and 3) the type and
temporal stability of the associations. Dyadic associations were
evaluated with the half-weight index (HWI) (Cairns and
Schwager, 1987). HWI measures the proportion of times a
pair of individuals was associated, ranging from 0 to 1 (with 0
indicating a pair never observed together and 1 a pair always
observed together). Following Quintana-Rizzo and Wells
(2001), HWIs were classified into categories based on strength
of associations. Mean and maximum levels of association
(HWI,e and HWI,,,, respectively) were examined for each
individual. The social differentiation (S), i.e., the coefficient of
variation (CV) of the true association indices, represents how
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varied the social system is. This was estimated by maximizing the
likelihood of observed dyadic associations using the algorithm
available in SOCPROG. S values close to 0 reveal a very
homogeneous society, S close to 0.5 indicates quite well-
differentiated societies, and S > 2 indicates extremely
differentiated societies (Whitehead, 2008b).

To characterize social bonds between individuals, a mean
linkage hierarchical cluster analysis was performed. Results were
represented as dendrogram only if the cophenetic correlation
coeficient (CCG, i.e., the correlation between real HWTIs and the
levels of clustering between individuals)—which ranges from 0
to 1—was greater than about 0.8 (which indicates a reliable
separation among clusters; Whitehead, 2008b). The modularity
clustering technique (Newman, 2006) was then applied to
understand whether the population is divided into clusters of
individuals based on social affiliations. The modularity
coefficient (Q), i.e., the difference between the observed and
the expected proportion of the total of the HWIs within clusters
(Newman, 2006; Dungan et al., 2016), was calculated in
SOCPROG. Q values > 0.3 reveal strong divisions in the
population (Newman, 2006).

The presence of preferred (non-random) associations
among dolphins was tested through a modified permutation
test against the null hypothesis that the dolphins were randomly
associated. The Manly and Béjder permutation technique
(Manly, 1995; Béjder et al., 1998) in SOCPROG—with
extensions advanced by Whitehead (1999); Whitehead et al.
(2005) and corrections introduced by Krause et al. (2009)—was
used. The association matrices were randomly permutated
10,000 times with 1,000 flips per permutation, with HWIs
being calculated after each permutation, at which point the p-
values stabilized (Whitehead, 2009a and b). Since the p-value
cannot be considered as a statistical threshold to identify
significant associations (Whitehead, 2008a), an arbitrary
threshold was fixed to identify the significant associations at
twice the mean association index of the population, including
zero values (Gero et al,, 2005; Frau et al,, 2021). The hypothesis
of non-random associations (i.e., preferred companionships in
the population) in the observed matrix was accepted if the value
of the standard deviation (SD) and the coefficient of variation
(CV) were significantly higher than those computed from the
randomly permuted data (Whitehead and Dufault, 1999;
Whitehead, 2008b).

Then, the social structure was examined through specific
network metrics (Wey et al., 2008; Croft et al., 2011). To measure
how individuals were connected and/or central in the groups
(Whitehead, 2008b), the following parameters were estimated in
SOCPROG. a) The strength: it indicates the gregariousness of
each individual, so larger values suggest a broad preference for
larger groups. b) The affinity: it measures if individuals are
strongly connected to other individuals that have also strong
connections, so an individual with high affinity has relatively
high associations with individuals that have high strength. c) The
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eigenvector centrality: it determines an individual’s relevance
(connectedness) in the network, so higher values indicate that
individuals generally have high gregariousness and/or are
connected to individuals with high gregariousness. d) The
reach: it evaluates the indirect connectedness of an individual,
so a high value indicates that individuals are indirectly linked to
many others in the population. e) The clustering coefficient: it
measures how well the associates of an individual are themselves
associated, so a value of 0 indicates none of an individual’s
associates are associated with each other, and a value of 1
indicates that are all associates of each other with equal weight
(Whitehead, 2008b; Titcomb et al., 2015; Dungan et al., 2016). In
a well-connected network, all these measurements are likely
significantly higher than expected at random. To graphically
display network relationships and illustrate the structure of each
network, sociograms were obtained with NetDraw 2.123
(Borgatti et al., 2002) using double HWI,,. values and their
multiples (Diaz-Aguirre et al., 2020).

