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interpretation can be reliable, and results can be compared 
between studies. However, most studies indicated that this tool 
is essential in murky water habitats and provides one of the best 
ways to detect and study manatees.

Introduction
Manatees (Trichechus spp.), along with dugongs, are fully 

aquatic mammals belonging to the order Sirenia, that are more 
closely related to hyraxes and elephants than they are to other 
marine mammals such as cetaceans and pinnipeds (Kellogg 
et al., 2007; Moore et al., 2021). Manatees are currently divided 
into three species and occur mostly allopatrically on both sides 
of the tropical and subtropical Atlantic Ocean (Reynolds et al., 
2018). The West Indian manatee (T. manatus) is divided into two 
subspecies that occupy different geographical areas. The Florida 
subspecies (T. m. latirostris) occurs in rivers and coastal areas of 
the southeastern United States, while the Antillean subspecies 
(T. m. manatus) occurs in the major islands of the Caribbean 
and rivers and coastal areas of the Atlantic Ocean of Mexico, 
Central, and South America (Reynolds et al., 2018). Amazonian 
manatees (T. inunguis) are restricted to freshwater habitats in the 
Amazon Basin, and African manatees (T. senegalensis) are found 
along rivers and coast of west Africa from Senegal to Angola 
(Reynolds et al., 2018).

Manatees are very challenging to study in the wild due to their 
elusive nature. Unlike pinnipeds manatees never leave the water, 
and unlike cetaceans, manatees only momentarily expose a small 
portion of the rostrum when they surface to breath. Other than 
during winter in the northern extent of their range (i.e., Florida), they 
rarely aggregate in large numbers. In addition, in areas where they 
have been hunted, they appear to modify their activity patterns to 
avoid locations and times of day when humans are most active 
(Rathbun et al., 1983; Gonzalez-Socoloske et al., 2011). Finally, 
most of lakes, rivers and estuaries used by manatees are murky 
(either turbid or tannin-stained). This low water visibility makes it 
very difficult to detect manatees in the wild using visual surveys 
(Aragones et al., 2012; Odewumi et al., 2017).
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Due to these difficulties, sirenian biologists have had to use 
indirect indicators of manatee presence like feeding signs on 
vegetation or fecal samples (all of which have limitations) or 
develop new methodologies as an alternative to visual observation 
(Kikuchi et al., 2014; Hunter et al., 2018; Merchan et al., 2019; 
Ramos et al., 2020). One such methodology is the use of active 
acoustics in the form of side-scan sonar to aid in the detection 
of manatees (Gonzalez-Socoloske et al., 2009).

Side-scan sonar technology
Side-scan sonar is a type of sonar that uses a narrow lateral 

beam emitted on each side of the transducer, perpendicular 
to the direction of travel, to create an image of the bottom 
substrate. This type of sonar was developed in the late 1940s 
by the US military to scan and search large areas of the sea floor 
(Flemming, 1976). Military side-scan sonars were made in the 
1950s and commercial units were developed in the 1960s after 
declassification of the original patent in 1958 (Flemming, 1976). 
Early systems would create the acoustic image on printed paper 
and since the 1980s the images have been produced digitally 
where they can be saved and viewed later (Sternlicht, 2017). In 
the mid 2000s, several companies incorporated this technology 
into consumer fishfinders. This redesign greatly reduced the 
cost of these units and changed the traditional deployment of 
the transducers from a submersible tow to being attached to 
the rear of the boat. This allowed the technology to be used in 
much shallower waters without fear of entanglement (Kaeser & 
Litts, 2010; Kaeser et al., 2012).

To create an acoustic image of the bottom surface and the 
water column the transducer must travel in a straight line at a 
constant speed. As the boat moves forward, one horizontal line 
of the image is added at a time to create the image. The image 
produced can be understood as a bird's-eye view of the habitat 
with the initial water column below the transducer seen as a 
dark band on each side of the image followed by a lighter section 
representing the bottom substrate. Objects on the substrate 
or above it will reflect the sonar beams based on their relative 
density and ability to block the beam and appear lighter shades. 
Behind the objects a characteristic shadow will be visible taking 
the shape of the object that is blocking the sonar beam. It is 
these shadows that give us the best indication of the shape of 
the objects.

Manatee detection with side-scan sonar
Since the 1980s there have been attempts to use sonar to detect 

manatees with mixed success (Dickerson et al., 1996; Bowles 
et al., 2004). These early attempts focused on using a variety of 
echo sounders (down-facing sonars). In 2004, a consumer grade 
side-scan sonar was tested to detect manatees in Honduras 
(Gonzalez-Socoloske et al., 2005; Gonzalez-Socoloske, 2007). It 
was subsequently tested in two other locations (Tabasco, Mexico 
and Crystal River, Florida) where manatees could be independently 
detected to develop detection rates (Gonzalez-Socoloske et 
al., 2009). Gonzalez-Socoloske et al. (2009) demonstrated that 
manatees could be detected successfully using side-scan sonar 
and that detection rates ranged from 81-93% at those initial 
locations. Based on the initial work in Honduras, Florida, and 
Mexico, Gonzalez-Socoloske and Olivera-Gomez (2012) identified 

a variety of applications that they envisioned the technology could 
be used for, including confirmation of mother-calf pairs, assistance 
in confirming detections, determining group size, assistance 
in captures, and benthic habitat characterization (Gonzalez-
Socoloske & Olivera-Gomez, 2012). These initial experiments 
resulted in the now established methodology that has been used 
in a variety of habitats in more than a dozen countries. However, 
there has been no synthesis of this information to date and for 
the methodology to continue to improve and be more widely used 
it is important to understand what has been done successfully 
and what the limitations are.

In this review, we take a critical look at the use of side-scan 
sonar as a methodology to detect and study manatees by 
examining the literature from 2005 to 2022. Because Latin America 
is home to two of the three species of manatees, and most of 
the range of the West Indian manatee, it is expected that most 
of the work using this technique will be focused there. Based on 
the literature results we will 1) provide a general overview of the 
literature in terms of manatee species studied, countries of study, 
and type of publication; 2) evaluate the specific applications that 
side-scan sonar has been used for to study wild manatees; 3) 
assess what types of habitats it has been successfully deployed in, 
and; 4) discuss possible sources of error, the need to standardize 
the use for comparative studies, and future directions of study, 
including the use of other kinds of sonar.

Methods
To assess the impact of this methodology we conducted an 

extensive literature search for any peer-reviewed article, book, 
book chapter, report, thesis (BSc, MSc, PhD), and conference 
abstract that mentioned the use of side-scan sonar in relation 
to manatee research between 2005 and 2022. We searched for 
keywords in English, however literature in other languages was 
included if it resulted from the search. We searched conference 
abstract books if they were available online or we had access to 
a copy. Conference searches primarily focused on meetings of 
the Society of Marine Mammalogy (SMM), the Latin American 
Society of Speacialists in  Aquatic Mammals (SOLAMAC), the 
Mexican Society of Marine Mammalogy (SOMMEMA), and the 
Mesoamerican Society for Biology and Conservation (SMBC). For 
all descriptive analyses (i.e. count totals, percentages) except for 
the type of publication, we excluded conference presentations, 
reports, and theses that were also published in peer-reviewed 
articles to avoid duplication of counts. We excluded secondary 
literature (books and book chapters) from the analysis as well, 
because they also summarized what was already published. To 
analyze the relationship between the number of contributions 
and year we used a Pearson’s correlation coefficient.

Results
General overview of the literature
The literature search resulted in 86 publications indicating the 

use of this methodology to conduct research on manatees between 
2005 and 2022. Of those, 32 were conference presentations, 26 
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peer-reviewed articles, 16 theses, eight books/book chapters, and 
four unpublished reports (Table 1; see Supplementary Material 
1 for full list). The number of contributions has been steadily 
increasing (Pearson’s r = 0.620, p = 0.006, df = 16, R2 = 0.385), 
as has the cumulative number of countries it is being utilized in 
(Fig. 1). Projects have been carried out in 15 countries, mostly 
in Latin America (87.5%). Most of the work has been done in 
Mexico (36.0%), with the rest of the countries each representing 
less than 10% of the publications (Table 1). After the removal of 
duplicates (conference presentations, reports and theses that 
were also published in peer-review journals, as well as books and 
book chapters that are secondary literature), 44 publications were 
left. Most of the publications dealt with T. m. manatus (77.3%), 
while 11.4% dealt with T. senegalensis, 9.1% with T. inunguis, and 
only 2.3% with T. m. latirostris (Fig. 1; Fig. 2A, D, G). Several side-
scan sonar units have been used (Humminbird®, Fig. 2A, B, E, F, 
H; Garmin®, Fig. 2C, D; Lowrance®, YellowFin®), but most of the 
work has been done using Humminbird® units (80.0%) proposed 
in the original study by Gonzalez-Socoloske et al. (2009).

