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The African manatee is one of the least understood marine mammals in the 

world. It is believed to be in decline throughout its 21 country range, primarily due to 

illegal hunting and incidental bycatch. Baseline research is critically needed to inform 

conservation actions for the species. 

Over eight years, African manatee genetic samples were collected from eight 

countries. Primers were used to amplify a 410 base pair portion of the mitochondrial 

(mtDNA) control region, and a 1227 base pair portion of the cytochrome-b gene. 

Fourteen new control region and nine new cytochrome-b haplotypes were identified for 

the species. These are the first African manatee genetic results from Senegal, Guinea, 

Mali, and Ivory Coast. New haplotypes were characterized by high haplotype diversity, 

but low nucleotide diversity, indicating expansion after a period of low effective 

population size. Phylogenetic trees identified two clades aligned geographically, 

indicating regional population separation likely due to low recent dispersal.  

New African manatee and previously published mtDNA haplotypes for all extant 

trichechid species were analyzed to clarify the evolutionary placement of African 

manatees in relation to the other trichechids. Bayesian MCMC analyses were 
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conducted to calculate divergence estimates of trichechids from ancestral species, and 

to elucidate time of divergence of the African manatee from the other trichechids. 

Cytochrome-b Bayesian analyses indicated the more basal Amazonian manatee 

species diverged from the African and West Indian species 4.91 (CI 95%) million years 

ago (Mya). Divergence analyses estimated that the African manatee diverged from the 

West Indian species 3.49 Mya (CI 95%). Additionally, analyses indicated a separation of 

African manatee North and South regional clades at 1.51 Mya (CI 95%). 

Carbon and nitrogen stable isotope analyses were conducted to describe African 

manatee diet for the first time. Average lifetime diet was examined through comparison 

of periotic bone samples and potential plant and animal food sources from Gabon and 

Senegal. Ranges of δ13C placed Gabon manatees primarily in the range of C3 plants, 

and most Senegal manatees in the C4 plant range. Analyses of Senegal manatees also 

indicated that fish and mollusks are an important component of the diet of these 

populations. 
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CHAPTER 1 
INTRODUCTION 

Sirenian Evolution 

Sirenians are a group of placental (Eutherian) mammals whose origins can be 

traced back in evolutionary time to the Eocene Epoch, ~50 million years ago (Mya) 

(Domning 2001a). Within Eutheria, sirenians belong to the clade Afrotheria, which, as 

the name suggests, are mammals that originated on the African continent during the 

Cretaceous Period, and then are believed to have evolved on the Afro-Arabian 

continent after the breakup of Gondwanaland approximately 65 Mya (Simpson 1945, 

Tabuce et al. 2007). Afrotheria includes a diverse group of mammals including the 

elephants (Proboscidea), hyraxes (Hyracoidea), dugongs and manatees (Sirenia), 

tenrecs (Tenrecidae), golden moles (Chrysochloridae), elephant-shrews 

(Macroscelididae), and aardvarks (Tubulidentata) (McKenna 1975, Tabuce et al. 2007). 

Within Afrotheria, sirenians are classified in the superorder Paenungulata (meaning 

“almost ungulates”), which includes the elephants and hyraxes as well as two other 

extinct orders, the Embrithopoda (rhinoceros-like mammals) and the Desmostylia 

(hippopotamus-like mammals) (Simpson 1945, Ozawa et al. 1997). Until recently, 

sirenians were placed in the clade Tethytheria, defined as mammals that originated 

around the ancient Tethys Sea during the Paleogene Period, but subsequent genetic 

analyses have now confirmed that Paenungulata is within Afrotheria (Ozawa et al. 1997, 

Springer et al. 1999, Kellogg et al. 2007, Pardini et al. 2007). Some of the earliest 

sirenian fossils have been discovered around the edges of the ancient Tethys Sea in 

present day France, Tunisia, Egypt, India, and Pakistan (Domning and Gingerich 1994, 

Clementz et al. 2006, Benoit et al. 2013).  
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The Earliest Sirenians 

The earliest sirenian Family is the Prorastomidae, aquatic quadrupeds that 

evolved approximately 50 million years ago in the Eocene (Domning 2001a). It is 

hypothesized that Prorastomids originally evolved the Old World and expanded their 

ranges along ancient shorelines to reach the locale that is the present day Caribbean 

Sea (Domning 2001, Clementz et al. 2009b). Until recently, the only known Prorastomid 

fossils were discovered at an archeological site near Seven Hills, Jamaica that dated to 

the early to middle Eocene (Domning 2001a). A Prorastomus sirenoides skull dated to 

approximately 48-50 Mya is the most ancient sirenian fossil currently known (Savage et 

al. 1994). A fossil skeleton from another branch of the Prorastomid family, Pezosiren 

portelli, was discovered at the same site and dated to 47-49 Mya (Domning 2001a). It is 

thought to be morphologically advanced in comparison to P. sirenoides (Domning 

2001a). However, no fossil remains of the earliest sirenians were found on the eastern 

side of the Atlantic Ocean until 2012, when Hautier et al. published their finding of a 

Prorastomid fossil vertebra from phosphate mine in northern Senegal. This fossil is 

significant because it lends support to the hypothesis that the earliest sirenians evolved 

in this region along with their closest relatives (Hautier et al. 2012). The Senegal fossil is 

40% larger than any of the P. portelli fossil vertebrae and has been designated as 

“Prorastomidae indet.” (Hautier et al. 2012). In 2013 Benoit et al. reported the find of a 

sirenian fossil petrosal (ear) bone at Djebel Chambi, Tunisia, in a fossil bed believed to 

date to the same time period in the Eocene as the Jamaican site. This is the oldest 

fossil sirenian found in Africa to date, and features of this bone appear to indicate that it 

is smaller and more primitive than Prorastomus, but the species has yet to be named 

(Benoit et al. 2013).  
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Pezosiren portelli was a quadrupedal, pig-sized mammal that was capable of 

living on land, as indicated by anatomical features including well-developed legs and 

pelvic bones, and a multi-vertebral sacrum (indicating that the hind limbs were still used 

for swimming, rather than the tail), but it also had adaptations to the aquatic 

environment including enlarged nasal openings located at the top of the snout, a lack of 

nasal sinuses, and numerous heavy, swollen and dense (pachyosteosclerotic) rib bones 

that would have helped it to submerge (Domning 2000, Domning 2001a, Reep and 

Bonde 2006). These aquatic adaptations indicate that it was a true sirenian that 

probably spent much of its life in the water (Domning 2001a). However, Pezosiren also 

had a straight (undeflected) rostrum, indicating that it had not yet evolved for eating 

submerged plants (Domning 2001a).   