Finally, to determine the stability over time of associations,
the standardized lagged association rate (SLAR; Whitehead,
1995) was calculated for the Al, FO, PT, and AT datasets. The
SLAR estimates the probability of resighting two individuals in
association at t(x), after having found them associated at t(0).
The following four exponential models in SOCPROG were fitted
to SLAR to describe the temporal patterning of bottlenose
dolphin associations at the Tiber River estuary. 1) Preferred
companions: some pairs of individuals have a preference for
associating, which is constant over time, suggesting permanent
associations. 2) Casual acquaintances: some pairs of individuals
associate for some time, disassociate, and may reassociate. 3)
Constant companions and casual acquaintances: association
followed by disassociation at some time lag to a lower level of
associations where associations stabilize. 4) Two levels of casual
acquaintances: association and disassociation occurring on two
different time scales. The best-fitting model was chosen

Number of individuals

N II.I--I----_-__-___- - - —

o o 2 E)

Total number of encounters

FIGURE 2

10.3389/fmars.2022.935235

according to the lowest quasi-Akaike information criterion
(QAIC) (Burnham and Anderson, 2002).

Results

A total of 137 surveys were conducted between 2017 and
2020, covering a total of 4,967 km on-effort within the study area
(Figure 1). As reported in Pace et al. (2021), 105 bottlenose
dolphin groups were encountered during surveys; their
distribution within the study area is shown in Figure 1. Group
size ranged from one to 65 animals, with an average value of 15.
The typical group composition consisted of several adults,
mostly accompanied by calves (70% of sightings). Three
hundred forty-seven (347) unique individuals were identified
from 104,781 high-quality images (40% of the total photographs
collected). The maximum number of re-sighting was 30 for a
single animal, while 65% of individuals (n = 226) were recorded
only once or twice (Figure 2A). The discovery curve for the
overall number of identified individuals regularly increased
throughout the study, while the curve of the 68 identified at
least five times (AI dataset) showed a stabilization over
time (Figure 2B).

Association level

The estimate of social differentiation (S) indicates a good
representation of the social pattern, with a quite well-
differentiated population (S = 0.54, SE = 0.06, n = 100
bootstrap replicates). The overall HWI,,. obtained for the
individuals in the AI dataset (n = 68) was 0.18 + 0.06,
suggesting very low levels of associations. However, the overall
HWTI,,.x was considerably higher (0.58 + 0.13), with 14
individuals (21% of the total) showing HWI,,,, = 0.70. Five of

2017 2018 2019 2020

200 /_/_/_/—

Cumulative number of identifications

Time

(A) Frequency distribution of the number of encounters of individual bottlenose dolphins. (B) Cumulative discovery curves for bottlenose
dolphin individuals over the study period. The solid line shows the discovery curve for the overall 347 individuals identified; the broken line
represents the discovery curve for the 68 individuals seen at least five times.
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these individuals with higher HWI,,,, were females. Indeed,
females (FO dataset, n = 23) showed a higher HWI,. (0.25 +
0.08) than the overall individuals, with 13 individuals (57%)
strongly associated (HWI,,. > 0.5), including a pair (seen
between 18 and 27 times) having HWI,,. > 0.7 (Figure 3, top
panel, CCC 2= 0.80). The modularity coeficient (Q = 0.11) also
indicates divisions in the female network (the best division into
clusters was at an association index of 0.3), resulting in two main
clusters of six and 10 individuals.

Monte Carlo permutation tests for equal variances (n
10,000) showed a significant lower HWL,. (F = 6.565; p
0.0001) and HWI,,,x (F = 2.418; p = 0.0087) for individuals
mostly seen in association with trawling vessels (PT dataset;
HWIL. = 021 + 0.04; HWI,,,x = 0.57 + 0.12) compared to
dolphins preferentially observed without interactions (AT
dataset; HWI,,. = 0.25 + 0.11; HWI,,,, = 0.65 + 0.18). The
modularity coeficient without trawling vessels (AT dataset; Q =

0.15) indicates divisions in the network (the best division into
clusters was at an association index of 0.3), resulting in four
main clusters of two, three, four, and 15 individuals; Figure 3,
bottom panel; CCC = 0.80).

