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Abstract

Estuaries in Brazil are highly threatened environments and habitat loss is the main influential
factor for the increase in the number of strandings of Antillean manatee (Trichechus manatus)
calves in the north-eastern region of the country. The aim of the present study was to analyse
and quantify the spatiotemporal dynamics of mangroves in the state of Paraiba and the asso-
ciation with manatee calf stranding events. The study area encompassed 10 remaining man-
groves along the coast of the state, four of which were located within protected areas.
Information on the mangrove forests was obtained from satellite images from the last four
decades. Data on stranded Antillean manatee calves were obtained from a databank with
records from 1980 to 2019. The data were analysed using geoprocessing techniques and stat-
istical analyses. The results demonstrated changes in the mangrove forest over time, with lar-
ger areas existing during the 1980s, reductions in the following periods but a slight increase in
the last decade. The number of stranded Antillean manatee calves increased over the years,
with stranding events concentrated mainly on the northern coast of the state. The smallest
number of stranding events occurred in the 1980s, when the mangrove forests were larger.
Our findings confirm that the integrity of mangroves is of extreme importance to the main-
tenance and sustainability of Antillean manatee populations.

Introduction

Mangroves are an arboreal-shrub vegetation that develops mainly over muddy soils of tropical
and subtropical rivers throughout the intertidal zone (Maia et al., 2005). These ecological attri-
butes enable mangroves to serve as natural nurseries that provide protection, and both feeding
and breeding grounds for different species. Therefore, this ecosystem is responsible for the bal-
ance and maintenance of natural resources in coastal areas (Copque et al., 2010).

Among the species that use this environment, the Antillean manatee (Trichechus manatus)
inhabits coastal and estuarine areas due to the availability of food resources and warm, shallow
waters, serving as refuges with sources of fresh water (Lima et al., 2011). However, the integrity
of these environments is highly threatened due to suppression of mangroves, silting, pollution
of water resources and reduction in river flow (Alves, 2001), especially in the north-eastern
region of Brazil, placing environmental pressure on mangrove ecosystems and the species
that use these resources (Maia et al., 2005).

In recent decades, studies have reported that the impacts on estuarine environments have
led to an increase in the number of stranded Antillean manatee calves in north-eastern Brazil
(Parente et al., 2004; Meirelles, 2008; AQUASIS, 2016), considered one of the main threats to
the species in the country (Parente et al., 2004; Lima et al., 2011). Understanding these strand-
ing events is considered a priority in the National Action Plan for the Conservation of West
Indian Manatees (Decree No. 249, 4 April 2018), as highlighted in the section calling for the
‘Assessment of the expansion and retraction dynamics of mangrove forest over the years to
assist in the conservation of the species’ (ICMBio, 2018a).

Paraiba is one of the main areas of occurrence of the Antillean manatee in Brazil (Lima
et al, 2011). The state has important mangrove forests, especially those found in federal
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protected areas, such as the Area of Relevant Ecological Interest
(AREI) Mangroves of the Mamanguape River created by Federal
Decree no. 91.890 of 5 November 1985 (Brasil, 1985), the
Mamanguape River Environmental Protection Area (EPA) cre-
ated by Federal Decree no. 924 of 10 September 1993 (Brasil,
1993), the Restinga de Cabedelo National Forest (NATFOR) cre-
ated by Federal Decree of 2 June 2004 (Brasil, 2004) and the
Acau-Goiana Extractive Reserve (EXTRES) created by Federal
Decree of 26 September 2007 (Brasil, 2007). According to these
decrees, the purpose of the creation of these conservation units,
in some cases, was to ensure the conservation of the manatee,
estuaries and mangrove communities.

According to federal legislation in Brazil, mangroves are per-
manent preservation areas (Brasil, 2012) and manatees are classi-
fied as endangered (ICMBio, 2018b). Despite the recognized
importance and ecological attributes of mangroves, little mapping
has been performed for these ecosystems (Santos, 2011; ICMBio,
2018¢). Regarding the Antillean manatee, studies with inferences
that relate stranding events to habitat loss are scarce. To fill these
gaps in the existing information, geotechnologies constitute powerful
tools that can be used to analyse geographic space through compu-
tational techniques combined with cartography, photogrammetry,
remote sensing, geoprocessing and geographic information systems
(Santos et al., 2015). Geographic information systems allow a com-
prehensive analysis of the components of a landscape, integration
of existing biotic and abiotic components, management of natural
resources and future simulations through the combination of events
of probable occurrence (Silveira, 2005). As mangroves are increas-
ingly exposed to the effects of drastic changes to coastal landscapes
(Prates et al., 2012), the aim of the present study was to analyse
and quantify the spatiotemporal dynamics of mangroves in the
state of Paraiba and investigate the association with stranding events
involving Antillean manatee calves.