The Protosirenidae also evolved in the Eocene and existed concurrently with 

Prorastomidae, but some species in this family existed later into the Eocene and 

exhibited greater adaptations to the aquatic lifestyle, such as a more flattened tail that 

was the main propulsion for swimming, a shorter neck, and a single sacral vertebra with 

a weaker connection to the pelvis, indicating reduced use of the hind limbs for 

swimming or walking (Domning 2000). Additionally, the Protosirens had already 

developed a rostral deflection similar to that of modern manatees, indicating that they 

were definitely feeding off the bottom of the waterways they lived in (Domning and 

Gingerich 1994, Domning 2000). Fossils from Protosirenidae have been found at the 

Seven Hills site in Jamaica along with the Prorastomidae fossils (Domning 1982, 

Domning 2001a). Domning (2002) also reported that the fossil evidence indicates that 

the transition of sirenians from a terrestrial to a fully aquatic lifestyle probably occurred 
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rapidly over a period of only a few million years during the early and middle Eocene. 

Protosirens also are believed to have originally evolved in the Old World, Tethys Sea 

region and dispersed to the present day Caribbean and South America (Domning 

1982). The earliest Protosiren fossils have been found in Egypt, Libya, and Pakistan, 

and included Protosiren smithae and P. fraasi (Domning et al. 1982, Domning and 

Gingerich 1994). To date only a few fossil fragments have been found in the Western 

Atlantic; these were discovered in Florida and dated to the mid-Eocene (Domning et al. 

1982, Domning, 1982).  

Family Dugongidae 

The earliest members of the sirenian Family Dugongidae coexisted with 

Protosiren and exhibited an even more advanced stage of evolution (Domning 2000). 

These animals were fully aquatic and no longer supported their weight on their limbs; 

the front limbs had become flippers to aid with steering while swimming, their necks 

became shorter, and their bodies were now oriented more horizontally in the water in 

order to better facilitate swimming and hydrostatic control (Domning 2000, Clementz et 

al. 2006). The reduction and eventual loss of the hind limbs helped to move the center 

of gravity further forward in the dugongs, which in turn moved the body to be horizontal 

in the water (Domning 2000, Reep and Bonde 2006). Dugongidae has been the most 

prolific sirenian family since their appearance in the Eocene (Domning 2000). The 

earliest members of Dugongidae were the subfamily Halitheriinae, with two more 

subfamilies (Dugonginae and Hydroamalinae) appearing in the Oligocene (Barnes et al. 

1985). Subfamily Halitheriinae was a generalized group with more species (including 

Eosiren, Eotheroides, and Halitherium) that foraged on seagrass leaves and smaller 

rhizomes (Clementz et al. 2009b). Metaxytherium, also a member of this subfamily, is 
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believed to have evolved from Halitherium in the Oligocene and then given rise to 

subfamily Hydromalinae in the Miocene (Domning et al. 2007). Subfamily Dugonginae 

consisted primarily of large-tusked specialists that fed on large seagrass rhizomes and 

had fewer species (and includes one species still extant, Dugong dugon), while 

Hydromalinae was an exclusively Pacific Ocean group that eventually evolved to 

Steller’s sea cow (Hydrodamalis gigas), the largest sirenian to ever live and the only 

one to live in cold northern waters (Domning et al. 2007, Clementz et al. 2009a).  

The Dugongidae family became very diverse in the Miocene, with multiple 

dugong species co-occurring in several ocean basins over three epochs, for example in 

the middle to late Eocene in Egypt, the Oligocene in Florida, the early Miocene in India, 

and the early Pliocene in Mexico (Domning 1982, Vélez-Juarbe et al. 2012). The 

Miocene was a very warm Epoch globally, and this is believed to have played a role in 

providing many suitable habitats for sirenians worldwide (Domning 2001b). The high 

amount of sirenian diversity exhibited by fossils from this time (12 genera) is thought to 

have occurred due to niche partitioning and unique morphological specializations within 

each species, particularly rostral deflections, tusk morphology, and body sizes 

(Domning 1982, Domning 2001b, Reep and Bonde 2006, Vélez-Juarbe et al. 2012). 

During the late Pliocene, a period of global cooling began that resulted in the formation 

of an arctic ice cap and increased continental glaciation (Domning 2001b). This in turn 

lowered sea levels, and resulted in degradation and loss of species diversity of 

seagrass beds due to erosion and runoff, which is hypothesized to have added stress to 

the dugong species that had evolved to fit very specific seagrass feeding niches 

(Domning 1982). Additionally, the closure of the Central American Seaway by the 
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formation of the Isthmus of Panama in the middle Pliocene caused large-scale oceanic 

changes and extinctions in the Caribbean which are hypothesized to have heavily 

impacted both seagrasses and the species that depended upon them (Domning 2001b, 

Marsh et al. 2012). Finally, the dugongids also had low-crowned (brachyodont) teeth 

which Domning (1982) hypothesized led to increased tooth wear and possibly increased 

mortality. By this time sirenians in the family Trichechidae had evolved, and the species 

Ribodon limbatus of the Amazon Basin exhibited both horizontal tooth replacement 

(supernumerary molars) which eliminated the problem of tooth wear, and had higher-

crowned (hypsodont) teeth that were better suited to feeding on plants with higher silica 

content, such as grasses and seagrasses (Domning 1982, Domning 2001b). It is 

thought that trichechids eventually replaced the dugongids in the Caribbean (Domning 

1982). Dugongids in the Pacific Ocean also developed hypsodont teeth and were able 

to evolve through the problems of increased tooth wear, even if their Caribbean 

relatives did not (Domning 1982).  

