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Abstract

Environmental changes can affect the social structure and disrupt habitat use of marine mammal species. An impact on the
social dynamics of dolphins, including group size structure, may attenuate the feeding success and increasing predation
risk, especially considering species exhibiting small home ranges, which impose particular habitat dependency and high
vulnerability to environmental changes. In this regard, the Guiana dolphin (Sotalia guianensis, Van Benéden, 1864) is a
particularly endangered species due to its coastal distribution and considerable small home range. The aim of this study was
first to conduct a spatial assessment of the dolphin groups sighted in the Sdo Marcos Bay (SMB; Northeastern Brazil), one
of the most important port areas in Brazil. The results show an overlap between the distribution of the dolphin groups and
the port activities area, which includes the loading zone at the main port area and the navigation channel used by large cargo
ships and other vessels. Also, a GLM regression was conducted to identify the best combination of selected variables that
best predict the group size of the dolphins. The predictor variables included: salinity, sea surface temperature, depth, water
transparency, distance from the main port area, and the feeding activity of the groups sighted. The results indicated that larger
dolphin groups were found in areas closer to the main port area and were associated with foraging activities. Therefore, the
results suggest that this dolphin population might be exposed to threats linked to the port activities, which may include noise
pollution, vessel collision, and chemical pollution.
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Introduction

Environmental changes and human-related threats can affect
habitat use and disrupt the group composition of dolphins’
species that are highly dependent on social interactions
(Acevedo-Gutiérrez 2018). An impact on the social sys-
tem of top predators such as dolphins may trigger popula-
tion instability and decline, which can negatively affect the
trophic dynamic of the environment and break up important
ecosystem functions (Midgley 2012).
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One of the social traits that can be straightly affected by
environmental changes is group size (Sarabia et al. 2017).
Cetaceans display high intra- and inter-specific variability in
social aggregation, which depends on habitat characteristics
and ecological factors that determine the best group size
and its dynamics to maximize the survival rate (Blasi and
Boitani 2014). For example, offshore species tend to form
large groups as a social mechanism to minimize the risk
of predation and to deal with less regular prey availability.
Conversely, coastal species tend to form smaller groups as
prey resources are generally more predictable and the pre-
dation risk is comparatively reduced (Acevedo-Gutiérrez
2018). Living in groups provides numerous advantages
at individual and population levels. Breaking this socio-
evolutionary property may lead to survivorship problems,
especially for species exhibiting small home ranges, which
impose particular habitat dependency and high vulnerabil-
ity to environmental changes (Acevedo-Gutiérrez 2018).
In this regard, the Guiana dolphin, Sotalia guianensis (Van
Benéden 1864) is a particularly endangered species due to
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(1) its coastal distribution, typically inhabiting waters up to
30 m deep (Flores et al. 2018), and (2) its considerable small
home range (Flores et al. 2018). The Guiana dolphin, subject
species of this scientific investigation, is a small coastal del-
phinid (maximum length about 2 m) that occurs exclusively
along the Western Atlantic coastal waters, from Santa Cata-
rina (27°S, Brazil) to Honduras (14°N, Central America)
(Flores et al. 2018). This species exhibits a high preference
for estuarine and protected shallow waters throughout its
distribution (da Silva et al. 2010).

Among other threats (e.g. bycatch and marine pollution),
habitat loss and modification caused by a number of anthro-
pogenic activities on coastal ecosystems are growing chal-
lenges for the populations of S. guianensis, especially those
located in areas with high level of urbanization, with intense
tourism, and with heavy port activities (Moura et al. 2014).

Although considerable scientific efforts have expanded
the knowledge about this coastal dolphin, the scarcity of
basic information is still persisting in several areas along
its geographical distribution, which justifies the classifica-
tion of the species as “data deficient” by the red list of the
International Union for the Conservation of Nature (Secchi
2012; Moura et al. 2014). The Amazon coast, including the
Sdo Marcos Bay (Maranhio state), is a region where scarcity
of information about S. guianensis is still an important con-
servation challenge, although there are pieces of evidence
showing that this species is relatively common in this region
(Garri et al. 2008; Siciliano et al. 2008). Few observations
carried out in the aforementioned bay also indicate that
anthropogenic activities such as fishery may be a poten-
tial threat for the conservation of this small cetacean in the
region (Garri et al. 2008).

In light of the information about the threats over S. guian-
ensis and their potential to unbalance the species functional
traits, (here group size), we aim to investigate how selected
variables affect group size structure in an intense Port area
in northern Brazil.