Materials and methods
Study area

The study area encompassed 10 remaining mangrove forests dis-
tributed along the coast of the state of Paraiba (north-eastern
Brazil): two located on the northern coast and eight on the south-
ern coast. Four of these mangrove forests are located in federal
protected areas (PAs): Area of Relevant Ecological Interest
(AREI) Mangroves of the Mamanguape River; Mamanguape
River Environmental Protection Area (EPA); Restinga de
Cabedelo National Forest (NATFOR); and Acau-Goiana
Extractive Reserve (EXTRES) (Figure 1). These PAs were chosen
for their contribution to the conservation of mangroves and for
being considered areas of occurrence of manatees. The other
mangrove forests were located around the estuaries of the
Camaratuba River (CAM) to the north and the Paraiba (PB),
Mangabeira (MAN), Gramame (GRM), Grat (GRA) and Abiai
(ABI) rivers to the south.

Acquisition, processing of satellite images and quantification
of mapping

A historical series was used spanning four decades (1980s, 1990s,
2000s and 2010s). Satellite images in this period that met the fol-
lowing criteria were selected: spatial resolution of 30m, little
cloud cover and corresponding to the months of August to
April (dry season; period of low rainfall) (Aratjo et al., 2016).
The images were acquired from the electronic site of the United
States Geological Survey (USGS, 2020). After the selection of
the satellite images following the predefined criteria, images
from 1985, 1995, 2005 and 2016 were chosen (Table 1).
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To obtain more satisfactory results, a pre-processing step was
performed, which consisted of the re-projection of the images
to the southern hemisphere and Datum SIRGAS 2000 as well as
the spectral composition using Bands 3, 4 and 5, as this compos-
ition of bands highlights mangrove vegetation, ensuring a more
precise result (Boulhosa & Souza Filho, 2009).

A supervised classification of the images was then performed,
with discrimination of the targets (mangrove forests) using the max-
imum likelihood method (Crosta, 2002). These procedures were
performed with the aid of ArcGIS 10.3.0 software (ESRI, 2014).

To identify changes (expansion and/or reduction) in the area
corresponding to mangrove forests over the years, calculations
were performed for each mangrove forest using ArcGIS 10.3.0
(ESRI, 2014) to obtain the total area in hectares.

Records of manatee stranding events

Stranding data were obtained from a pre-existing databank from
institutions that work with stranding events: Funda¢do Mamiferos
Aquaticos (FMA (Aquatic Mammal Foundation)), Centro
Nacional de Pesquisa e Conservagio de Mamiferos Aquaticos
(CMA (National Aquatic Mammal Research and Conservation
Center)), and Centro Nacional de Pesquisa e Conservacio da
Biodiversidade Marinha do Nordeste (CEPENE (National
Research and Conservation Center for Marine Biodiversity of the
Northeast)). The timeframe was 1980-2019. In the present study,
only manatees characterized as calves were considered, with average
length of 123 cm and 34 kg of weight for newborn (Borges et al,
2012). Information was compiled on the date, location and geo-
graphic coordinates of each stranded manatee calf.

Data analysis

Bar graphs were used to quantify the distribution of stranded
manatee calves along the northern and southern coasts of the
state of Paraiba. Logistic regression analysis was used to test the
hypothesis that the probability of manatee stranding (inferred as
0 and 1) increased over the years. To determine the frequency
of stranding events over the years, a logistic regression (stranding
events ~ years) was performed using R software (2018, version
3.5.0). A combination graph was created using Excel software to
analyse the possible association between the change in mangrove
area (retraction or expansion) and the frequency (presence or
absence) of manatee stranding events over the decades studied.