Family Trichechidae 

The dispersal of Protosirenians to South America and their subsequent isolation 

in this region is believed to be the origin of the Family Trichechidae during the Miocene 

(Domning 1982). However, this is still a gap in the fossil record, as a directly linked 

ancestral species has not yet been discovered (Barnes et al. 1985). Similar to their 

protosirenid ancestors, Trichechidae in the Tertiary Period had slight rostral deflections 

that indicated a diet of floating or emergent aquatic plants (Domning 1982). In the 

Pliocene, trichechids moved into the interior of the Amazon basin, which at that time 

was a large inland sea with four outlets to the north, south, east, and west (Domning 

1982). About 4 million years ago (early Pliocene) uplift of the Andes mountain range 
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began, which closed off the outlets forming an inland sea, which then re-opened to the 

west in the late Pliocene, forming the current drainage of the Amazon River (Domning 

1982). Some trichechids were isolated in the Amazon Basin when it was closed off from 

the west coast, and it is hypothesized that they adapted to feeding on newly abundant 

freshwater plants which are believed to have increased significantly due to nutrient 

runoff from the Andes (Domning 1982). Other trichechid species were coastal and lived 

in the Caribbean and Florida (Domning 2005, Marsh et al. 2012). Ribodon is thought to 

be the direct ancestor of modern trichechids, but there are still gaps in knowledge about 

where Trichechus originally evolved (Marsh et al. 2012). One scenario hypothesizes 

that they evolved in the Amazon Basin during the transition from the Pliocene to the 

Pleistocene (Domning 2005, Marsh et al. 2012). Trichechus fossils from this time and 

place are reported to be more similar in morphology to the West Indian manatee 

(Trichechus manatus) than to the Amazonian manatee (T. inunguis) that is found in the 

Amazon Basin today (Domning 1982). Another part of the theory is that the Amazonian 

manatee is the descendent of the ancestral form that was isolated in the Amazon Basin, 

while the West Indian manatee evolved in the Orinoco Basin in Colombia and coastally 

along the Caribbean and northern South America (Vianna et al. 2006, Marsh et al. 

2012). The African manatee (Trichechus senegalensis) is believed to be most closely 

related to the West Indian manatee (Domning and Hayek 1986, Vianna et al. 2006), and 

the species’ divergence will be discussed in subsequent chapters.  

To understand the finer scale evolution of the three extant trichechids, it is of 

interest to examine the attributes that distinguish them from each other. Domning and 

Hayek (1986) wrote an exhaustive description of morphological features and variation 
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between the three extant trichechids, which described the key features used to 

differentiate the species. This study used 273 manatee skulls (150 T. manatus, 86 T. 

inunguis, and 37 T. senegalensis) from museum and private collections around the 

world (Domning and Hayek 1986). Attributes used to differentiate the species included 

external characters such as body size and shape, snout morphology, and nails, as well 

as internal characteristics such as ribs, dentition, and 110 individual cranial 

measurements grouped into categories of 36 variables (Domning and Hayek 1986). 

Using a stepwise discriminant analysis of all 36 variables, Domning and Hayek 

demonstrated that a grouping of eight specific variables, taken together, correctly 

determined the species of their sampled adult skulls 100% of the time (Table 1).  

Trichechus inunguis was found to be the most derived of the extant species, 

while T. senegalensis was found to have retained the most primitive features, but the 

authors noted that all three species have specialized in different directions (Domning 

and Hayek 1986). This study reported that there are few derived characters shared by 

any two of the species of Trichechus, but it did define several shared characters 

(synapomorphies) of T. manatus and T. senegalensis and concluded that these two 

species likely shared a more recent common ancestor with each other than either does 

with T. inunguis (Domning and Hayek 1986). However, the study further indicated that 

the time of separation of T. manatus and T. senegalensis was probably within a 

relatively short timeframe after the two species separated from T. inunguis (Domning 

and Hayek 1986). 

For T. senegalensis, unique anatomical features (autapomorphies) include a 

shortened rostrum, the presence of longitudinal crests on the floor of the mesorostral 
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fossa and palatal surface, narrow bases of the supraorbital processes, and a 

broadening of the zygomatic arch and coronoid process (Domning and Hayek 1986, 

Domning 1994). African manatees also have more teeth than the other two extant 

species; Domning and Hayek (1986) hypothesize that this may be due to the fact that 

the tooth row typically sits farther forward in African manatees than in the others, and 

that this feature may be a result of a “fibrous but relatively nonabrasive diet”. Primitive 

features of T. senegalensis include a decreased rostral deflection, the temporal crests, 

and incomplete division of the foramen incisivum (hole in the anterior of the palate) 

compared to the other extant trichechids, the presence of a crista orbitotemporalis (an 

arch at the top of a recess in the temporal wall, see V34 in Table 1) which was common 

in Eocene sirenians but is very uncommon in the other extant trichechids, a lack of 

postorbital apophyses (bony outgrowths on the temporal wall immediately behind the 

supraorbital processes), a strongly curved frontoparietal suture, a smooth anterior 

frontal border, and “unswollen” supraoccipitals (the bones at the top of the skull 

between the parietal and exoccipital bones)  (Domning and Hayek 1986). These 

features are considered primitive because they are all either more similar to an 

ancestral sirenian than another extant species, or they are dissimilar to T. inunguis, 

which is considered the most derived of the three living trichechids (Domning and 

Hayek 1986). The primitive nature of T. senegalensis was also illustrated in Domning 

and Hayek (1986) when their discriminant analysis assigned a fossil Trichechus 

bakerorum skull dated to the Pleistocene of South Carolina as 0.99 probability of being 

T. senegalensis. T. bakerorum is actually thought to be ancestral to T. senegalensis, T. 

manatus and possibly to T. inunguis (Domning and Hayek 1986).  
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A separate analysis of T. senegalensis skulls within the Domning and Hayek 

1986 study determined that there was no basis for prior designations of sub-species 

within T. senegalensis (including Manatus vogelii, Manatus nasutus, and Manatus 

oweni) made by several explorers in the 1800s (Balkie 1857, Domning and Hayek 

1986). Domning and Hayek reported that their classification analysis assigned all of 

these skulls to T. senegalensis with probabilities greater than 99%. However, they did 

find evidence to support that the two subspecies of T. manatus (T.m. manatus and T.m. 

latirostris) were distinguishable both due to the separate geographic locations of 

populations as well as distinctive cranial characters (Domning and Hayek 1986).  