Preferred/avoided associations

The results of the permutation tests on possible preferred or
avoided associations in the population are reported in Table 1. In

FIGURE 3

Hierarchical cluster analysis of female bottlenose dolphins (FO
dataset, n = 23; top panel) and individuals mostly seen without
interactions with trawling vessels (AT dataset, n = 27; bottom
panel) using the half-weight index
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the overall population (AI dataset), in female individuals (FO
dataset), and dolphins preferentially observed without
interactions with trawling vessels (AT dataset), permutation
tests hinted at preferred companionships, as revealed by a
significantly higher SD and CV of the observed data compared
with random data. The significantly smaller proportion of non-
zero HWIs in the observed data (A, FO, and AT datasets) seem
to indicate that avoidance between individuals may also occur
within the investigated population. Short-term preferred
associations emerged in individuals mostly seen in association
with trawling vessels (PT dataset), whereby random HWI,,. was
lower than the observed data.

Social network

The values of the social metric parameters in the investigated
datasets are shown in Table 2. The characterization of the social
network of overall individuals (AI dataset) emphasized a well-
connected network. All metrics (strength, affinity, eigen-
centrality, reach, and clustering coeficient) were significantly
different from random, indicating a general preference for larger
groups, with individuals strongly connected to each other and
indirectly linked to many others in the population. The same
pattern was observed for female individuals (FO dataset) and
dolphins preferentially observed without interactions with
trawling vessels (AT dataset) as well, while all network metrics
were not significantly different from random for individuals
mostly observed in association with trawling vessels
(PT dataset).

The sociograms generated with levels of double HWT,.
showed the well-connected bottlenose dolphin network at the
Tiber River estuary and confirmed several strong associations
among females (Figure 4, upper panels). The networks in the
absence or presence of fishing vessels (Figure 4, lower panels,
respectively) were different, with the former characterized by
multiple connections between female individuals and the latter
by a lower number of links between individuals of unknown sex.
Both networks showed a triad separated from the principal ones.

Type and temporal stability of the
associations

The best-fitting model (Table 3) obtained for overall (AI
dataset) and female individuals (FO dataset) was ‘two levels of
casual acquaintance’ (a short, casual level of association and a
longer-term one). However, in the female dataset, a model
containing ‘constant companions and casual acquaintances’
strongly supported the SLAR as well, suggesting that sex-
specific patterns of association may persist over time between
females at two levels of association, one of ‘constant
companions’(preferred and constant short-term associations)

frontiersin.org


https://doi.org/10.3389/fmars.2022.935235
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Pace et al.

10.3389/fmars.2022.935235

TABLE 1 Permutation tests for preferred and avoided associations of bottlenose dolphins.

Observed data
Overall individuals (AI dataset)
HWl,.. 0.18
SD of HWI,y. 0.15
CV of HWl,y. 0.80
Proportion of non-0 element 0.81
Females (FO dataset)
HWIL,. 0.25
SD of HW,. 0.16
CV of HWL,. 0.66
Proportion of non-0 element 0.91
Individuals interacting with trawls (PT dataset)
HWI,. 021
SD of HWI, . 0.17
CV of HWI,. 0.78
Proportion of non-0 element 0.76
Individuals not interacting with trawls (AT dataset)
HWI,.. 025
SD of HWl,. 022
CV of HWl,y. 0.90
Proportion of non-0 element 0.72

CV, coefficient of variation; HWI, half-weight index.
Significant result (p < 0.025 or p > 0.975) are shown in bold.

and one of ‘casual acquaintances’ (random long-term
associations). Thus, although the social structure appeared to
be driven by short-term relationships, female individuals also
had longer-term and constant companions over the 4-year study
period. A similar result was highlighted for individuals mainly
observed in the presence of trawling vessels (PT dataset). The
model containing ‘casual acquaintances (random long-term
associations) was the best-fitting one in the case of individuals
principally sighted without trawls (AT dataset), although a
model containing ‘constant companions and casual
acquaintances’ strongly supported the SLAR as well.

Discussion

This study investigated for the first time the social structure
of T. truncatus in the Tiber River estuary (Italy) over 4 years. The
discovery curve for these individuals (AI dataset) showed a
stabilization after 15 encounters, highlighting that the portion
of individuals within the population showing a considerable
degree of site fidelity was captured, similarly to bottlenose
dolphins at the Shannon Estuary (Baker et al., 2018) and in a
lagoon in the Gulf of Mexico (Morteo et al., 2017). Results also
showed that common bottlenose dolphins in the Tiber River
estuary were organized into a quite well-differentiated fission-
fusion society encompassing both extremely fluid and stable
associations between individuals, which seem to be a common
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Random data p-Value
0.19 0.0003
0.12 0.0002
0.61 0.0002
0.88 0.0002
026 0.0004
0.12 0.0003
049 0.0000
0.95 0.0142
0.20 0.0873
0.16 02222
0.74 0.1348
0.76 0.4554
026 0.0004
0.14 0.0002
0.54 0.0000
091 0.0002