Applications for technology
The applications of study using side-scan sonar varied but were 

most applied to manatee detection (24.1%), abundance estimates 
(18.5%), presence/absence (14.8%), habitat characterization 
(14.8%), and distribution (13.0%). Other applications included 
habitat use, encounter rate, density, and community involvement 
(Table 1).

Types of habitats where it has been effective
Side-scan sonar has been used in a variety of habitat types 

including coastal/marine (Fig. 2E), estuarine (brackish water; Fig. 

2H), and freshwater tannin-stained (Fig. 2A, C, D, F), clearwater (Fig. 
2B) and turbid (Fig. 2G) river and lake environments, however most 
of the publications dealt with freshwater habitats (85.7%), of which 
tannin-stained freshwater habitat (50.6%) and freshwater turbid 
habitat (29.9%) make up the lion’s share (Fig. 1). A substantial 
portion of the papers dealt with seasonally dynamic wetlands 
(flooding forests and marshes).

Discussion
General overview of the literature
It is likely that the list of reports and conference abstracts is 

incomplete and biases toward studies that we have participated 
in or have direct knowledge of due to the difficulty of getting 
older abstract books. Not surprisingly, the majority of the work 
has occurred in Mexico, because that is where the technique 
was first described and had the best results in the initial study 
(Gonzalez-Socoloske et al., 2009). However, it was surprising to 
see the number of unique locations (at least seven, including 
Catazajá wetlands in Chiapas, Alvarado Lagoon System in 
Veracruz, Laguna de las llusiones, Pantanos de Centla, and San 
Pedro River in Tabasco, Laguna de Terminos in Campeche, and 
Rio Hondo in Quintana Roo) and independent research groups 
(at least seven) within Mexico that are using the methodology 
(Rodas-Trejo et al., 2008; Gonzalez-Socoloske et al., 2009; Daniel-
Rentería et al., 2012; Gonzalez-Socoloske & Olivera-Gomez, 2012; 
Jiménez-Domínguez & Olivera-Gómez, 2014; Acevedo-Olvera et 
al., 2015; Puc-Carrasco et al., 2016; Puc-Carrasco et al., 2017; 
Ramírez-Jiménez et al., 2017; Serrano et al., 2017; Ladrón de 
Guevara-Porras et al., 2019; Corona-Figueroa et al., 2021, 2022). 
The 15 countries with confirmed use of side-scan sonar are 
likely an underrepresentation of the overall number because 
there are some localities where it has been used, but they are 
yet to publish their results in any format that we were able to 
assess. For example, we are aware that it has also been used 
in the Demerara River, Guyana (Indranee Roopsind, University 
of Guyana, pers. comm., 31 August 2022) and Lake Lere, Chad 
(Aristide Takoukam Kamla, African Marine Mammal Conservation 
Organization, pers. comm., 29 August 2022). However, it is clear 
that more work could be done to expand the representation of 
use in other counties other than Mexico, especially in South 
America and Africa.

The differences observed between the number of side-scan 
sonar efforts studying directed at the different manatee taxa is 
more likely explained by the number of research groups studying 
them and the variety of habitats and range of the different 
taxonomic groups. Antillean manatees are being studied in over 
a dozen countries from Mexico to Brazil and the Greater Antilles 
and much of their habitat consists of dark water rivers and lakes 
(Self-Sullivan & Mignucci-Giannoni, 2012; Castelblanco-Martínez 
et al., 2013; Arévalo-González et al., 2014; Gonzalez-Socoloske 
et al., 2015; Alvarez-Alemán et al., 2017; Serrano et al., 2017; 
Reynolds III et al., 2018; Corona-Figueroa et al., 2021; Deutsch 
et al., 2022; Marsh, 2022), so it was expected that most of the 
studies using side-scan sonar have focused on that subspecies. 
African and Amazonian manatees also use dark water habitats, 
but there are fewer research groups studying them. Nevertheless, 

Publication Type Count Percent
Conference presentation 32 37.2%
Peer-reviewed article 26 30.2%
Theses (BSc, MSc, PhD) 16 18.6%
Book/book chapter 8 9.3%
Unpublished report 4 4.7%

Country of Study* Count  
(each country)

Percent 
(each country)

Mexico 18 36.0%
Belize, Brazil, Cameroon, Costa 
Rica 4 8.0%

Panama 3 6.0%
Colombia, Ecuador, Guatemala, 
Peru 2 4.0%

Cuba, French Guyana, Honduras, 
Nigeria, USA 1 2.0%

Application of Side-scan Sonar* Count  
(each category)

Percent
(each category)

Detection 13 24.1%
Abundance 10 18.5%
Presence/Absence; Habitat 
Characterization 8 14.8%

Distribution 7 13.0%
Density; Encounter Rate 3 5.6%
Community Involvement; Habitat 
Use 1 1.9%

Table 1. Descriptive statistics of publications 2005 - 2022 that mention 
the use of side-scan sonar in relation to manatee research.

*The same study can have multiple countries and applications listed.
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both those taxa had significant representation in the side-scan 
sonar literature, and we expect that percentage to grow in the 
coming years. The Florida manatee was the least represented, 
likely because of the possibility to count them during the cold 
winter months at the known aggregation sites (Garrott et al., 
1994; Reynolds & Wilcox, 1994; Ackerman, 1995; Reep & Bonde, 
2021). This advantage in Florida negates the need to seek an 
alternative form of manatee detection.

Most of the studies used Humminbird® sonar units, probably 
because the initial studies used this brand, however a few have 
used alternative brands. As more companies provide financially 
accessible units, this diversity is likely to grow. Most units used 
frequencies above 200 kHz, which should be well above the 
detection threshold of manatee hearing and sensation of post 
cranial vibrissae (Gerstein et al., 1999; Reep et al., 2011), however 
some using lower frequencies (i.e. < 150 kHz) might be within what 
other sympatric species such as dolphins might detect (Houser 
& Finneran, 2006) and care should be taken when conducting 
studies in those locations.

Applications for technology
Side-scan sonar has mostly been used to study manatee 

detection (Gonzalez-Socoloske et al., 2009; Gonzalez-Socoloske 

& Olivera-Gomez, 2012; Castelblanco-Martínez et al., 2018; 2019; 
Raoult et al., 2020 ; Corona-Figueroa et al., 2022), abundance 
(Arévalo-González et al., 2014; Puc-Carrasco et al., 2016; Choi-
Lima, 2017; Guzman & Condit, 2017; Puc-Carrasco et al., 2017; 
Serrano et al., 2017; Corona-Figueroa et al., 2021), distribution 
(Rodas-Trejo et al. 2008; Daniel-Rentería et al. 2012; Espinoza 
Marin 2013; Arévalo-González et al. 2014; Callejas-Jiménez et al. 
2021; Factheu et al. 2022), and presence/absence (Rodas-Trejo et 
al., 2008; Gonzalez-Socoloske et al., 2009; Jiménez-Domínguez & 
Olivera-Gómez, 2014; Acevedo-Olvera et al., 2015). Some studies 
have employed distance sampling methods (Buckland et al., 
2001) to calculate abundance and density (Arévalo-González et 
al., 2014; Guzman & Condit, 2017; Serrano et al., 2017; Narváez 
Ruano et al., 2021), however there is yet no standard application. 
Castelblanco-Martinez et al. (2018) calculated encounter rate 
based on the number of manatee detections per hour of survey, 
while Puc-Carrasco et al. (2016) and Narváez Ruano et al. (2021) 
calculated encounter rate based on the number of detections 
per 10 km of survey, likely due to the low number of detections. 
Puc-Carrasco et al. (2016) applied a correction factor taking 
advantage of a scanned area with a known number of manatees. 
They found that they missed about 20% of the manatees available 
for detection (which would imply a detection rate of 80%, similar 