Each of the three Trichechid species possesses numerous autapomorphies that 

defined it in this study (Domning and Hayek 1986). One of the most obvious differences 

between species is rostral deflection, which is defined as ranging from 29o - 52o in T. 

manatus, 25o - 41o in T. inunguis, and 15o - 40o in T. senegalensis (Domning 1982, 

Domning and Hayek 1986). These differences in the angle of the snout are adaptations 

that allow each species to exploit food plants in the different habitats in which they live 

(Domning 1982, Reep and Bonde 2006). A greater degree of rostral deflection positions 

the mouth closer to the substrate for bottom feeders, while the rest of the body is able to 

stay horizontal in the water column, facilitating horizontal swimming while feeding 

(Domning 2000). The West Indian manatee has the most strongly deflected snout of 

any fossil or living trichechid, which is believed to be an adaptation to a diet based 

primarily on seagrasses and other submerged plants (Domning 1982). At the other end 

of the trichechid spectrum is the African manatee, which lives predominantly in murky 

and muddy rivers and lagoons with less submerged vegetation, and feeding primarily on 



 

27 

floating and emergent vegetation, therefore it has a snout with the least deflected 

rostrum (Domning 1982, Powell 1996). Amazonian manatees also live in an ecosystem 

with dark water that does not promote submerged plant growth, so this species also 

feeds primarily on floating and emergent vegetation along riverbanks (Domning 1982).  

Several studies have used fossil sirenians to assess ancient seagrass ecology 

and diversity while simultaneously studying the diet of extinct sirenians (Domning 1981, 

Domning 2001b, Clementz et al. 2006, Velez-Juarbe et al. 2012). Evidence of 

seagrasses are sparse in the fossil record, but they first appeared in the mid-

Cretaceous Period and have been found in the same locations as sirenian fossils (Eva 

1980, Domning 2001b, Clementz et al. 2009a). Domning (2001b) hypothesized that 

dugongids in the Miocene, and particularly the dugongines with large tusks, specialized 

on the largest seagrasses, which were considered climax species. The tusks were likely 

used to uproot the rhizomes of these seagrasses, just as modern dugongs do today 

(Domning 2001b). In this way, it is hypothesized that the dugongines kept the larger 

seagrasses from reaching climax level, which allowed other seagrass species to thrive 

as well, which then became a niche for other dugongids that fed on smaller rhizomes 

(Domning 2001b).  

Clementz et al. (2006) used tooth enamel bioapatite from Protosirenidae 

(Protosiren smithae) and several species of Dugongidae (Eosiren libyca, Eotheroides 

sp., and Halitherium taulannense) from fossil beds representing the ancient Tethys Sea 

to determine diet and habitat type (freshwater vs. marine). Results of carbon and 

oxygen stable isotope analyses indicated that these species were all primarily aquatic, 

and that early in their evolution, sirenians adapted to a predominantly marine, seagrass-
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based diet without evidence of an intermediate connection to freshwater habitats 

(Clementz et al. 2006). Domning (1981) had previously described fossil sirenians 

associated with seagrass beds in both the Tethys region and Florida dating from the 

middle Eocene, which further supports this conclusion. Clementz et al. (2006) reported 

that the low variation in carbon stable isotope values for sirenian fossils sampled in that 

study suggested that their dietary preferences were highly focused on seagrasses, and 

that sirenians did not evolve to eat other aquatic resources such as freshwater plants or 

kelp until the evolution of the Family Trichechidae and the Subfamily Hydrodamalinae.  

African Manatee Evolution 

Most fossil remains of sirenians have been found in the Mediterranean, Florida, 

and the Caribbean (Domning 1981, Domning et al. 1982, Domning and Gingerich 1994, 

Domning 2001a, Domning 2001b, Domning 2002, Clementz et al. 2006) but 

archeological exploration has unearthed very few sirenian fossils on the western side of 

the African continent, and to date they have all been Prorastomidae fossils as discussed 

above (Hautier et al. 2012, Benoit et al. 2013). Therefore, no T. senegalensis fossils 

have yet been found. The little that is currently known about the origins of T. 

senegalensis has been determined through morphological studies of skeletons and 

genetic analysis of mitochondrial DNA (mtDNA; Husar 1978, Domning and Hayek 1986, 

Parr 2000, Vianna et al. 2006). Domning (2005) reported that African manatees 

probably diverged from T. manatus through dispersal from South America across the 

Atlantic Ocean during the Pliocene (5 – 2.5 Mya) or Pleistocene (2.5 – 0.01 Mya). It is 

highly unlikely that the species evolved in the Old World since all other trichechids are 

known to have evolved in South America (Domning 2005). Vianna et al. (2006) 

performed molecular clock analyses using nucleotide divergence to date back to 
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ancestral nodes for all three extant trichechids. This study included genetic samples 

from six T. senegalensis, 189 T. manatus, and 93 T. inunguis, and estimated time of 

divergence of T. senegalensis to approximately 309,000 years ago, which, if accurate, 

would indicate that dispersal occurred during the Pleistocene (Vianna et al. 2006).  

Domning (2005) wrote a thoughtful and thorough synopsis of the all accumulated 

evidence that indicates African manatees evolved in South America and dispersed to 

Africa no earlier than the late Pliocene (not before approximately 3.6 million years ago). 

The lines of evidence he summarized included that the fossil record provides a direct 

line back to South America as the center of evolution of Trichechidae (Domning 1982), 

that the closest relative of the African manatee is the West Indian manatee (T. manatus) 

as shown by morphology (Domning 1982, Domning and Hayek 1986), that manatees 

traveling across the ocean could have survived without food for several months (Best 

1983), and that all three extant trichechids exclusively share a genus of nematode 

(Heterocheilus) in their stomach and intestines, with the same species (Heterocheilus 

tunicatus) found in T. manatus and T. inunguis, and a more derived species 

(Heterocheilus domningi) in T. senegalensis (Sprent 1983). All of these factors together 

provide reasonable proof that manatees in Africa dispersed from South America, and 

that it was physically possible for them to do so (Domning 2005). But how did they get 

there? One hypothesis that has been proposed is that the tremendous outflow of water 

from the Amazon River has been shown to carry a freshwater lens almost entirely 

across the Atlantic Ocean on the South Equatorial Countercurrent, which manatees 

could have “ridden” from South America across to Africa (Muller-Karger et al. 1988, 

Domning 2005). In this scenario manatees could have followed floating mats of 
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vegetation out of the Amazon River and then been swept up in the current (Bonde 

2009). This would make the most sense if the direct ancestors of the African manatee 

came from the Amazon, but genetic and fossil evidence both indicate that they are more 

closely related to T. manatus, which does occur at the mouth of the Amazon and along 

the coast of Brazil, but also is thought to have its center of origin in the Orinoco Basin in 

Colombia (Domning and Hayek 1986, Vianna et al. 2006). 