Results
Mangrove forests of Paraiba

The first PA analysed was the AREI Mangroves of the
Mamanguape River, which had its largest area in the 1980s
(Table 2). In the following periods (1990s and 2000s), contraction
of the mangrove forests occurred, followed by a slight increase in
the most recent decade (2010s) by comparison to the previous
decade (2000s), characterizing a slight expansion in mangrove
coverage but still far below the coverage reported for the 1980s.

The same pattern was found in the Mamanguape River
Environmental Protection Area (EPA), with contraction in man-
grove area after the 1980s and a slight expansion only in the most
recent decade (2010s). It should be pointed out that the EPA over-
laps some of the boundaries of the AREIL

The Restinga de Cabedelo NATFOR underwent a small change
in the area of mangrove forests throughout the period studied,
with a slight increase in the most recent decade compared with
its initial area. These findings reveal that mangrove forests in
this PA remained more conserved and stable.
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Fig. 1. Mangrove forests distributed along the coast of Paraiba, north-eastern Brazil.
Table 1. Information on images used for spatiotemporal mapping
Date Satellite Sensor Spatial resolution Bands Wave composition range (um)
19 Oct. 1985 Landsat 5 ™ 30 (B3) Red 0.63-069
Thematic (B4) Near red 0.76-0.90
15 Oct. 1995 Mapper (B5) Mid-infrared 1.55-1.75
01 Apr. 2005
12 Oct. 2016

The Acati-Goiana EXTRES had its largest area of mangrove
forests in the 1980s, followed by a reduction. However, consider-
able expansion occurred in the 2000s and 2010s, with the area of
mangrove coverage approaching that found in the initial period of
the present study (Table 2).

Besides the mangrove forests in the federal protected areas on
the coast of Paraiba, the present study evaluated six additional
mangrove areas distributed around the estuaries of rivers along

the coast. The areas of these mangrove forests throughout the dec-
ades analysed are displayed in Table 3.

Records of manatee stranding events in state of Paraiba

Fifteen stranding events involving manatee calves were recorded
between 1980 and 2019 in Paraiba. Analysing the data per decade,
an increase in the number of stranding events occurred on both
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Table 2. Mangrove forests in protected areas in Paraiba
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Decade/Year of acquisition of images

1980s/1985 1990s/1995 2000s/2005 2010s/2016

Mangrove forest/CU (ha) (%)? (ha) (%)? (ha) (%)? (ha) (%)?
AREI 4306.2 75 3902.3 68 3641.5 63 3656.1 63
EPA 4696.4 31 4443.3 30 4009.4 27 4086.7 27
NATFOR 38.0 37 37.7 37 38.1 37 38.6 38
EXTRES 2834.0 42 2386.2 36 2447.7 37 2805.2 42

®Percentage of mangrove forest in relation to total area of the protected area.

Table 3. Extension of mangrove forests of state of Paraiba over time (1980s-2010s)

Decade/Year of acquisition of images
1980s/1985 1990s/1995 2000s/2005 2010s/2016

Mangrove forest/estuary (ha) (ha) (ha) (ha)
Mangrove of Camaratuba River 168.41 159.93 142.64 148.30
Mangrove of Paraiba River 4571.03 4180.83 4194.94 4143.84
Mangrove of Mangabeira River 102.80 90.01 69.80 67.30
Mangrove of Gramame River 463.88 463.51 373.78 370.73
Mangrove of Grau River 110.37 107.80 101.33 107.21
Mangrove of Abiai River 493.82 453.04 440.21 416.70

the northern and southern coasts, with a greater increase on the "

northern coast.

Two stranding events occurred in the first decade, both of A

which were on the southern coast. In the second decade, an

increase in the number of stranding events occurred, with two

on the northern coast and only one on the southern coast.

Another increase occurred in the third decade, with three strand-

ing events recorded on the northern coast and two on the south-

ern coast. In the last decade, the number of stranding events 0 ToRD. 154 _ " ;5 -

) 1980 - 1989 1990 - 1999 2000 - 2009 2010 - 2019

increased on the northern coast to four, whereas only one event Decades

was recorded on the southern coast (Figure 2).

The data on stranded manatee calves for the entire state of
Parajba show a tendency toward an increase in the probability
of stranding events over the years (logistic regression: 3> = 1.435,
df =42, P=0.151), revealing a positive, non-significant associ-
ation (Figure 3).