A

B C

Figure 1. A) Cumulative number of countries by year (orange) and the yearly number of studies (blue) that 
mention side-scan sonar to study manatees. Linear trend (blue dashed line); B) Proportion of manatee taxa 
and C) habitat type studied using side-scan sonar.
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Figure 2. Examples of side-scan sonar images of manatees. M = adult manatee, Ca = calf, N = net. A) Adult Antillean manatee (Trichechus manatus 
manatus) with two calves in a tannin-stained freshwater lake. Laguna de las Ilusiones, Tabasco, Mexico. Humminbird system. Image by D. Gonzalez-
Socoloske; B) Adult Florida manatee (T. m. latirostris) in a freshwater clearwater river. Crystal River, Florida, USA. Humminbird system. Image by 
D. Gonzalez-Socoloske; C) Group of four adult Antillean manatees and one calf in a freshwater tannin-stained river. Rio Hondo, Quintana Roo, 
Mexico. Garmin system. Image by M. Fabiola Corona-Figueroa; D) Adult Amazonian manatee (T. inunguis) in a freshwater tannin-stained river. Rio 
Yungas, Loreto, Peru. Image by Sarah Landeo; E) Adult Antillean manatee in the marine coastal habitat (seagrass beds). Drowned Cayes, Belize. 
Humminbird system. Image by D. Gonzalez-Socoloske; F) Adult Antillean manatee surrounded by a capture net in a tannin-stained freshwater water 
course. El Coco stream, Tabasco, Mexico. Humminbird system. Image by L. D. Olivera-Gomez; G) Three adult African manatees (T. senegalensis) 
in a turbid freshwater lake. Lake Ossa, Littoral Region, Cameroon. Humminbird 360-degree system. Image by Aristide T. Kamla; H) Adult Antillean 
manatee and calf in a brackish river mouth. Rio San San. Bocas del Toro, Panama. Humminbird system. Image by D. Gonzalez-Socoloske.
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to what was initially reported by Gonzalez-Socoloske et al., 2009). 
Most studies do not account for a detection probability because 
of the impossibility of knowing the true number of manatees in 
the area in the first place.

One notable result of using side-scan sonar has been the ability 
to calculate abundance and relative abundance in locations 
where it was not possible before, such as seasonally flooding 
wetlands of the Usumacinta-Grijalva Basin in Tabasco, and the 
Alvarado Lagoon System in Veracruz, both in Mexico. These 
freshwater systems are thought to contain the vast majority of 
the estimated 1,000-2,000 manatees in Mexico (Deutsch et al., 
2008; UNEP, 2010). However, based on all available field studies 
using side-scan sonar (Daniel-Rentería et al., 2012; Jiménez-
Domínguez & Olivera-Gómez, 2014; Puc-Carrasco et al., 2016; 
Serrano et al., 2017), these previous estimates appear to be grossly 
overestimated and misrepresent the urgency of the status of 
Antillean manatees in Mexico and the entire range (since Mexico 
is thought to have the largest population).

Several projects have used the side-scan methodology to study 
manatee habitat. While not directly used to detect manatees, 
side-scan sonar has been used in Cuba, Panama, and Mexico 
to generate bathymetric maps (Jiménez-Domínguez & Olivera-
Gómez, 2014; Guzman & Condit, 2017; McLarty et al., 2020). 
In Cuba, McLarty et al. (2020) used side-scan mosaic data to 
characterize the benthic habitat of coastal lagoons in the Isla de 
la Juventud, providing an invaluable tool to manatee researchers 
interested in habitat use. In addition, side-scan sonar systems 
have been used to create surface temperature maps (taking 
advantage that the transducers have built-in thermometers) in 
Tabasco, Mexico (Jiménez-Domínguez & Olivera-Gómez, 2014), 
as an aid in characterizing manatee resting holes in the Drowned 
Keys of Belize (Bacchus et al., 2009), and as a mapping tool for 
submerged aquatic vegetation in Lake Ossa, Cameroon (Takoukam 
et al., 2021). Ladrón de Guevara-Porras et al. (2019) even used 
side-scan sonar as a tool to involve the local community in the 
Terminos Lagoon system of Campeche, Mexico.

Apart from manatees, side-scan sonar units have been useful to 
study a variety of other aquatic fauna including sturgeon (Flowers 
& Hightower, 2013, 2015), large turtles (Davy & Fenton, 2013), 
sawfish  (Papastamatiou et al., 2020), and dolphins (Gonzalez-
Socoloske et al., 2019; Schneider & Zhuang, 2020).

Types of habitats where side-scan sonar has been effective
The most common habitat where the side-scan sonar 

methodology has been applied has been freshwater systems that 
are tannin-stained or turbid (Brice, 2014; Vargas Ramírez, 2015; 
Castelblanco-Martínez et al., 2018; Corona-Figueroa et al., 2021; 
Narváez Ruano et al., 2021; Puc-Carrasco, 2021). These habitats 
are some of the most difficult to detect manatees through visual 
observation and usually lack substantial underwater vegetation 
due to the low light penetration. These two facets make them the 
ideal locations to use side-scan sonar, and they provide the most 
definitive images produced by the methodology. In addition, many 
studies have indicated that in seasonally flooding systems (e.g. 
Alvarado Lagoon System, Usumacinta-Grijalva Basin, Orinoco 
Basin, Sanaga River Basin, Amazon River Basin), the dry season 
provides the best opportunities to use the technology due to the 
concentration of the manatees and the shallow water (Arévalo-

González et al., 2014; Jiménez-Domínguez & Olivera-Gómez, 
2014; Ramírez-Jiménez et al., 2017).

Side-scan sonar has been used successfully in clear freshwater 
systems (Bacchus, 2007; Gonzalez-Socoloske et al., 2009) (Fig. 
2B), however these areas can be more efficiently surveyed 
using drones, aerial surveys or visual boat surveys (Raoult et al., 
2020), so it is not surprising that few studies have invested in 
conducting sonar surveys that potentially require more time and 
effort and might yield fewer detections. Interestingly, no study to 
our knowledge has attempted to conduct side-scan surveys at 
night even though it has been reported that manatees will travel 
and forage at night (Montgomery et al., 1981; Rathbun et al., 
1983; Jiménez, 1999; Akoi, 2004; Carvalho, 2013; Ponnampalam 
et al., 2022).

In Mexico, side-scan sonar has been used to detect manatees 
to aid in scientific captures intended for tagging or health projects 
(Morales-López et al., 2012; Aragón-Martínez et al., 2014; Olivera-
Gómez et al., 2021). In Tabasco, Mexico manatees are captured 
by encircling them with a net. Repeated sonar scans of encircled 
manatees documented that manatees are able to escape from 
nets on most capture attempts, especially in zones where nets 
are heavily used (Fig. 2F). Both thicker silk nets as well as thinner 
monofilament nets are visible using side-scan sonar, making it 
possible to use as a tool to monitor artisanal and/or illegal fishing 
along water bodies.

Sources of error, the need to standardize, and future directions 
of study

Sources of Error
Perception biases
There are several possible sources of error when interpreting 

data from side-scan sonar. We discussed possible perception bias 
and availability bias in our previous paper (Gonzalez-Socoloske 
& Olivera-Gomez, 2012). Perception bias can occur in two forms: 
false negatives (where a manatee is scanned, but the observer 
fails to identify it) and false positives (where an object is identified 
as a manatee, when in fact it is not). Both can affect manatee 
estimates and should be carefully assessed. False positives can 
be avoided by having independent experienced observers who 
evaluate the images or recordings ex situ or in situ as has been 
done by several studies (Castelblanco-Martínez et al., 2018; 
Corona-Figueroa et al., 2021) and by conducting a second or 
third pass when a manatee detection is made (Puc-Carrasco 
et al., 2017). False negatives can also be partially dealt with by 
having multiple independent observers. Puc-Carrasco et al. (2016) 
and Corona-Figueroa et al. (2021) noted that user experience 
was important.

Availability biases
Availability bias (Marsh & Sinclair, 1989) occurs when a manatee 

is present, but the observer is not able to detect it because it is 
out of his range of view (or is undetectable with the method being 
used). This type of bias is more difficult to control because it 
requires knowledge about the detection rate of the methodology 
in that particular environment in both time and space. This can 
only really be done when the number of manatees in the closed 
area is known, or if in the area there is a known number of tagged 
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and/or easily identifiable individuals. Due to the complexity of this, 
availability bias remains a difficult problem for most locations 
where side-scan sonar is most effective. Many studies have 
increased the probability of detection (and decreased availability 
bias) by using a combination of detection methods simultaneously 
(Rodas-Trejo et al., 2008; Puc-Carrasco et al., 2017; Serrano et al., 
2017; Callejas-Jiménez et al., 2021; Corona-Figueroa et al., 2021; 
Narváez Ruano et al., 2021). This involved using sonar along 
with other detection methods such as passive acoustics, visual 
surveys, and indirect evidence of presence (e.g., fecal samples, 
feeding marks on aquatic vegetation).