In the same study Domning (2005) also cites a study by Boekschoten and Best 

(1988) that mentions that manatees could have been carried across to Africa on an 

Atlantic current approximately 18,000, years ago, but given the previous molecular 

evidence that T. senegalensis may have arrived in Africa between 309,000 and over 

three million years ago, this time frame is likely much too recent (Vianna et al. 2006, 

Domning 2005). Additionally, Domning (2005) cites records of manatee sightings on the 

northeastern seaboard of the USA as far north as Massachusetts (Reid 1995), and in 

Greenland and Europe from the late 1700s and 1800s, implying that manatees could 

have traveled to Africa using a North Atlantic current (Domning 2005). However, the 

theory of manatees traveling to Africa via the North Atlantic gyre seems dubious. 

Sightings from the 1700s and 1800s were not verified by the collection of specimens 

(Domning 2005) and could have easily been misidentified. More importantly, manatees 

exposed to water less than 20oC for even several weeks have been shown to die of cold 

stress (Bossart 2001), and without fresh water to drink, an oceanic journey of several 

months seems implausible (Ortiz 1998). Therefore, the most likely hypothesis is that the 

African manatee dispersed by an ocean current from the central Atlantic Ocean.  
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Vianna et al. (2006) published the first five mtDNA control region and three 

cytochrome-b haplotypes for the African manatee. The six samples from that study 

resulted in five control region haplotypes in two clusters, one for the samples from 

Guinea-Bissau (Y01 and Y02), and a second for three other samples from Ghana, Niger 

and Chad (Y03, Y04, Y05) (Vianna et al. 2006). No other samples from Africa were 

available for analysis at that time (Vianna et al. 2006), but comparison of increased 

numbers of African manatee mtDNA haplotypes with T. manatus and T. inunguis 

haplotypes, as well as more rigorous divergence dating, are important analyses that are 

needed to better enable us to determine the points of divergence between these three 

species.  

Current Status of the African Manatee 

The African manatee is one of the least understood marine mammals in the 

world, and has recently been identified as the least studied large mammal in Africa 

(Trimble and Van Aarde, 2010). The range of the species includes 21 countries (the 

African Atlantic coast from Mauritania to Angola, and the interior countries of Mali, Niger 

and Chad, Figure 1-1) and is larger than the width of the United States, yet to date there 

have been only a handful of studies, most of which were short term field surveys with no 

follow up or local capacity building. There are no estimates of abundance for the 

species anywhere in its range and the impact of hunting and habitat destruction are 

poorly documented, but the trade in manatee bushmeat is well known throughout Africa. 

In recent times hydroelectric and agricultural dams have also isolated manatee 

populations in many major rivers, including in Lake Volta, Ghana (Akosombo Dam, 

constructed in 1965), the Niger River (Kainji Dam in Nigeria, constructed in 1968, and 

the Makala Dam in Mali, completed in 1945), and the Senegal River (Diama Dam, 
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constructed in 1983 and the Felou Dam in Kayes, Mali). Since 2008, the Niger River 

Basin Authority has authorized the construction of three additional multi-purpose dams 

in the Niger River: at Fomi in Guinea, Taoussa in Mali, and Kandjadji in Niger (Diarra 

2011). All of these are likely to further restrict manatee habitat in these countries and 

lead to genetic isolation of populations (Figure 1-1). Dam structures have also killed 

manatees both through entrapment and death in dam gates (Powell 1996, L. Keith 

Diagne unpublished data). Natural isolation is also believed to occur in inland river 

systems 1000 km and more from the coast in countries such as Chad. Furthermore, 

prior to the current study, only 21 genetic samples had ever been analyzed for the entire 

species, all of which came from only five of the twenty-one range countries: Ghana, 

Cameroon, Niger, Chad, and Guinea-Bissau (Parr 2000, Vianna et al. 2006). 

Conservation efforts are greatly hindered by a lack of basic information about the 

species, and most behavioral and physiological attributes are currently inferred from the 

Florida manatee (T.m. latirostris).   

The IUCN Red List category and criteria classifies the African manatee as 

Vulnerable. Criteria for placement of the species in this category are based upon 

threats, particularly hunting and incidental capture in fishing gear, that appear to be 

continuing to increase throughout the range, with locally high rates and near extirpation 

in some regions. Lack of protein and continued poverty for human populations, and 

limited enforcement of national laws are believed to be driving increasing hunting levels 

(Keith Diagne and Powell 2014). The Red List also acknowledges that dams are 

increasingly and permanently fragmenting populations in many areas, including Ghana, 

Mali, Niger, Nigeria, and Senegal, and that populations segmented into smaller habitat 
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areas are also susceptible to increased local hunting pressure. It is estimated that there 

is a high probability of a 30% or greater reduction in population size will result within a 

90 year, three generation period (Keith Diagne and Powell 2014). The Convention of 

Migratory Species (CMS) successfully created an Action Plan and MOU for the African 

Manatee in 2008, and raised the species from Annex II to Annex I in 2009, a more 

endangered status. Additionally, the Convention on International Trade in Endangered 

Species (CITES) voted at their Conference of Parties in March 2013 to raise the species 

from Appendix II to Appendix I, which bans all legal international trade, but leaves 

enforcement of illegal trade up to the range countries. Overall, the trajectory for the 

African manatee is believed to be in serious decline without drastic and wide-ranging 

conservation efforts on their behalf (Keith Diagne and Powell 2014).  

There are no African manatee population estimates based on quantitative 

information. Nishiwaki et al. (1982) and Nishiwaki (1984) made a number of intuitive 

estimates for 15 countries, based primarily on interviews rather than direct surveys. 

Roth and Waitkuwait (1986) and Akoi (2004) estimated 750-800 manatees for Cote 

D’Ivoire / Ivory Coast. In 1999 a report by ABE estimated the manatee population in 

Benin at 125 individuals. There are no population number estimates for other countries 

at this time. One population that may no longer exist is that of the Lake Chad basin- it is 

reported that manatees were gone from Lake Chad by 1929 (Hatt 1934, Salkind 1998), 

and although reports of them occurred in the Chari, Bamingui, Bahr-Kieta, and Logone 

Rivers, Salkind (1998) reported that they were no longer found in these waterways. 