Materials and methods
Study area

The Sdo Marcos Bay (SMB), together with its neighbor
Sdo José Bay, forms the Maranhense Gulf geologic sys-
tem, which includes small rivers, several islands, enclosed
estuaries, complex mangroves, straits, inlets, and tidal flats
(El-Robrini et al. 2006). The SMB, spread approximately
100 km in length and measure about 23,600 km? in its main
area (Rodrigues et al. 2016). At the mouth of the bay, the
approximate width is 55 km, narrowing to 15 km in its cen-
tral part and expanding its width again in the interior sec-
tion, reaching 25 km (El-Robrini et al. 2006). The SMB

is an estuarine system, dominated by mangroves, and its
hydrodynamics are influenced by the discharge of three
rivers (Grajad, Mearim, and Pindaré) and by a substantial
exchange with the ocean waters (Gonzéilez-Gorbeia et al.
2015). The hydrodynamic of the bay is also characterized
by large variations of semidiurnal tides, whose maximums
can reach 7.2 m in large equinoctial syzygy tides. However,
the maximum tidal amplitude is typically less than 5.5 m
(El-Robrini et al. 2006).

The bathymetry of the bay shows depth reaching 97 m
in its central channel, which facilitates the navigation of
heavy cargo ships to transport minerals from the port com-
plex located in bay, which includes the Port of Sdo Luis, the
Port of Itaqui, the Ponta da Madeira Terminal (PMT), and
the Alumar terminal (Gonzalez-Gorbefia et al. 2015). The
PMT, for example, is the national leader in volume of cargo
transport, with an annual movement of 120 millions tons of
minerals, including, among other products, iron ores, steel
and aluminum mills (Camelo et al. 2010).

Study design and data collection

The SMB was surveyed for the occurrence of dolphins and
environmental sampling activities in two periods, compris-
ing 25 days of fieldwork in total. The first sampling period
was carried out from the 10th to the 19th of December 2013
and the second one from the 7th to the 21st of January 2014.
The fieldwork was conducted using a wooden fishing boat
of 15 m long, using an active search and visual census tech-
nique (Santos and Rosso 2007), keeping a boat speed vary-
ing from 15 and 18.5 km/h. The survey path followed a “zig-
zag” configuration of linear transects to maximize chances
of encountering dolphins (Santos and Rosso 2007). Each day
of survey activities started alternately from each extremity
of the transect path (Fig. 1).

Two trained observers were positioned at opposed sides
of the boat prow, each covering approximately 90° of the
onward view along the path.

For every Guiana dolphin groups sighted, information
about their characteristics and also about the environment
condition at the specific sighting location and time were
recorded. The information collected about the dolphins
included group size and the presence of calves. For this
study we considered the information of group size valid only
when (1) the observers were close enough to the dolphins
(around 100 m distance), and (2) when the time of observa-
tion was superior of 5 min. Normally, photos taken from
the dolphins were later analyzed in order to better estimate
the size of the groups and to reduce uncertainties of this
assessment.

For each sighting location, a number of environmental
variables were measured, including sea surface temperature-
SST (°C), salinity (ppm), water transparency (cm) and depth
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Fig.1 Synoptic map showing the distribution of observations of the
Guiana dolphins sighted discriminated by group size and presence/
absence of calves at the Sao Marcos Bay. The figure also presents the

(m). These variables typically determine the habitat charac-
teristics of cetacean species, and variations in such condi-
tions may affect their distribution and movements (Tobefia
et al. 2016).

Depth data were collected using a portable echo-sounder
with a 0.1 m precision. SST was measured with an alco-
hol thermometer in the water surface. Salinity was inferred
by using a handheld refractometer. Finally, water transpar-
ency was estimated with a radius Secchi disk graduated in
centimeter.

Data on the foraging activity of the dolphins were also
collected, as feeding behavior is generally linked to group
size of Guiana dolphins (Oliveira et al. 2013). The groups
sighted were classified as performing foraging activities
when the majority of the dolphins were engaged on feeding
behavior, which was determined by rapid surfaces swim-
ming, frequent direction changes, fish chases, and observa-
tions of fish catches (Pennino et al. 2013).

Furthermore, in order to check if the port activities con-
ducted at the loading zone at the Ponta da Madeira Maritime
Terminal (PMT) may influence the dynamics of the dolphin
groups, the rectilinear distances (in km) between the PMT
and every group sighted were later quantified and treated
as a variable. Information about sea conditions (Beaufort
scale: 1-5), geographical coordinates; date and time were
also recorded. The field activities were conducted with sea
Beaufort scale under 3.
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(1) the line-transect path surveyed, (2) the navigation channel used by
large vessels to access the ports (Gonzalez-Gorbeiia et al. 2015), and
(3) the kernel density estimation for the distribution of sightings