Variable Manatee Behavior
	 Manatee behavior can be quite variable depending on 

the location, season, habitat configuration and time of day. In 
the Brazilian Amazon Basin, attempts to scan a radio-tagged 
wild Amazonian manatee were unsuccessful in 2017 (Gonzalez-
Socoloske, pers. obs.). Every time the research boat approached, 
the manatee would displace in such a way that we could never 
be in a perpendicular position relative to the manatee and still 
be within the scanning range of the side-scan sonar. Similarly, 
Antillean manatees in urban lake of Laguna de las Ilusiones 
have apparently learned to avoid the survey boat after years of 
sinking to the bottom and remaining still (Olivera-Gomez, pers. 
obs.), making it much harder to detect them using the sonar. 
This could be because they are captured in the lake with the 
aid of sonar, and it is possible that they no longer feel they are 
undetectable like they previously were when they sank to the 
bottom and remained still. On several occasions the manatees 
have been observed to use underwater logs or shore vegetation 
to “hide” from the survey team (Olivera-Gomez, pers. obs.). Puc-
Carrasco et al. (2016) noted a difference in avoidance behavior by 
manatees in narrow waterways and open areas. Manatees moved 
away from the transect line in narrow waterways and remained 
at the bottom in open areas (Puc-Carrasco et al., 2016). Those 
behaviors make it difficult to compare results between locations. 
Machuca Coronado (2015) reported that manatee detection in 
open habitats (large lakes or coastal areas) in Guatemala proved 
difficult because animals would displace before the boat could 
pass them perpendicularly (Machuca Coronado, 2015).

The Need for Standardization
Most studies employed an individual that had experience with 

side-scan sonar or used experts to help decipher the data after 
it was collected, however due to the potential effects of several 
variables (e.g., habitat, manatee species, survey speed), it is 
important to standardize protocol for the interpretation of the 
images. This could be done by creating a large database of sonar 
images of manatees that scientists and managers could all have 
access to. In addition, it is recommended that methodologies 
for calculating abundance, relative abundance, encounter rate, 
and density also be standardized so that comparisons between 
locations or seasons is possible. One plausible solution is to 
employ artificial intelligence (machine learning) so that manatees 
can be automatically detected from side-scan sonar images and 
recordings (see Norouzzadeh et al., 2018; McClure et al., 2020). 
This must factor in several variables (e.g., sonar used, speed of 
boat, water depth, sonar lateral range, benthic habitat type) that 
might have an effect on the algorithms detecting the manatee 

images. Images could be pooled from a variety of locations 
representing different habitats, manatee species, and benthic 
types to aid the algorithm.

Until there is a better understanding of the possible violations 
of the assumptions of Distance sampling (i.e. detecting the 
animal before it detects the observer and moves position relative 
to the boat), Distance sampling should be used with caution 
to calculate abundance and relative abundance, unless some 
correction factor is used to deal with any potential violation of 
the methods' assumptions (Buckland et al., 2001).

Future directions of study
It is difficult to predict where manatee studies will go using 

sonar in the next 10 - 15 years. However, several other sonar 
variations might be useful to avoid some of the shortcomings of 
side-scan sonar. Humminbird® has produced a circulatory side-
scan sonar since 2012 and it has been tested in a few locations 
(e.g., Brazil, Cameroon; unpublished data). It operates the same 
way as linear side-scan sonar, only that the transducer remains 
stationary and the lateral sonar beams rotate 360 degrees (Fig. 
2G), similar to how circular scanning radio detection and ranging 
(RADAR) works in air ("Radio detection and ranging," 1943). 
However, the image is harder to interpret and unlike regular linear 
side-scan sonar, it is not possible to analyze the recordings in 
a third-party software, which limits the results to screenshots. 
However, this stationary methodology allows for point scans 
that do not have the boat motor on and can be very important in 
areas where linear surveys are challenging or where manatees 
have learned to avoid boats.

Another potential direction of study is to use the sonar during 
night surveys to compare habitat use and distribution between 
nighttime and daytime. Finally, the use of other sonar types like 
dual imaging sonar (DIDSON) and multibeam sonar appears to 
be very promising (Martignac et al., 2014; Hastie et al., 2019; 
Gonzalez-Socoloske et al., 2022), although the much steeper cost 
($15,000 - $50,000 USD) will likely make it unfeasible at a larger 
scale and for many groups working in developing countries.

Conclusion
Side-scan sonar is now an established tool that scientists are 

using in a variety of ways to study manatees (see secondary 
literature Aragones et al., 2012; Reep & Bonde, 2021; Deutsch 
et al., 2022; Marsh, 2022; O’Shea et al., 2022; Ponnampalam et 
al., 2022). It has been demonstrated to be useful in a variety of 
environments but is primarily important in murky freshwater 
systems and during the dry season in seasonally dynamic 
systems. The most common applications for the methodology 
are to study abundance, detection, presence/absence, and 
distribution, however there is lack of standardization, which 
limits comparing studies between locations. Current limitations 
for this methodology include feasibility in certain habitats (e.g. 
very complex substrates where distinguishing manatees can 
be challenging, deep water and open habitats), the need to be 
moving in a constant direction and speed, the possibility that 
manatees may move away from the sonar beam prior to contact 
with them (especially in large open habitats), and the lateral range 
of the sonar (currently about 30 m or so). Unknown and variable 
detection rates are also an unresolved problem that should be 
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carefully thought about when designing studies. Despite these 
limitations, side-scan sonar has proven to be a valuable tool 
for scientists and conservationists working with these elusive 
animals, especially in locations where other conventional methods 
that require visual detection are not possible or yield very poor 
results.

Acknowledgments
We are grateful to all those who have worked tirelessly to help 

study and protect manatees throughout their range and have 
employed sonar systems to do so. We thank Aristide T. Kamla, 
M. Fabiola Corona-Figueroa, and Sarah Landeo for providing 
sonar images. D. Gonzalez-Socoloske gratefully acknowledges 
financial support for this publication by the Fulbright U.S. Scholar 
Program, which is sponsored by the U.S. Department of State 
and the Brazil Fulbright Commission. Its contents are solely the 
responsibility of the authors and do not necessarily represent 
the official views of the Fulbright Program, the Government of 
the United States, of the Brazil Fulbright Commission. A National 
Geographic Society grant (# EC-93455R-22) and a Faculty Grant 
from the Andrews University Office of Scholarly Research also 
provided support for D. Gonzalez-Socoloske to work on this 
project. We are thankful for the constructive comments of 
handling editor Carolina Loch and three anonymous reviewers 
that greatly improved the manuscript.

References
Acevedo-Olvera, G., Delgado-Estrella, A., Barreto-Castro, M. d. R., 

& Nuñez-Lara, E. (2015). Environmental characterization of a 
fluvian lagoon ecosystem (Pom-Atasta, Campeche, Mexico) 
as a critical manatee habitat. Sustainable Development, 1, 
407-413. https://doi.org/10.2495/SD150351 

Ackerman, B. B. (1995). Aerial surveys of manatees: a summary 
and progress report. In T. J. O'Shea, B. B. Ackerman, & H. F. 
Percival (Eds.), Population Biology of the Florida Manatee (Vol. 
Information and Technology Report 1, pp. 13-33). National 
Biological Service. 

Akoi, K. (2004). Fishers and the West African manatee in the 
Fresco lagoon complex, Côte d’Ivoire: common property, conflict 
and conservation [Doctoral Dissertation, University of Kent]. 

Alvarez-Alemán, A., Angulo-Valdés, J. A., Garcia Alfonso, E., & 
Powell, J. A. (2017). Occurrence of the endangered Antillean 
manatee Trichechus manatus manatus in a marine protected 
area, Isla de la Juventud, Cuba. Oryx, 51(2), 324-331. https://
doi.org/10.1017/S0030605315001143 

Aragón-Martínez, A., Olivera-Gómez, L. D., & Jiménez-Domínguez, 
D. (2014). Seasonal prevalence of antibodies to Leptospira 
interrogans in Antillean manatees from a landlocked lake in 
Tabasco, Mexico. Journal of Wildlife Diseases, 50(3), 505-511. 
https://doi.org/10.7589/2013-05-102 

Aragones, L. V., LaCommare, K. S., Kendall, S., Castelblanco-
Martinez, N., & Gonzalez-Socoloske, D. (2012). Boat- and 
land-based surveys for sirenians. In E. M. Hines, J. E. Reynolds 
III, L. V. Aragones, A. A. Mignucci-Giannoni, & M. Marmontel 

(Eds.), Sirenian Conservation: Issues and Strategies in Developing 
Countries (pp. 179-185). University Press of Florida. 