Today the drying and desertification of Lake Chad no longer provides much suitable 

habitat. Available population information by country follows:  
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Mauritania 

The species occurs in the Senegal River and its tributaries (Powell, 1996); this river 

forms the border between Mauritania and Senegal. It is an infrequent inhabitant of the 

Diawling National Park, a wetland reserve of interconnecting streams, lakes and ponds 

adjacent to the Senegal River near the Diama dam (Perrin 2001). Manatees also likely 

inhabit the Gorgol Marigot, a large seasonally flooded tributary east of Kaedi.  

Senegal 

In Senegal, the manatee was reported as close to extinction by Navaza and Burnham 

(1998) but more recent work indicates that this is not the case (Diop 2006, Ba et al. 

2008, Keith Diagne and Oceanium Dakar, unpublished data). In the Senegal River 

manatees are permanently isolated from the coast by the Diama Dam, located in the 

Senegal River east of St. Louis, and upstream by the Felou Dam in Kayes, Mali which 

prevents them from moving further eastward. Manatees are no longer reported west of 

the Diama dam in the Senegal River delta near St. Louis or coastally in this region 

(Keith Diagne unpublished data ). However, manatees are sighted throughout the 

Senegal River east of the dam. Manatees are frequently seen in Guiers Lake year 

round, and in 2005 Tocc Tocc Community Reserve was created for their protection 

along the northwestern shore of Lake Guiers. In February 2014, Tocc Tocc Reserve 

was designated as Senegal’s fifth Ramsar site. During the rainy season when the 

Senegal River floods, manatees are regularly seen near Kanel and Matam in eastern 

Senegal (Oceanium Dakar and Keith Diagne, unpublished data). As flood waters recede 

during the dry season, manatees become stranded in seasonal lakes at Wendou Kanel 

and the local people, along with assistance from the Senegalese NGO Oceanium 

Dakar, have been rescuing and releasing them back into the main Senegal River since 
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1984. Beginning in 2008, manatees became trapped behind a new agricultural dam at 

Navel, near Matam, on the Senegal River. Five manatees died as a result of entrapment 

behind the dam, and dam grates were removed in 2010. Seven live manatees were 

rescued in early 2009 and satellite tags were attached to three adult manatees that 

were rescued and released back into the Senegal River (Keith Diagne et al. 

unpublished data). These manatees used over 265 km of the Senegal River to the north 

and south of the release site and made directed trips to feeding areas (Keith Diagne et 

al. unpublished data). Manatees are also frequently sighted at freshwater springs that 

occur along coastal Senegal from the Delta Saloum region to the southern border of the 

country and beyond into Guinea-Bissau. In the Senegal portion of the Gambia River, 

manatees are reported as far inland as Niokolo-Koba National Park during the rainy 

season (Hill et al. 1998, Ba et al. 2008, P. Brillant pers. comm.), and they are also 

reported in this river across the border in Guinea (Théophile et al. 2008). In the 

Casamance River manatees are reported as far east as Kolda, also at Basse 

Casamance National Park, and near the mouth of the river they can be seen daily 

drinking from a freshwater spring at Point St. George (Ba et al. 2008, Keith Diagne, 

unpublished data). The only reports of recent manatee hunting in Senegal are from the 

Delta Saloum region (IUCN and Parc National du Delta du Saloum 2005, Keith Diagne, 

unpublished data).  

The Gambia 

In The Gambia, numbers are thought to have declined, but as of 1993 the manatee was 

still numerous in the Gambia River. They have been fully protected for many years but 

are still believed to be hunted extensively (Perrin 2001, Jallow 2008). Manatees are 

reported throughout the Gambia River and its tributaries, and in Niumi National Park, 
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Bao Bolong National Park, Kiang West National Park, and the Tanbi Wetlands 

Complex. There are no estimates of population numbers and little current research or 

conservation activities. In 2014 manatee hunting was reported in Jareng in the Niamina 

East, and reports of incidentally caught manatees were reported from Jareng as well as 

Tendaba in the Lower River Region (D. Saine pers. comm.). Manatees are also affected 

by the destruction of their habitat due to deforestation of mangroves (Jallow 2008).  

Guinea Bissau 

Guinea-Bissau at one time was considered to be one of the last sanctuaries of the 

manatee, because of the relatively undisturbed state of its mangroves, wetlands and 

river systems (Schumann 1995, Powell 1996). Silva and Araújo (2001) found that 

manatees occupied a wide variety of habitats and were most abundant around the 

Bijagos Archipelago. Based on interviews, a total of 256 sightings involving 439 

individuals interviewed were reported. Powell (1996) reported seeing about 20 individual 

sterna from manatees hunted in the Bijagos Archipelago by a single Senegalese 

fisherman who seasonally fished there. In 1997, the government signed an agreement 

with IUCN to develop a National Plan for Conservation of the West African Manatee in 

Guinea-Bissau, and some training and survey work started, but the work stopped when 

the war started in 1998 and has never resumed (Silva and Araújo 2001). The major 

source of mortality before the war was accidental capture in fishing nets; they were not 

extensively hunted. Silva and Araújo (2001) reported 209 manatees killed between 

1990-1998, approximately 23 per year. More recently, manatees have been advertised 

by a private company for export on the internet, and two were exported to the Toba 

Aquarium in Japan in 1996 (Asano and Sakamoto 1997, Kataoka et al. 2000).  



 

37 

Guinea 

Little information is available on the manatee in Guinea. The country has extensive 

suitable habitat (Powell 1996), but no systematic studies have been carried out (Barnett 

and Prangley 1997). Manatees occur in the Soumba, Konkouré and Fatala estuaries, 

Sangareyah Bay, Rio Komponi, Rio Nunez and the border area of the Guinean southern 

coast, notably in the Benty estuary (Théophile et al. 2008, Camara 2011). In the eastern 

side of Guinea, manatees are reported in the Niger, Tinkisso and Gambia Rivers and at 

Haute Niger National Park (Théophile et al. 2008). In Boffa and Boké, manatees are 

more easily observed during the rainy season, in channels when they are feeding 

(Théophile et al. 2008). Manatees are reported in the estuary at Dubréka, and a new 

research project is about to begin studying them there (O. Camara, pers. comm.) In 

2009 a manatee carcass was recovered in Kanfarandé (C. Kpoghomou pers. comm.), 

and two manatee calves were rescued from fishermen’s nets and released in Dubréka 

and Benty in 2011 and 2013 respectively (Camara 2011, O. Camara pers. comm.). 