Data analysis

A descriptive spatial assessment of the dolphin groups
sighted was conducted in order to identify patterns in the
distribution of the dolphins in the SMB. For the purpose of
the spatial distribution analysis a heatmap was produced,
where the gradient was calculated using a 2-dimensional
kernel density estimate, based on bivariate normal distri-
butions. The spatial probability density estimation was
computed using the “kde2d” function from the R “MASS”
package using default settings (Venables and Ripley 2002)
and plotted with the “stat_density2d” and “ggplot” func-
tions from the R package “ggplot2” (Wickham 2016). The
sightings of Guiana dolphins in the map are discriminated
by the group size and by the presence/absence of calves. The
map was elaborated by using the R package “ggmap” (Kahle
et al. 2019). Geographical elements of importance for this
study were also plotted on the map, which includes the Ponta
da Madeira Maritime Terminal (PMT), and the boat survey
transects undertaken during the fieldwork campaigns.
Generalized linear models (GLMs) were used to detect
which set of variables may be related to the group size of
Guiana dolphins monitored in this study. Group size was
included as a response variable under the influence of the
following fixed predictor variables: (1) water depth (in
m), (2) salinity (ppm), (3) water transparency (in cm), (4)
SST (in °C), (5) foraging activity, and (6) distance from
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the main area of the Ponta da Madeira Maritime Terminal
(PMT; in km). Prior to the GLM procedure, a detailed data
exploration was performed to check for outliers, collinear-
ity, and overdispersion as suggested by Zuur et al. (2009).
The GLM models were constructed step-by-step by
reducing the full model, which initially included all the
predictor variables (Tavares et al. 2015), using the neg-
ative-binomial as the best error distribution, followed
by graphical diagnostics (Zuur et al. 2009). Given the
relatively small number of observations and the num-
ber of explanatory variables considered in the modeling
approach, the Akaike’s Information Criterion with small-
sample correction (AICc) was used for the model selec-
tion. The lowest AICc scores indicated the models with
the best performances and the set of predictor variables
that contributed to the model evaluation (Burnham and
Anderson 2002). Adjusted deviance explained by the final
selected model was calculated using “Dsquared” function
from the R package “modEvA” (Barbosa et al. 2016).

Results

A total of 52 groups of Guiana dolphins (174 individuals
in total) were sighted during about 178 h of field effort
along 25 days of sampling activities in the SMB (Table 1).
On average, the dolphin’ groups were composed of 3.35
dolphins, ranging from 1 to 15 individuals. Calves were
present in 27% of the groups sighted. In 85% of the groups
presenting calves, only one calf was recorded.

Table 1 presents summary statistics of the environmen-
tal data collected at the locations where the dolphin groups
were recorded. The mean SST measured in the SMB was
26.4 °C. On average, the dolphin groups were recorded in
waters of 20.4 m deep, varying from 2.4 to 47 m. Values
for salinity ranged from 28.0 to 36.0 psu (mean=31.85)
and the measurements for water transparency indicates
a substantial turbid environment in general, with mean

Table 1 Descriptive statistics for the environmental variables, the
time of observation per group of dolphins sighted, and for the group
size of Guiana dolphins

Parameters Mean  Range SD
Time of observation per group (min)  18.8 2-80 16.7
Dolphins per group (n) 33 1-15 3.0
Calves per group (n) 0.6 0-3 0.6
Distance from port (km) 6.6 0.2-23.1 6.2
Sea surface temperature—SST (°C) 26.4 24.0-27.1 0.67
Depth (m) 20.4 24470 10.1
Salinity (psu) 31.85  28.0-36.0 2.63
Water transparency (cm) 19.17 10.0-31.0 4.96

values of 19.17 cm of visibility (Secchi disc). The linear
distances between the spatial location of dolphin groups
sighted and the PMT were also measured and ranged from
0.2 to 23.1 km.

The spatial assessment shows that most dolphin’ groups
were sighted in waters near the PMT, as the kernel density
analysis and distribution of the sightings suggest (Fig. 1).
Some groups were also recorded in the inner and outer part
of the bay. In consonance with the overall spatial configura-
tion of the data points, the groups presenting calves were
also found in waters close to the PMT. The spatial distribu-
tion of the dolphin groups indicates that dolphins may use
regularly the navigation channel used by large cargo ships
to access the PMT.

The selected GLM model (explaining 65.93% of the
variation present in the data) included the following predic-
tor variables correlated with the group size of Guiana dol-
phins: distance from the PMT and foraging activity (Fig. 2,
Table 2). The model showed a negative relationship between
the group size and the variables distance from PMT, while
the response variable showed a positive association with for-
aging activities. More specifically, the GLM model suggests
that the dolphins tend to occur in larger groups in waters
closed to the PMT for foraging purpose.