Arévalo-González, G. K., Castelblanco-Martínez, D. N., Sánchez-
Palomino, P., López-Arévalo, H. F., & Marmontel, M. (2014). 
Complementary methods to estimate population size of 
Antillean manatees (Sirenia: Trichechidae) at Ciénaga de 
Paredes, Santander, Colombia. Journal of Threatened Taxa, 
6(6), 5830-5837. https://doi.org/10.11609/JoTT.o3156.5830-7 

Bacchus, M-L. C. (2007). Characterization of resting holes and 
use by the Antillean manatee (Trichechus manatus manatus) 
[Master’s Thesis, Loma Linda University]. 

Bacchus, M.-L. C., Dunbar, S. G., & Self-Sullivan, C. (2009). 
Characterization of resting holes and their use by the Antillean 
manatee (Trichechus manatus manatus) in the Drowned Cayes, 
Belize. Aquatic Mammals, 35(1), 62-71. https://doi.org/10.1578/
AM.35.1.2009.62 

Bowles, A. E., Jaffe, J. S., Yack, T., & Simonet, F. (2004). Design 
for a manatee finder: Sonar techniques to prevent manatee-vessel 
collisions. Hubbs-SeaWorld Research Institute for Florida 
Fish and Wildlife Conservation Commission, Florida Marine 
Research Institute, Manatee Avoidance Technology Program. 

Brice, C. E. (2014). The detection of Amazonian manatees 
(Trichechus inunguis) using side-scan sonar and the effect 
of oil activities on their habitats in eastern Ecuador [Master’s 
Thesis, Nova Southeastern University]. NSUWorks. https://
nsuworks.nova.edu/occ_stuetd/8/

Buckland, S. T., Anderson, D. R., Burnham, K. P., Laake, J. L., 
Borchers, D. L., & Thomas, L. (2001). Introduction to distance 
sampling: Estimating abundance of biological populations. 
Oxford University Press. 

Callejas-Jiménez, M. E., Alcérreca-Huerta, J. C., Morales-Vela, B., 
& Carrillo, L. (2021). Spatial and seasonal variations in surface 
water temperature and salinity in the Mexico-Belize riverine 
estuary: Possible comfort conditions for manatees? Marine 
Mammal Science, 37, 1454-1474. https://doi.org/10.1111/
mms.12838 

Carvalho, C. C. (2013). Emprego de radiotelemetria no 
monitoramento de peixes-boi-amazônicos (Trichechus inunguis) 
liberados na Reserva de Desenvolvimento Sustentável Amanã. 
[Undergraduate Thesis, Universidade Federal de São Carlos]. 

Castelblanco-Martínez, D. N., Blanco-Parra, M. P., Charruau, 
P., Prezas, B., Zamora-Vilchis, I., & Niño-Torres, C. A. (2019). 
Detecting, counting and following the giants of the sea: a 
review of monitoring methods for aquatic megavertebrates 
in the Caribbean. Wildlife Research, 46, 545-556. https://doi.
org/10.1071/WR19008 

Castelblanco-Martínez, D. N., Padilla-Saldívar, J., Hernández-
Arana, H. A., Slone, D. H., Reid, J. P., & Morales-Vela, B. (2013). 
Movement patterns of Antillean manatees in Chetumal 
Bay (Mexico) and coastal Belize: A challenge for regional 
conservation. Marine Mammal Science, 29(2), E166–E182. 
https://doi.org/10.1111/j.1748-7692.2012.00602.x. 

Castelblanco-Martínez, D. N., Reis, V. D., & de Thoisy, B. (2018). 
How to detect an elusive aquatic mammal in complex 
environments? A study of the endangered Antillean manatee 
Trichechus manatus manatus in French Guiana. Oryx, 52(2), 
382-392. https://doi.org/10.1017?S003060531600092 

http://lajamjournal.org
https://doi.org/10.2495/SD150351
https://doi.org/10.1017/S0030605315001143 
https://doi.org/10.1017/S0030605315001143 
https://doi.org/10.7589/2013-05-102
https://doi.org/10.11609/JoTT.o3156.5830-7  
https://doi.org/10.1578/AM.35.1.2009.62 
https://doi.org/10.1578/AM.35.1.2009.62 
https://nsuworks.nova.edu/occ_stuetd/8/
https://nsuworks.nova.edu/occ_stuetd/8/
https://doi.org/10.1111/mms.12838 
https://doi.org/10.1111/mms.12838 
https://doi.org/10.1071/WR19008 
https://doi.org/10.1071/WR19008 
https://doi.org/10.1111/j.1748-7692.2012.00602.x
https://doi.org/10.1017?S003060531600092


lajamjournal.org

Vol. 18 No. 1, January 2023

122

Choi-Lima, K. F. (2017). Estimativa de abundância e impactos 
antrópicos sobre o peixe-boi marinho (Trichechus manatus) no 
estuário dos rios Timonha e Ubatuba, divisa dos estados do CE 
e PI [Doctoral Dissertation, Universidade Federal do Ceará]. 
Repositório Institucional UFC. http://www.repositorio.ufc.
br/handle/riufc/25300

Corona-Figueroa, M. F., Ríos, N., Castelblanco-Martínez, D. N., 
Vilchez-Mendoza, S., Delgado-Rodríguez, D., & Niño-Torres, 
C. A. (2021). Searching for manatees in the dark waters of a 
transboundary river between Mexico and Belize: a predictive 
distribution model. Aquatic Ecology, 55, 59-74. https://doi.
org/10.1007/s10452-020-09810-9 

Corona-Figueroa, M. F., Ríos Ramírez, J. N., Castelblanco-
Martínez, N., Vilchez-Mendoza, S. J., & Delgado-Rodríguez, 
L. D. (2022). The existence value of the Antillean manatee 
in the unprotected Hondo River (Mexico) as a fundamental 
component for its conservation. Journal of Nature Conservation, 
69, 126258. https://doi.org/10.1016/j.jnc.2022.126258 

Daniel-Rentería, I., Serrano, A., & Sánchez-Rojas, G. (2012). 
Distribution of the Antillean manatee (Trichechus manatus 
manatus) in the Alvarado Lagoon System. Ciencias Marinas, 
38(2), 459-465. https://doi.org/10.7773/cm.v38i2.2062 

Davy, C. M., & Fenton, M. B. (2013). Technical note: side-scan 
sonar enables rapid detection of aquatic reptiles in turbid lotic 
systems. European Journal of Wildlife Research, 59, 123-127. 
https://doi.org/10.1007/s10344-012-0680-9 

Deutsch, C. J., Castelblanco-Martínez, D. N., Groom, R., & Cleguer, 
C. (2022). Movement behavior of manatees and dugongs: I. 
Environmental challenges drive diversity in migratory patterns 
and other large-scale movements. In H. Marsh (Ed.), Ethology 
and Behavioral Ecology of Sirenia (Vol. 6, pp. 155-232). Springer 
Nature Switzerland. https://doi.org/10.1007/978-3-030-90742-
6_5 

Deutsch, C. J., Self-Sullivan, C., & Mignucci-Giannoni, A. 
(2008). Trichechus manatus. IUCN Red List of Threatened 
Species 2008. https://doi.org/10.2305/IUCN.UK.2008.RLTS.
T22103A9356917.en 

Dickerson, D. D., Reine, K. J., Newton, J. C., & Dickerson Jr, C. 
E. (1996). Evaluation of hydroacoustic techniques for detecting 
manatees at water control structures. US Army Corps of 
Engineers, Waterways Experiment Station, Vickburg, MS. 

Espinoza Marin, C. (2013). Consolidación de un proceso de 
investigación y de cohesión institucional para la conservación del 
manatí Antillano (Trichechus manatus) en el Caribe Costarricense 
Informe preliminar de ejecución del Proyecto enfocado en el 
estudio de avistamientos. Fundacion Trichechus y Submon.