According to CITES records, six live manatees were exported from Guinea to China in 

2008. 

Sierra Leone 

The presence of manatees has long been recorded throughout Sierra Leone. Early work 

confirmed its occurrence throughout the coastal areas of Bonthe and Pujehun districts 

and the Sierra Leone River estuary as well as in all rivers (Lowes 1970, Robinson 

1971). Reeves et al. (1988) reported their presence widely in Sierra Leone, including 

the Great Scarcies, Little Scarcies, Sierra Leone, Sherbro, Wanje and Sewa river 

systems and Lake Mape. Manatees migrate between the Malem, Shenge, and Wange 

Rivers and probably move upstream near Teboh, whilst their presence is confirmed at 
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Yeluba Island (Reeves et al. 1988). The southern side of the coastal area (Shenge to 

Sulima) is believed to contain the most important numbers of manatees, but there are 

no data on population numbers (Siaffa and Jalloh 2008). Recent work by Siaffa and 

Jalloh (2006) reported that their occurrence in many wetlands is seasonal, with high 

numbers seen up rivers during the rainy season when the water level is high. They are 

also frequently reported devastating rice fields during the rainy season, and with the 

increase of the water level of water there is also an increase in accidental captures in 

fishing nets (Siaffa and Jalloh 2008). As of the late 1980s the species was still widely 

distributed in the country, but the catches at that time were thought to be unsustainable. 

The manatees are trapped, netted and harpooned (Powell 1996). Although the manatee 

is considered sacred in northern Sierra Leone, and therefore not directly hunted, when 

incidentally caught it is still eaten (Siaffa and Jalloh 2008). Hunting is most prevalent in 

the wetlands of southern Sierra Leone, where manatee meat and oil are relatively 

common household food items, selling for approximately 2,500-3,000 Leone (less than 

70 cents in USD) per half kg piece (Siaffa and Jalloh 2006). Heavy hunting activity is 

also reported in river mouths, particularly in mangrove areas (van der Winden and Siaka 

2005).  

Liberia 

Manatees have been recorded from the St. Paul River, Mesurado River, the lower Moro, 

St. John River, as well as the Cestos and Sankwen Rivers and in the Piso Lake region 

(Powell 1996). Information collected from fishermen and riparian communities in 2006 

indicated that manatees occur in the Cavalla River estuary in the southeast (Wiles and 

Makor 2008). The main threats to manatees in Liberia are reported as accidental 
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entanglement in fishing nets, direct hunting, boat collision (propeller injuries), and 

habitat destruction (Wiles and Makor 2008). No information is available on status.  

Côte d'Ivoire (Ivory Coast) 

Information about manatee distribution and relative abundance in Ivory Coast was 

collected for the first time between 1978 and 1983 by the German Technical Assistance 

Mission (MATA), which surveyed 107 sites and estimated that the number of manatees 

living in Ivory Coast was well below 850 individuals (Roth and Waitkuwait 1986). Akoi 

(2004) reported that the manatee occurs along the entire coastal region of Ivory Coast, 

as well as in all main rivers and their estuaries, and almost all lagoons. According to 

findings of surveys and the movements of individuals monitored by VHF radio telemetry 

from 1986-1988 and 2000 -2002 (Powell 1996, Akoi 2004), six main areas of 

occurrence were identified: the Aby-Tendo-Ehy lagoon complex with the estuaries of 

River Tanoh and River Bia; the Ebrié lagoon complex with the mouth of River Comoé; 

the west Ebrié lagoon complex with the mouth of River Agneby; the Tagba-Makey-

Tadio-Niouzoumou lagoon complex with the mouths of River Bandama and tributaries 

of Gô and Boubo; N’gni lagoon with the mouths of River Bolo and Niouniourou; the 

mouths of the Sassandra, San Pedro and Cavally Rivers. Groups of 10 to 20 individuals 

were observed several times in the N’gni lagoon in Fresco in the month of August (Akoi 

2004). Human development is believed to be the reason why manatees have 

completely disappeared from waters around Abidjan (Akoi 2004). A program of research 

and education led by K. Akoi from 1986 until his death in 2009 was the longest running 

manatee research program in Africa to date. The population was tentatively estimated 

at 750–800 manatees in five to six small, isolated populations (Akoi 2004). Illegal 

hunting is still a problem, as is habitat destruction including development and dams (the 
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Kossou dam in the Bandama River and the Buyo dam in the Sassandra River). Hunting 

is illegal, but continues, with traps, harpoons, hook lines, baited hooks and nets all used 

(Roth and Waitkuwait 1986, Nicole et al. 1994, Powell 1996, Akoi 2004). There was 

some success in educating potential hunters and in enforcing the hunting ban in some 

areas, with the aid of Wildlife Conservation International (Akoi 2000), but unfortunately 

many programs ended after the death of Akoi in 2009, and there are currently no 

research or conservation activities taking place. According to CITES records, four live 

manatees were exported to Taiwan in 2004. At least two of these were sent to Farglory 

Ocean Park; one of these died in 2010 and the second is still in captivity at the park (T. 

Mignucci, pers. comm.).  

Ghana 

The African manatee occurs in coastal and inland waterways in Ghana, particularly in 

the Afram arm of Lake Volta, and in the rivers Dayi, Asukawkaw, Obusum, Sene, Digya 

and Oti (Ofori-Danson 1995). Manatees occur in Abi, Tano and Ehy lagoons in the 

southwest of Ghana (Roth and Waitkuwait 1986).They are also found in the River Tano, 

the lagoons and swamps associated with the lower Volta and in Lake Volta (formed by 

construction of the Akosombo dam). There are reports of sightings in the tributaries of 

the river Tordzie, such as Lolo, Altra, and Hortor in the southern area of Tongu. 