pattern among bottlenose dolphin populations (e.g., Moreno
and Acevedo-Gutiérrez, 2016; Morales-Rincon et al., 2019).
HWI,,. was significantly higher in both females and
individuals not interacting with trawling vessels if compared to
the overall individuals. Association levels in female bottlenose
dolphins are generally related to reproductive state (Connor
et al., 2000), calf protection and food access (Mann et al., 2000;
Moller et al., 2006), defense against predators and male coercion
(Connor et al., 2000; Galezo et al., 2018), or lifetime fitness
(Moller et al, 2006). Here, the stronger associations between
females seem analogous to other populations (e.g., Papale et al,
2017), where females tend to associate with other females
sharing similar energy requirements to obtain greater success
in rearing the young and maximize the chances of offspring
survival (Wells, 2003; Moéller and Harcourt, 2008; Rendell et al.,
2019; Diaz-Aguirre et al., 2020).

From a behavioral ecology perspective, the higher levels of
associations here observed between individuals in the absence of
trawling vessels could be related to possible benefits from 1)
increased cooperation and reduced intragroup competition to
advance information sharing when the patchy and uneven
distribution of prey occur, since cooperative foraging strategies
may increase the foraging efficiency (Methion and Diaz Lopez,
2020); 2) safer contexts to improve calf care, social behaviors, or
resting in females; and 3) foraging specializations preferences
(not related to bottom trawling fishery) possibly transferred
from mother to offspring through the social learning process
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TABLE 2 Network metrics for the different groups of individuals considered in this study.

Overall individuals (AI dataset)
Strength

Affinity

Eigenvector centrality

Reach

Clustering coefficient

Females (FO dataset)

Strength

Affinity

Eigenvector centrality

Reach

Clustering coefficient
Individuals interacting with trawls (PT dataset)
Strength

Affinity

Eigenvector centrality

Reach

Clustering coefficient
Individuals not interacting with trawls (AT dataset)
Strength

Affinity

Eigenvector centrality

Reach

Clustering coefficient

Significant result (p < 0.025 or p > 0.975) are shown in bold.

(vertical transmission; Rendell and Whitehead, 2001; Weiss,
2006). Although our study did not find separate bottlenose
dolphin ‘trawling’ and ‘non-trawling’ communities (Chilvers
and Corkeron, 2001; Genov et al, 2019), despite overlapping
spatial ranges, significantly lower association levels were
obtained when individuals interact with trawls. The
opportunistic interaction behind the trawling vessel makes it
possible to feed on organisms captured by the trawl, picking out
fish entangled in the nets or possibly feeding on fish passing
through the net meshes (Fertl and Leatherwood, 1997), even
behaviorally impaired (Ryer et al., 2004). Concentrated food
sources and increased prey availability are key attracting factors
for bottlenose dolphins (Fertl and Leatherwood, 1997), which
may act individually with lower association levels. However,
despite these positive aspects, animals are exposed to the risk of
bycatch (dolphins that spend more time in the vicinity of fishing
nets are more likely to get caught than dolphins that avoid the
interaction; Fortuna et al., 2010), although there is no reported
evidence of entanglement or bycatch in the study area
(Carpentieri et al., 2021).

Similarly, to the estuarine population of bottlenose dolphins
in the Indian River (Titcomb et al., 2015), social network
structures governed by preferred and avoided companionships
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Mean * SD p-Value
1239 + 3.80 <0.001
1333 £ 0.88 0.01
0.11 £ 0.04 <0.001

167.65 + 58.56 0.02
027 £ 0.03 <0.001
543 £1.77 <0.001
591 + 0.31 0.24
0.20 £ 0.07 <0.001

32.52 + 11.35 0.03
0.42 £ 0.04 0.02
477 £ 0.96 0.08
493 £021 0.72
0.20 £ 0.05 029
23.59 +5.22 023
031 £0.03 0.40
6.54 + 2.83 <0.001
7.52 £ 0.83 1.00
0.17 £ 0.08 <0.001