Factheu, C., Rycyk, A., Ramos, E. A., Kikuchi, M., Brady, B., 
Takoukam Kamla, A., Keith-Diagne, L., & Kekeunou, S. (2022, 
August 1-5). Assessing the impact of giant Salvinia invasion on 
the African manatee distribution in Lake Ossa and determining the 
most efficient manatee detection method [Paper presentation]. 
24th Biennial Conference on the Biology of Marine Mammals, 
West Palm Beach, Florida.

Flemming, B. W. (1976). Side-scan sonar: A practical guide. 
International Hydrographic Review, 53(1), 65-92. https://journals.
lib.unb.ca/index.php/ihr/article/view/23734 

Flowers, H. J., & Hightower, J. E. (2013). A novel approach to 
surveying sturgeon using side-scan sonar and occupancy 

modeling. Marine and Coastal Fisheries, 5(1), 211-223. https://
doi.org/10.1080/19425120.2013.816396 

Flowers, H. J., & Hightower, J. E. (2015). Estimating sturgeon 
abundance in the Carolinas using side-scan sonar. Dynamics, 
Management, and Ecosystem Science, 7(1), 1-9. https://doi.or
g/10.1080/19425120.2014.982334 

Garrott, R. A., Ackerman, B. B., Cary, J. R., Heisey, D. M., Reynolds 
III, J. E., Rose, P. M., & Wilcox, J. R. (1994). Trends in counts of 
Florida Manatees at winter aggregation sites. Journal of Wildlife 
Management, 58(4), 642-654. https://doi.org/10.2307/3809677 

Gerstein, E. R., Gerstein, L., Forsythe, S. E., & Blue, J. E. (1999). The 
underwater audiogram of the West Indian manatee (Trichechus 
manatus). Journal of the Acoustical Society of America, 105(6), 
3575-3583. https://doi.org/10.1121/1.424681 

Gonzalez-Socoloske, D. (2007). Status and distribution of manatees 
in Honduras and the use of side-scan sonar [Master’s Thesis, 
Loma Linda University]. TheScholarsRepository@LLU. https://
scholarsrepository.llu.edu/etd/578

Gonzalez-Socoloske, D., & Olivera-Gomez, L. D. (2012). Gentle 
giants in dark waters: using side-scan sonar for manatee 
research. The Open Remote Sensing Journal, 5, 1-14. https://
doi.org/10.2174/1875413901205010001

Gonzalez-Socoloske, D., Bacchus, M-L. C., & Ford, R. E. (2005, 
December 12-16). The use of side imaging sonar to study 
manatees in Cuero y Salado Wildlife Refuge, Honduras [Poster 
presentation]. 16th Biennial Conference on the Biology of 
Marine Mammals, San Diego, CA.

Gonzalez-Socoloske, D., Olivera-Gomez, L. D., & Ford, R. E. (2009). 
Detection of free-ranging West Indian manatees Trichechus 
manatus using side-scan sonar. Endangered Species Research, 
8(3), 249-257. https://doi.org/10.3354/esr00232 

Gonzalez-Socoloske, D., Taylor, C. A., & Rendon, O. R. (2011). 
Distribution and conservation status of the Antillean manatee 
(Trichechus manatus manatus) in Honduras. Latin American 
Journal of Aquatic Mammals, 9(2), 123-131. https://doi.
org/10.5597/lajam00176

Gonzalez-Socoloske, D., Olivera-Gomez, L. D., Reid, J. P., Espinoza, 
C., Kherson, E., & Glander, K. E. (2015). First successful capture 
and satellite tracking of a West Indian manatee (Trichechus 
manatus) in Panama: feasibility of capture and telemetry 
techniques. Latin American Journal of Aquatic Mammals, 10(1), 
52-57. https://doi.org/10.5597/lajam00194

Gonzalez-Socoloske, D., Carvalho, C. C., & Marmontel, M. (2019, 
December 9-12). Characterization of side scan-sonar images 
produced by Amazonian River dolphins (Inia geoffrensis) to 
reduce potential confusion during surveys of Amazonian manatees 
(Trichechus inunguis) [Paper Presentation]. World Marine 
Mammal Conference, Barcelona, Spain. 

Gonzalez-Socoloske, D., Marmontel, M., Chavez, H. I., & Hastie, 
G. (2022, September 11-15). The use of multibeam sonar to 
detect Amazonian manatees (Trichechus inunguis) [Paper 
presentation]. 19ª Reunião de Trabalho de Especialistas em 
Mamíferos Aquáticos da América do Sul e 13º Congresso da 
Sociedade Latino-Americana de Mamíferos Aquáticos, Praia 
do Forte, Bahia, Brazil. 

Guzman, H. M., & Condit, R. (2017). Abundance of manatees 
in Panama estimated from side-scan sonar. Wildlife Society 
Bulletin, 41(3), 556-565. https://doi.org/10.1002/wsb.793 

http://lajamjournal.org
http://www.repositorio.ufc.br/handle/riufc/25300
http://www.repositorio.ufc.br/handle/riufc/25300
https://doi.org/10.1007/s10452-020-09810-9
https://doi.org/10.1007/s10452-020-09810-9
https://doi.org/10.1016/j.jnc.2022.126258
https://doi.org/10.7773/cm.v38i2.2062
https://doi.org/10.1007/s10344-012-0680-9
https://doi.org/10.1007/978-3-030-90742-6_5
https://doi.org/10.1007/978-3-030-90742-6_5
https://doi.org/10.2305/IUCN.UK.2008.RLTS.T22103A9356917.en
https://doi.org/10.2305/IUCN.UK.2008.RLTS.T22103A9356917.en
https://journals.lib.unb.ca/index.php/ihr/article/view/23734
https://journals.lib.unb.ca/index.php/ihr/article/view/23734
https://doi.org/10.1080/19425120.2013.816396
https://doi.org/10.1080/19425120.2013.816396
https://doi.org/10.1080/19425120.2014.982334
https://doi.org/10.1080/19425120.2014.982334
https://doi.org/10.2307/3809677
https://doi.org/10.1121/1.424681  
https://scholarsrepository.llu.edu/etd/578
https://scholarsrepository.llu.edu/etd/578
https://doi.org/10.2174/1875413901205010001 
https://doi.org/10.2174/1875413901205010001 
https://doi.org/10.3354/esr00232
https://doi.org/10.5597/lajam00176
https://doi.org/10.5597/lajam00176
https://doi.org/10.5597/lajam00194
https://doi.org/10.1002/wsb.793


lajamjournal.org

Vol. 18 No. 1, January 2023

123

Hastie, G. D., Wu, G-M., Moss, S., Jepp, P., MacAulay, J., Lee, A., 
Sparling, C. E., Evers, C., & Gillespie, D. (2019). Automated 
detection and tracking of marine mammals: A novel sonar tool 
for monitoring effects of marine industry. Aquatic Conservation: 
Marine and Freshwater Ecosystems, 29(S1), 119-130. https://
doi.org/10.1002/aqc.3103 

Houser, D. S., & Finneran, J. J. (2006). Variation in the hearing 
sensitivity of a dolphin population determined through 
the use of evoked potential audiometry. Journal of the 
Acoustical Society of America, 120(6), 4090-4099. https://
doi.org/10.1121/1.2357993 

Hunter, M. E., Meigs-Friend, G., Ferrante, J. A., Takoukam Kamla, 
A., Dorazio, R. M., Keith Diagne, L., Luna, F., Lanyon, J. M., & 
Reid, J. P. (2018). Surveys of environmental DNA (eDNA): a 
new approach to estimate occurrence in vulnerable manatee 
populations. Endangered Species Research, 35, 101-111. https://
doi.org/10.3354/esr00880 

Jiménez, I. (1999). Estado de conservación, ecología y 
conocimiento popular del manatí (Trichechus manatus, L.) 
en Costa Rica. Vida Silvestre Neotropical, 8, 18-30. https://doi.
org/10.15359/revmar.2.9 

Jiménez-Domínguez, D., & Olivera-Gómez, L. D. (2014). Habitat 
characteristics of Antillean manatee (Trichechus manatus 
manatus) in fluvial lake systems of southern Gulf of Mexico. 
Therya, 5(2), 601-614. https://doi.org/10.12933/therya-14-205 

Kaeser, A. J., & Litts, T. L. (2010). A novel technique for mapping 
habitat in navigable streams using low-cost side scan sonar. 
Fisheries, 35(4), 163-174. https://doi.org/10.1577/1548-8446-
35.4.163 