Discussion

In general, the group sizes of the Guiana dolphins observed
in the SMB were fairly small and consistent with the popula-
tions living in protected estuarine areas and bays (Azevedo
et al. 2005; Santos and Rosso 2007), contrasting with those
Guiana dolphin populations inhabiting open coastal areas
and open bays, which exhibit substantially larger groups (de
Souza et al. 2008; Tardin et al. 2013).

Our descriptive spatial assessment shows an overlap
between the distribution of the Guiana dolphin groups and
the port activities area, which includes the loading zone at
PMT and the navigation channel, used by large cargo ships,
tugboats and other vessels. Also, larger groups of dolphins
were commonly sighted near the PMT. Izidoro and Le Pendu
(2012), as a comparative illustration, reported that the occur-
rences of S. guianensis were also frequent near the port of
Ihéus, Baia State (Brazil), although more frequently when
large cargo ships where absent.

The spatial distribution of the dolphins and the human-
related activities conducted at the SMB suggest that the
population of S. guianensis using the bay may be under
substantial human-related pressure. For example, given the
observed high density of sightings in the navigation channel,
problems such as boat collision (Van Waerebeek et al. 2007;
Tardin et al. 2013) and noise pollution (Marega-Imamura
et al. 2018; Pais et al. 2018) may be important anthropogenic
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Fig.2 Results of the generalized model showing the two most impor-
tant predictor variables for explaining the variability in the group size
of Guiana dolphins. The subplot a presents the predicted curve for the

Table2 Summary statistics for preferred GLM model fits

Response vari- AICc  Parameter Estimate+ SE p value

ables

Group size 19191 « 1.2216+0.1475 <0.001
pPortDist  —0.0658+0.0158 <0.001
BForagYes  0.8938+0.1557 <0.001

For each model, the associated Akaike’s information criterion (AIC)
indices are presented; along with the parameters estimates for inter-

[Pl

cept “a” and slope “B”, their respective standard error, and p values

factors affecting the species at SMB. Another threat that
might emerge from the aggregations of S. guianensis near
the PMT may be related to the dolphins’ exposure to harm-
ful levels of persistent toxic chemicals (including Al, Cd,
Pb, Hg, tributyltin and polychlorinated biphenyls), as the
study conducted by Carvalho-Neta et al. (2012) may suggest.
Those authors found that high levels of chemical contami-
nants in areas close to the PMT were associated to branchial
lesions and other enzymatic responses in catfishes (Sciades
herzbergii), a species typically consumed by dolphins of the
genus Sotalia inhabiting the estuarine areas from the Ama-
zon coast (Beltran-Pedreros and Pantoja 2006).

Our GLM model results suggest that Guiana dolphins
occur in larger groups more likely for foraging purposes
and in waters closer to the PMT. In general, group size
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variable port distance (95% confidence bands) and the subplot b dis-
plays the predicted mean group size (95% confidence interval) when
foraging is active in the group or not

formation in dolphin species is a socio-evolutionary devel-
opment mostly linked to foraging efficiency, to resource
defense, and to a defense mechanism against predators
(Acevedo-Gutiérrez 2018).

Previous studies have demonstrated that Guiana dol-
phins forage typically in groups and in a cooperative
and coordinated manner to maximize feeding efficiency
(Rossi-santos and Flores 2009; Tardin et al. 2011; Oliveira
et al. 2013).

Although large group formation may increase the for-
aging efficiency of the Guiana dolphins using the SMB,
their spatial distribution closer to the PMT is likely to pose
some risk to the population due to the port-related activi-
ties. For example, noise activities associated with the port
activities at the PMT may disrupt the dolphin’s commu-
nication, crucial for feeding efficiency (Wisniewska et al.
2018). Dolphins living in a habitat with high water turbid-
ity, such as at the SMB, may rely especially on acoustic
communication to interact with the environment and with
the group members (Herzing and Johnson 2015; Ledo et al.
2016). In high turbid waters, the dolphins might be highly
sensitive to noise pollution associated to the port activities
and vessels, which can affect important social interactions
and vital activities such as foraging ability (Jensen et al.
2009; Nachtigall et al. 2018).
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Conclusion

This study indicates that the Guiana dolphins inhabiting
the Sdo Marcos Bay (SMB) are most regularly found in
waters near the Ponta da Madeira Terminal (PMT). Also,
the spatial distribution of dolphins in the bay consider-
ably overlaps with the navigation routes of large vessels
that use the port for loading with materials. Furthermore,
the regression model suggests that S. guianensis occurs
in larger groups in waters closer to the PMT more likely
for foraging. The results bring new scientific information
about habitat use and group characteristics of a species
fairly unknown along the Amazon coast and especially in
the SMB. Moreover, this study highlights the necessity to
investigate whether and how the port-related activities at
the PMT may affect the dolphins’ communities using the
SMB.
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