Integrated analysis (mangrove forests and stranding events)

The spatial analysis of the data revealed that 12 of the 15 stranding
records occurred on beaches, whereas only three occurred within
estuaries. Moreover, a greater number of stranding events occurred
within the limits or in the proximity of the Mamanguape River
EPA and the AREI Mangroves of the Mamanguape River com-
pared with the other PAs (Restinga de Cabedelo National Forest
and Acau-Goiana Extractive Reserve). The stranding events related
to the latter two PAs occurred in the proximity of these areas; none
occurred within the PAs (Figure 4).

Relating the mangrove coverage to manatee calf stranding
events for the entire state of Paraiba, a tendency was found toward
an increase in the number of stranding events with the reduction
in the area of the mangrove forests, revealing an inverse relation-
ship between the two variables (Figure 4).

In the 1980s, the mangrove forests analysed covered a total of
17,784.91 ha and two stranded manatee calves were recorded. In

® North coast South coast

Fig. 2. Number of stranding events on northern and southern coast of state of
Paraiba in four decades.
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Fig. 3. Probability of stranding of manatee calves between 1980 and 2019 in the state
of Paraiba.

the 1990s, the mangrove area corresponded to 16,224.62 ha,
with the occurrence of three stranding events. In the 2000s, man-
groves covered 15,459.40 hectares, and corresponded to 15,840.68
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the 1980s and 1990s revealed reductions in mangrove areas in
some states of north-eastern Brazil, especially Ceard (—24%),
Piaui (—8%) and Paraiba (—5%) (Lacerda et al., 2006). Even
more concerning, estimates indicate that ~25% of the mangroves
in Brazil have been destroyed since the beginning of the 20th cen-
tury (ICMBio, 2018c), corresponding to a reduction of ~100,000
hectares (FAO, 2007; MMA, 2010).

NATFOR was the only location not to follow the same pattern
as the other mangrove forests analysed, exhibiting its largest area
in the most recent decade (2010s). The changes (expansion or

Decades

B Mangrove forests —==Strandings

Fig. 5. Association between area of mangrove forests and stranding events involving
manatee calves in state of Paraiba over four decades.

retraction) in area of mangroves in this protected area were of
the order of only 1% over the four decades analysed (1980
through 2019), which may indicate both the regeneration of
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plant cover and common technical, atmospheric or natural varia-
tions in the satellite image classification process. Such variations
are related to the quantity and form of water available in the
environment. Liquid water (represented in this study by rivers
and the dynamics of the tide) presents high energy absorption
and clouds have high reflectance, which interferes with the map-
ping results (IBGE, 2001; Santos, 2011).

Six mangrove forests exhibited an expansion in area in the
most recent decade (2010s), four of which are located within fed-
eral protected areas (AREI, EPA, NATFOR and EXTRES), and
one corresponds to the mangrove around the Grau River, which
is situated in the Tambaba Environmental Protection Area created
in 2002 by State Decree no. 22.882 of 25 March 2002 (Paraiba,
2002). This expansion may be linked to the establishment of
the protected areas. Although there is no specific legislation for
mangroves, the establishment of protected areas has contributed
to the conservation of these ecosystems (ICMBio, 2018¢).

Another hypothesis raised to explain the increase in mangrove
area is the development of mangrove vegetation in new areas fur-
ther inland resulting from the generalized salinization of estuaries
in north-eastern Brazil (Santana et al, 2011; Bezerra, 2014).
Moreover, the north-eastern region is affected by the increase in
sea level (Belchior & Salazar Primo, 2016), resulting in changes
along the coastline due to erosive processes (Neves, 2003; Neves
et al., 2006; Reis, 2008). However, mangroves have the capacity
to tolerate moderate changes in average sea level (Alongi, 2008),
enabling the migration of forests more inland (Schaeffer-Novelli
et al., 2002; Soares, 2009). Thus, the fringes of estuaries and the
apicuns may be most affected, as they suffer the impact more dir-
ectly, leading to retraction, and the swamps can become occupied
by mangrove vegetation, leading to the replacement of this feature
with mangrove forests (ICMBio, 2018c).