Kaeser, A. J., Litts, T. L., & Tracy, T. W. (2012). Using low-cost 
side-scan sonar for benthic mapping throughout the lower 
Flint River, Georgia, USA. River Research and Applications, 
29(5). https://doi.org/10.1002/rra.2556 

Kellogg, M. E., Burkett, S., Dennis, T. R., Stone, G., Gray, B. A., 
McGuire, P. M., Zori, R. T., & Stanyon, R. (2007). Chromosome 
painting in the manatee supports Afrotheria and Paenungulata. 
BMC Evolutionary Biology, 7, 6. https://doi.org/10.1186/1471-
2148-7-6 

Kikuchi, M., Akamatsu, T., Gonzalez-Socoloske, D., de Souza, D. 
A., Olivera-Gomez, L. D., & da Silva, V. M. F. (2014). Detection 
of manatee feeding events by animal-borne underwater 
sound recorders. Journal of the Marine Biological Association 
of the UK, 94(6), 1139-1146. https://doi.org/10.1017/
S0025315413001343 

Ladrón de Guevara-Porras, P., Guzmán-Blas, M., & Hernández-
Nava, J. (2019). Data update on the distribution of the 
manatee (Trichechus manatus manatus) in the fluvio-
lagoon systems that connect with the Términos Lagoon, 
Campeche, through community participation. Revista Mexicana 
de Biodiversidad, 90, e902433. https://doi.org/10.22201/
ib.20078706e.2019.90.2433 

Machuca Coronado, O. H. (2015). Análisis comparativo de 
los patrones de actividad del manatí antillano (Trichechus 
manatus manatus) en dos zonas de la Costa Atlántica de 
Guatemala [Undergraduate Thesis, Universidad de San Carlos 
de Guatemala]. Red de Repositorios Latinoamericanos. http://
www.repositorio.usac.edu.gt/474/1/06_3762.pdf

Marsh, H. (Ed.). (2022). Ethology and Behavioral Ecology of 
Sirenia (Vol. 6). Springer Nature Switzerland. https://doi.
org/10.1007/978-3-030-90742-6. 

Marsh, H., & Sinclair, D. F. (1989). Correcting for visibility bias 
in strip transect aerial surveys of aquatic fauna. Journal 
of Wildlife Management, 53(4), 1017-1024. https://doi.
org/10.2307/3809604 

Martignac, F., Daroux, A., Bagliniere, J-L., Ombredane, D., & 
Guillard, J. (2014). The use of acoustic cameras in shallow 
waters: new hydroacoustic tools for monitoring migratory 
fish population. A review of DIDSON technology. Fish and 
Fisheries, 16(3), 486-510. https://doi.org/10.1111/faf.12071 

McClure, E. C., Sievers, M., Brown, C. J., Buelow, C. A., Ditria, E. 
M., Hayes, M. A., Pearson, R. M., Tulloch, V. J. D., Unsworth, 
R. K. F., & M.Connolly, R. (2020). Artificial intelligence meets 
citizen science to supercharge ecological monitoring. Patterns, 
1(7), 1-9. https://doi.org/10.1016/j.patter.2020.100109 

McLarty, M. J., Gonzalez-Socoloske, D., Alvarez-Alemán, A., & 
Angulo-Valdés, J. (2020). Manatee habitat characterization 
using side-scan sonar. Journal of the Marine Biological 
Association of the United Kingdom, 100(1), 173-179. https://
doi.org/10.1017/S0025315419000973 

Merchan, F., Echevers, G., Poveda, H., Sanchez-Galan, J. E., 
& Guzman, H. M. (2019). Detection and identification of 
manatee individual vocalizations in Panamanian wetlands 
using spectrogram clustering. Journal of the Acoustical Society 
of America, 146, 1745-1757. https://doi.org/10.1121/1.5126504 

Montgomery, G. G., Best, R. C., & Yamakoshi, M. (1981). A 
radio-tracking study of the Amazonian manatee Trichechus 
inunguis (Mammalia: Sirenia). Biotropica, 13(2), 81-85. https://
doi.org/10.2307/2387708 

Moore, A. M., Hartstone-Rose, A., & Gonzalez-Socoloske, D. 
(2021). Review of sensory modalities of sirenians and the 
other extant Paenungulata clade. Anatomical Record, 305(3), 
715-735. https://doi.org/10.1002/ar.24741 

Morales-López, M., Olivera-Gómez, L. D., & Zenteno Ruiz, C. E. 
(2012). Intervalo respiratorio y desplazamientos de manatíes 
Antillanos Trichechus manatus manatus (Sirenia). Comparación 
entre las temporadas seca y lluviosa en una laguna aislada. 
Mastozoologia Neotropical, 19(1), 117-126. http://www.sarem.
org.ar 

Narváez Ruano, V., Utreras B., V., & Zapata-Ríos, G. (2021). 
Occupancy and population density estimates of the Amazonian 
manatee in eastern Ecuador. Endangered Species Research, 44, 
105-112. https://doi.org/10.3354/esr01094 

Norouzzadeh, M. S., Nguyen, A., Kosmala, M., Swanson, A., 
Palmer, M. S., Packer, C., & Clune, J. (2018). Automatically 
identifying, counting, and describing wild animals in camera-
trap images with deep learning. PNAS, 115(25), E5716-E5725. 
https://doi.org/10.1073/pnas.1719367115 

Odewumi, O. S., Agbelusi, E. A., & Olusoji-Bello, O. A. (2017). 
Population status and encounter rates of West African 
manatee (Trichechus senegalensis) in Pandam Wildlife Park, 
Plateau State, Nigeria. Ethiopian Journal of Environmental 
Studies & Management, 10(7), 877-886. 

Olivera-Gómez, L. D., Jiménez-Domínguez, D., & Morales-Vela, B. 
(2021, May 2-6). Seguimiento satelital de manatíes en sistemas 
fluviolagunares del sur del Golfo de México [Paper Presentation]. 
XXXVII Reunión Internacional para el Estudio de los Mamíferos 
Marinos, Sociedad Mexicana de Mastozoología Marina, La 
Paz, Baja California Sur, Mexico.

O’Shea, T. J., Beck, C. A., Hodgson, A., Keith-Diagne, L., & 
Marmontel, M. (2022). Social and reproductive behaviors. 

http://lajamjournal.org
https://doi.org/10.1002/aqc.3103
https://doi.org/10.1002/aqc.3103
https://doi.org/10.1121/1.2357993
https://doi.org/10.1121/1.2357993
https://doi.org/10.3354/esr00880
https://doi.org/10.3354/esr00880
https://doi.org/10.15359/revmar.2.9
https://doi.org/10.15359/revmar.2.9
https://doi.org/10.12933/therya-14-205
https://doi.org/10.1577/1548-8446-35.4.163
https://doi.org/10.1577/1548-8446-35.4.163
https://doi.org/10.1002/rra.2556
https://doi.org/10.1186/1471-2148-7-6
https://doi.org/10.1186/1471-2148-7-6
https://doi.org/10.1017/S0025315413001343
https://doi.org/10.1017/S0025315413001343
https://doi.org/10.22201/ib.20078706e.2019.90.2433
https://doi.org/10.22201/ib.20078706e.2019.90.2433
http://www.repositorio.usac.edu.gt/474/1/06_3762.pdf
http://www.repositorio.usac.edu.gt/474/1/06_3762.pdf
https://doi.org/10.1007/978-3-030-90742-6
https://doi.org/10.1007/978-3-030-90742-6
https://doi.org/10.2307/3809604
https://doi.org/10.2307/3809604
https://doi.org/10.1111/faf.12071  
https://doi.org/10.1016/j.patter.2020.100109
https://doi.org/10.1017/S0025315419000973
https://doi.org/10.1017/S0025315419000973
https://doi.org/10.1121/1.5126504
https://doi.org/10.2307/2387708
https://doi.org/10.2307/2387708
https://doi.org/10.1002/ar.24741
http://www.sarem.org.ar
http://www.sarem.org.ar
https://doi.org/10.3354/esr01094
https://doi.org/10.1073/pnas.1719367115


lajamjournal.org

Vol. 18 No. 1, January 2023

124

In H. Marsh (Ed.), Ethology and Behavioral Ecology of Sirenia 
(Vol. 6, pp. 101-154). Springer Nature Switzerland. https://
doi.org/10.1007/978-3-030-90742-6_4

Papastamatiou, Y. P., Britton, C., & Burgess, G. H. (2020). Using 
side-scan sonar to survey critically endangered smalltooth 
sawfish. Fisheries Research, 228, 105577. https://doi.
org/10.1016/j.fishres.2020.105577 

Ponnampalam, L. S., Keith-Diagne, L., Marmontel, M., Marshall, 
C. D., Reep, R. L., Powell, J., & Marsh, H. (2022). Historical 
and current interactions with humans. In H. Marsh (Ed.), 
Ethology and Behavioral Ecology of Sirenia (Vol. 6, pp. 299-350). 
Springer Nature Switzerland. https://doi.org/10.1007/978-3-
030-90742-6_7 

Puc-Carrasco, G. (2021). Densidad y distribución espacio-temporal 
de los manatíes en el río San Pedro, Tabasco, México [Master’s 
Thesis, El Colegio de la Frontera Sur - Chetumal]. 