50.47 + 24.09 <0.001
0.40 £ 0.04 0.08

were not homogeneous. The networks varied from a few vertices
with multiple links to only one or two links. The overall dataset
(AI) network appeared cohesive and well-connected, showing
multiple links between individuals. Females seemed to have a
central role in this network, being strongly associated with each
other. This pattern of association between females appeared
clearer in the female-only network (FO) and in the network of
individuals not preferentially interacting with trawls (AT), where
central positions were occupied almost by the same female
individuals. However, individuals not identified as females
composed the network of animals mostly seen in association
with trawling vessels. Non-random associations are common in
many terrestrial and marine mammals that exhibit fission-
fusion grouping patterns [e.g., African elephants, Loxodonta
africana (Wittemyer et al., 2005); Indian ocean humpback
dolphins, Sousa plumbea (Bouveroux et al., 2019); killer whale,
Orcinus orca (Ford et al., 2000), particularly in female clusters
[e.g., bottlenose dolphins (Connor et al., 2000); grey kangaroos,
Macropus giganteus (Best et al., 2014); zebras, Equus grevyi
(Sundaresan et al.,, 2007); and giraftes, Giraffa camelopardalis
(Carter et al.,, 2013)]. Here, non-random associations within
different groups may indicate that not all individuals have the
same role in this society or play a similar part in the network’s
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Individuals not preferentially interacting with
trawling fishery (AT dataset)

FIGURE 4

Individuals preferentially interacting
with trawling fishery (PT dataset)

Sociograms of individuals in the different datasets. Sociograms were set with HWI values at least twice the HWI,,. for all datasets. Top left:
sociogram of overall individuals (Al dataset, HWI > 0.36). Top right: sociogram of female individuals (FO dataset, HWI > 0.50). Bottom left:
sociogram of individuals not preferentially interacting with trawlers (AT dataset, HWI > 0.50). Bottom right: individuals preferentially interacting
with trawlers (PT dataset, HWI > 0.42). Purple circles indicate females, and orange squares mark individuals of unknown gender. HWI, half-

weight index.

TABLE 3 Exponential decay models fitted to the standardized lagged association rate (SLAR) among bottlenose dolphin individuals at the Tiber

River estuary.

Models’ explanation

Overall (Al dataset)

Two levels of casual acquaintance

Female individuals (FO dataset)

Constant companions and casual acquaintances

Two levels of casual acquaintance

Individuals interacting with trawls (PT dataset)
Constant companions and casual acquaintances

Two levels of casual acquaintance

Individuals not interacting with trawls (AT dataset)
Casual acquaintances

Two levels of casual acquaintance

Fitted model

0.015414*%exp(-0.11466*td) + 0.021612%exp(~0.00024417*td)

0.058268 + 0.13241%exp(—1.1164*td)
0.14304%exp(-1.3938*td) + 0.06169*exp(—0.00017703*td)

0.044376 + 0.23639*exp(-1.0567*td)
0.27686%exp(—1.2707*td) + 0.048625%exp(—0.00030941*td)

0.060229*exp(—0.0005296*td)
0.025394*exp(—1.0002*td) + 0.059235%exp(—0.00049512*td)

Only the best-fitting model for each group is shown. Note the negligible AQAIC between two models in FO, PT, and AT datasets.

QAIC, quasi-Akaike information criterion.
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QAIC

61,660

23,739
23,738

1,334
1,336

16,907
16,909
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cohesion (Lusseau et al., 2003). Individual female centrality and
the strength of associations with other females, for example, are
likely to change over time because of variable interbirth intervals
(Mann et al,, 2000; Barrett and Henzi, 2002), thus altering the
networks’ configuration. It is known that kinship may also play
an important role in shaping female associations (Diaz-Aguirre
etal., 2020), but it is not known the degree of genetic relatedness
between females in the study area. This aspect needs further
investigations in the future.