In the period studied, the lowest number of stranding events
occurred in the 1980s and the highest number occurred in the
2010s. Paraiba is the third state of north-eastern Brazil in number
of stranded manatees (Balensiefer et al., 2017), with such events
most often involving calves (Parente et al, 2004; Meirelles,
2008; Balensiefer et al., 2017).

A higher number of stranding events occurred on the northern
coast of the state, especially in the region responding to the
Mamanguape River EPA. This may be explained by the fact
that this region is considered one of the locations with the greatest
occurrence of manatees in north-eastern Brazil (Silva et al., 2011;
Alves et al., 2013, 2015) due to ecological attributes that favour the
occurrence of the species, such as an estuarine environment
(Luna et al., 2008).

Nearly all stranding events occurred in areas of exposed bea-
ches without the protection of coral reefs or estuaries. In such
situations, the access of females to protected locations may
become restricted due to the fact that estuarine and beach envir-
onments of Paraiba are undergoing build-up of sediments, lead-
ing to silted areas (Neves et al., 2006) or increase in boat traffic
that can cause behavioural changes that lead the animals to
leave important feeding and resting areas, or separate females
from their calves (Meirelles et al., 2014). Thus, females may
find it difficult to access estuaries and may be forced to perform
parental care in other areas along the coast, including open areas.
Indeed, Lima et al. (2011) reported that rescued calves were found
in unprotected beaches and were in good physical condition. The
authors suggest that females that do not find a safe refuge for
birth and parental care face hardship in the first days following
the birth of their calves, maintaining them under non-ideal con-
ditions (exposed areas), often leading to separation from the calf.

The present findings and the hypothesis raised by Lima et al.
(2011) and Choi (2011) suggest that stranding events are often
due to the lack of a sheltered location for birth and subsequent

lara Dos Santos Medeiros et al.

parental care necessary for post-parturition bonding. Similar
descriptions have been reported by Hartman (1979), noting that
when a female manatee is reaching the end of the pregnancy, it
starts looking for shallow and sheltered waters to give birth and
care for the calf, which is born completely vulnerable. The envir-
onmental pressures in these estuaries lead pregnant or lactating
females to use more open areas, which are subject to increased
wave action and currents, thereby increasing the possibility of
dependent calves becoming stranded on beaches (Meirelles,
2008).

The degradation of environments historically used by mana-
tees on the eastern coast of the state of Ceard (north-eastern
Brazil) was reported to be one of the factors explaining the num-
ber of calves stranded between 1987 and 2002 (Meirelles, 2008).
This statement confirms data reported by Balensiefer et al.
(2017), who found that a large portion of stranded calves did
not exhibit any disease and were specimens found with vestiges
of the umbilical cord and tail folds, characteristic of newborn
calves.

In the present temporal analysis, a smaller number of strand-
ing events occurred when the areas of mangroves were larger,
which confirms the importance of these environments protected
by reefs and with mild currents during periods of parturition,
care for the calf and feeding of newborns. By contrast, the reduc-
tion in mangrove areas was associated with a tendency toward an
increase in the number of stranding events. Similar findings were
reported in newborn strandings events on Ceara and Rio Grande
do Norte states (north-eastern coast), where estuaries had signifi-
cant loss of mangrove forests to salines and/or shrimp farms
(Choi, 2011; AQUASIS, 2016). The ecological importance of
these estuarine resources was highlighted by Alves et al. (2013),
who reported that these preserved environments favour the pres-
ence of manatees. The degradation of these favoured environ-
ments directly affects mother—calf interactions (Lima et al,
2012), possibly leading to calf stranding events. In addition to
habitat degradation, other factors may be acting synergistically
to cause calf strandings, such as the recruitment of young females
and/or females with bad experiences and loss of maternal ability
caused by inbreeding (AQUASIS, 2016).

The present study revealed the importance of intact mangroves
to the maintenance of manatee populations, enabling adult
females to have a sheltered location in order to provide care for
their newborn calves and reducing the risk of separation. The
establishment of protected areas in estuarine regions with the
presence of mangroves has contributed to the maintenance and
occasional expansion of submerged vegetative coverage, breeding,
resting habitat (Silva et al., 2011) and supplement for fresh water
(Allen et al., 2018). As this ecosystem is considered a natural nur-
sery for a number of species, the creation of new protected areas
should be encouraged, increasing conservation efforts directed at
protecting endangered species, such as the Antillean manatee.
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