Puc-Carrasco, G., Olivera-Gómez, L. D., Arriaga-Hernández, S., & 
Jiménez-Domínguez, D. (2016). Relative abundance of Antillean 
manatees in the Pantanos de Centla Biosphere Reserve in 
the coastal plain of Tabasco, Mexico. Ciencias Marinas, 42(4), 
261-270. https://doi.org/10.7773/cm.v42i4.2678 

Puc-Carrasco, G., Morales-Vela, B., Olivera-Gómez, L. D., & 
González-Solís, D. (2017). First field-based estimate of Antillean 
manatee abundance in the San Pedro River system suggests 
large errors in current estimates for Mexico. Ciencias Marinas, 
43(4), 285-299. https://doi.org/10.7773/cm.v43i4.2704 

Radio detection and ranging. (1943). Nature, 152, 391–392. 
https://doi.org/10.1038/152391b0 

Ramírez-Jiménez, H. H., Olivera-Gómez, L. D., & de la Cueva, 
H. (2017). Habitat use by the Antillean manatee (Trichechus 
manatus) during an extreme dry season in an urban lake in 
Tabasco, Mexico. Therya, 8(1), 19-26. https://doi.org/10.12933/
therya-17-411 

Ramos, E. A., Maust-Mohl, M., Collom, K. A., Brady, B., Gerstein, 
E. R., Magnasco, M. O., & Reiss, D. (2020). The Antillean 
manatee produces broadband vocalizations with ultrasonic 
frequencies. Journal of the Acoustical Society of America, 147(2), 
EL80. https://doi.org/10.1121/10.0000602 

Raoult, V., Colefax, A. P., Allan, B. M., Cagnazzi, D., Castelblanco-
Martínez, N., Ierodiaconou, D., Johnston, D. W., Landeo-
Yauri, S., Lyons, M., Pirotta, V., Schofield, G., & Butcher, P. A. 
(2020). Operational protocols for the use of drones in marine 
animal research. Drones, 4(64). https://doi.org/10.3390/
drones4040064 

Rathbun, G. B., Powell, J. A., & Cruz, G. (1983). Status of the 
West Indian manatee in Honduras. Biological Conservation, 
26(4), 301-308. https://doi.org/10.1016/0006-3207(83)90094-0 

Reep, R. L., & Bonde, R. K. (2021). The Florida Manatee: Biology 
and Conservation (2nd ed.). University Press of Florida. 

Reep, R. L., Gaspard III, J. C., Sarko, D., Rice, F. L., Mann, D. 
A., & Bauer, G. B. (2011). Manatee vibrissae: evidence for 
a “lateral line” function. Annals of the New York Academy of 
Sciences, 1225(1), 101-109. https://doi.org/10.1111/j.1749-
6632.2011.05992.x 

Reynolds III, J. E., Powell, J. A., Keith Diagne, L. W., Barton, S. 
L., & Scolardi, K. M. (2018). Manatees. In B. Würsig, J. G. M. 
Thewissen, & K. M. Kovacs (Eds.), Encyclopedia of Marine 
Mammals (pp. 558-566). Academic Press. 

Reynolds III, J. E., & Wilcox, J. R. (1994). Observations of Florida 
manatees (Trichechus manatus latirostris) around selected 
power plants in winter. Marine Mammal Science, 10(2), 163-
177. https://doi.org/10.1111/j.1748-7692.1994.tb00258.x 

Rodas-Trejo, J., Romero-Berny, E. I., & Estrada, A. (2008). 
Distribution and conservation of the West Indian manatee 
(Trichechus manatus manatus) in the Catazajá wetlands of 
northeast Chiapas, México. Tropical Conservation Science, 
1(4), 321-333. https://doi.org/10.1177/194008290800100403 

Schneider, S., & Zhuang, A. (2020). Counting fish and dolphins in 
sonar images using deep learning. arXiv:2007.12808. https://
doi.org/10.48550/arXiv.2007.12808 

Self-Sullivan, C., & Mignucci-Giannoni, A. A. (2012). West Indian 
manatees (Trichechus manatus) in the Wider Caribbean Region. 
In E. M. Hines, J. E. Reynolds III, L. V. Aragones, A. A. Mignucci-
Giannoni, & M. Marmontel (Eds.), Sirenian Conservation: Issues 
and Strategies in Developing Countries (pp. 36-46). University 
Press of Florida. 

Serrano, A., Daniel-Rentería, I. d. C., Hernández-Cabrera, T., 
Sánchez-Rojas, G., Cuervo-López, L., & Basáñez-Muñoz, A. 
(2017). Is the West Indian Manatee (Trichechus manatus) 
at the brink of extinction in the State of Veracruz, Mexico? 
Aquatic Mammals, 43(2), 201-207. https://doi.org/10.1578/
AM.43.2.2017.201 

Sternlicht, D. D. (2017). Historical development of side scan 
sonar. Journal of the Acoustical Society of America, 141, 4040. 
https://doi.org/10.1121/1.4989335 

Takoukam, A. K., Gomes, D. G. E., Hoyer, M. V., Keith-Diagne, L. 
W., Bonde, R. K., & Francis-Floyd, R. (2021). African manatee 
(Trichechus senegalensis) habitat suitability at Lake Ossa, 
Cameroon, using trophic state models and predictions of 
submerged aquatic vegetation. Ecology and Evolution, 11, 
15212-15224. http://doi.org/10.1002/ece3.8202 

UNEP. (2010). Regional management plan for the West Indian 
manatee (Trichechus manatus). UNEP Carribbean Enviromental 
Programme. 

Vargas Ramírez, E. (2015). Estado de conservación y 
recomendaciones para el manejo del manatí Antillano (Trichechus 
manatus manatus) en el sector sur del Parque Nacional 
Tortuguero, Limón, Costa Rica [Master’s Thesis, Universidad 
Nacional - Costa Rica]. 

Supplementary material

Supplementary Material 1 - Database of scientific literature 
(2005-2022) related to the use of side-scan sonar to study 
manatees.

http://lajamjournal.org
https://doi.org/10.1007/978-3-030-90742-6_4
https://doi.org/10.1007/978-3-030-90742-6_4
https://doi.org/10.1016/j.fishres.2020.105577
https://doi.org/10.1016/j.fishres.2020.105577
https://doi.org/10.1007/978-3-030-90742-6_7
https://doi.org/10.1007/978-3-030-90742-6_7
https://doi.org/10.7773/cm.v42i4.2678
https://doi.org/10.7773/cm.v43i4.2704
https://doi.org/10.1038/152391b0
https://doi.org/10.12933/therya-17-411
https://doi.org/10.12933/therya-17-411
https://doi.org/10.1121/10.0000602
https://doi.org/10.3390/drones4040064
https://doi.org/10.3390/drones4040064
https://doi.org/10.1016/0006-3207(83)90094-0
https://doi.org/10.1111/j.1749-6632.2011.05992.x
https://doi.org/10.1111/j.1749-6632.2011.05992.x
https://doi.org/10.1111/j.1748-7692.1994.tb00258.x
https://doi.org/10.1177/194008290800100403 
https://doi.org/10.48550/arXiv.2007.12808  
https://doi.org/10.48550/arXiv.2007.12808  
https://doi.org/10.1578/AM.43.2.2017.201
https://doi.org/10.1578/AM.43.2.2017.201
https://doi.org/10.1121/1.4989335
http://doi.org/10.1002/ece3.8202


Vol. 18 No. 1, January 2023

lajamjournal.org

http://lajamjournal.org