The type and temporal stability of the associations of the
bottlenose dolphin groups in the Tiber River estuary were best
described by models containing a) associations or dissociations
at two different time scales (‘two levels of casual acquaintances’),
where the associations eventually decay completely, and b)
short-term preferred mates and occasional long-term
acquaintances with individuals that associate over a period of
time, disassociate, and re-associate later (‘constant companions
and casual acquaintances’). In females, the tendency to form
strong temporary associations with other females appears to be a
defense technique to reduce harassment by groups of males
(Moreno and Acevedo-Gutiérrez, 2016; Galezo et al., 2018), but
prey type may play an important role in the decision-making
regarding leaving and/or bonding specific individuals in a group
as well (Lusseau et al., 2004). Indeed, the wide-open habitat at
the Tiber River mouths allows bottlenose dolphins both to
pursue and circle schooling fish, with a few individuals at a
time preying (Connor et al, 2000) and to individually target
isolated prey items throughout the water column. These
strategies may favor associations or disassociations at different
temporal scales depending on changing foraging opportunities
(Gregorietti et al., 2021).

Conservation implications

In the Tiber River estuary, bottlenose dolphins appear to be
organized in a fission—fusion society characterized by both free
and fluctuating, but also strong and preferred associations.
Strong social bonds can be attributed to differences in habitat
use and residency patterns of dolphin groups inhabiting the
study region (Pace et al,, 2021) and to the regular presence of
females with their recent offspring (Pedrazzi et al., 2022). The
River mouths are likely to represent a key nursery ground and a
valuable habitat with an important availability of suitable food
sources for bottlenose dolphins since nutrient transport
influences primary production and the whole trophic web.
These favorable local conditions also support the exploitation
by trawling fishery, which in turn affects the social dynamics of
the population. Furthermore, the presence of trawling vessels
can influence relationships and bonds between individuals
because the behavioral complexity required to advantageously
complete this opportunistic feeding activity possibly implies a
specific type of cooperation (Pace et al., 2012). Nevertheless, in
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this study, common bottlenose dolphins established weaker
associations in the presence of trawling, letting us presume
that they might prefer limiting the risk of bycatch by avoiding
associating during this activity. This hypothesis seems to be also
supported by the lower presence of identified females
(prevalently recognized by the occurrence of associated calves)
following fishing trawlers, suggesting that females with calves are
possibly using other foraging strategies (not related to operating
bottom trawlers) to secure food more easily when resources are
generally abundant (as in the study area), in order to meet their
daily energetic requirement and prevent unnecessary risk
(Kovacs et al, 2017). From a conservation perspective, both
aspects (weaker associations between individuals and mother-
calf pairs avoidance) may be pivotal since they represent a
temporary disruption of adult social bonds due to fishing
activity but may also denote that dolphin’s social structure
may be a complex adaptive system resilient to anthropogenic
disturbance (Ansmann et al., 2012; Diaz Lopez, 2019; Genov
etal, 2019; Frau et al,, 2021), as bonds are restored when fishing
trawlers are absent. Different anthropogenic activities have been
demonstrated to possibly alter population structure in terms of
age and sex composition, by influencing the survival rate
(Senigaglia et al., 2019; Tenan et al, 2020) or affecting the
relationships among individuals (Marley et al., 2017), with the
potential of eventually influencing population dynamics (Tenan
et al.,, 2020). Thus, assessing how social structure changes and
adapts in response to human activities is essential to investigate
the possible consequences of anthropogenic disturbance on a
population level. This study reports information on a bottlenose
dolphin population over a 4-year period, which is a short time
frame that does not allow for analyzing interannual or even
generational changes. Further, long-term data collection is
therefore needed to investigate population dynamics over a
wider time frame (Pace et al., 2014b).

The present work provides new evidence on the common
bottlenose dolphin that could be useful for future management
plans and practical conservation efforts for the species. To date,
current management approaches focus on the conservation of
numbers of animals, yet this study emphasizes the importance of
individual variations and the necessity to preserve behaviors that
allow adaptation to the local environment. The bottlenose
dolphin is included in Annex II of the EU Habitats Directive
(92/43/CEE) as priority species and listed as Least Concern in
the last International Union for Conservation of Nature (IUCN)
Red List of Threatened species regional assessment (Natoli et al.,
2021). This new assessment strongly indicated to monitor the
effects of human-related stressors, to guarantee the preservation
of intra-species diversity and the survival across its range (Natoli
et al., 2021). In addition, the Tiber River estuary area was
identified as an ‘Area of Interest’ for bottlenose dolphin during
the first Important Marine Mammal Areas (IMMA)
Mediterranean workshop organized by the ITUCN Marine
Mammal Protected Areas Task Force (IUCN, 2017). This was
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the first significant step toward the recognition of this discrete
area as important for feeding and reproduction of the common
bottlenose dolphin, thus having the potential to be managed
for conservation.
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