However, there is no report of its presence in the White or Black Volta Rivers. Ofori-

Danson and Agbogah (1995) concluded that the confluence of Oti could define the 

upper limit of the distribution area of the manatee in Ghana. The African manatee has 

become very elusive in Lake Volta under stress from declining water levels and hunting 

(Ofori-Dansen pers. comm.). In addition, environmental degradation in the Lake Volta is 

on the increase. The situation continues to worsen as the human population of Ghana 
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continues to grow, urbanization and tourist development increase and human activities 

become diversified (Ofori-Dansen pers. comm.). As a result, there is growing concern to 

educate the populace and also to facilitate the Ghana Wildlife Division charged with the 

responsibility of managing the country’s terrestrial and aquatic wildlife resources to take 

action. Legal protection has been established for manatees in Ghana, and the Wildlife 

Division prohibits trade and hunting of manatees. However, the enforcement of wildlife 

laws protecting the manatee is frustrated by a lack of resources, manpower and limited 

awareness of existing regulations (Ofori-Dansen pers. comm.). In 2007, the Earthwatch 

Institute supported a project entitled “Enhancing conservation of the West African 

manatee in Ghana”. During this project, no manatees were encountered, suggesting 

that the stock could be too depleted to support further removal and there is urgent need 

for enforcement and conservation measures (Ofori-Dansen pers. comm.). 

Togo 

Manatees were previously reported in Kpessi, Agbodrafo, Abatékopé (near Aného), and 

in Lake Togo at Ekpui, Togoville, Kéta, Akoda and Kouénou, but this is no longer the 

case (Segniagbeto et al. 2008). The manatee is observed in Lake Togo with its 

tributaries the Zio and Haho, and in the Mono River. According to the findings of 

surveys undertaken in 2006 among riparian communities and field observations, the 

manatee population on Lake Togo is important (Segniagbeto et al. 2008). There are two 

concentration areas in Lake Togo: one in the south of the lake, and the other at the 

junction between the lake and the River Haho. The existence of these two concentration 

areas would justify the number of skulls observed in the villages of Amédéhoévé and 

Dekpo, which are the closest to those areas. It seems that the confluence between Lake 

Togo and the river Haho generally supports more manatees than in the Lake Togo-Zio 
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area (Segniagbeto et al. 2008). All interviewed fishermen exploiting Lake Togo have 

confirmed this. The population in the Mono River is very sparse according to fishermen, 

but there is a reported area of population concentration at  Adamé. The northern 

distribution limit of the species in the Mono is in the village of Agomé-Glozou. Young 

manatees are regularly observed by fishermen, and in Lake Togo, mating herds are 

observed especially when individuals are sighted in groups during the flood period of 

the Haho and Zio Rivers. It is necessary to design a significant map of former and 

current manatee areas to establish an efficient conservation status, and to determine 

any impacts of the Mono River’s Nangbeto hydroelectric dam on manatees 

(Segniagbeto et al. 2008).  

Benin 

In Benin, the manatee had been thought to be extinct (Perrin 2001). However, this is not 

the case (Powell 1996, Tchibozo 2002, Dossou-Bodjrénou 2003, Dossou-Bodjrénou et 

al. 2006). The manatee is sporadically distributed across the whole country (Ichola and 

Tchibozo 2008). It occurs in coastal areas, including estuaries and coastal lagoons, in 

the great rivers in both brackish and fresh water, and in freshwater lakes, with reported 

sightings from both northern and southern wetlands (Affomasse 1999, ABE 1999, 

Guedegbe 2000). In the Niger valley, manatees may be encountered in areas of 

medium depth at the confluences of the Mékrou-Niger and the Alibori-Niger, and in the 

branches of Bello Tounga and Kompa Gourou. Manatees are found in Bonou, 

Wébossou, Sèkodji Gomè, Ouinhi, Agonli-Houégbo (Kpoto) and Lac Sélé (Adjakpa 

2002, Tchibozo 2002). They are frequently seen stranded in seasonal lakes off the 

Oueme River during the dry season (Tchibozo 2002, Dossou-Bodjrénou et al. 2006, 

Chabi-Yaouré 2012). In the Mono River, manatees are seen migrating during high water 
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periods, and are reportedly concentrated near the village of Hêvê and near the beaches 

of Avlo in the Boucle du Roy in Benin (Dossou-Bodjrénou, 2003, Ichola and Tchibozo 

2008). Manatees are hunted throughout Benin for food and traditional medicines (Ichola 

and Tchibozo 2008). 

Nigeria 

The manatee is distributed throughout Nigeria including the Niger, Benue and Cross 

Rivers and their tributaries, as well as coastally (Sykes 1974, Powell 1996, Awobamise 

2008). Manatees are present in Lake Kainji above the dam and this population is 

isolated from other manatees both upriver (by the Kandjadji dam under construction in 

northwestern Niger), and downriver by the Kainji dam (constructed in 1968). Manatees 

occur along the length of the Benue River and most of its tributaries, including the 

Gongola, Taraba, Donga Rivers, the Pie River as far as Yankari, the Katsena Ala River 

and the Deb River, which drains Lake Pandam, an important dry season refuge (Powell 

1996, Oboto 2002, Sykes 2010). The manatee is believed to be depleted throughout 

Nigeria due to hunting and incidental capture during fishing operations, including the 

use of explosives in rivers (Powell 1996, Oboto 2002, E. Eniang, pers. comm.). It is 

hunted for its meat, oil and for organs used in traditional medicine (Oboto 2002, 

Awobamise 2008). There is no effective enforcement of protection laws. Another 

substantial threat is habitat destruction due to development and pollution of the Niger 

Delta by oil development. A fisherman of Sapele district reported that manatees of 

different ages and sizes were found dead and floating after the Jesse petroleum 

pipeline fire incident (Oboto 2002). Several new studies of manatees in Nigeria have 

begun in the last five years, including work by University of Uyo in the Cross River 

region (Eniang et al. unpublished data), a project training former manatee hunters in 
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aquaculture as an alternative livelihood in Lekki Lagoon near Lagos (B. Dunsin, 

unpublished data), and a new study of manatees in Lake Pandam (R. Gbegbaje pers. 

comm.) 

Cameroon 

In Cameroon, manatees occur throughout the coastal region, from the extensive 

mangroves and estuarine waters of the Ndian Delta and Bakassi area in the west to the 

Wouri and Mungo Rivers and the Cameroon Estuary, and south to the Sanaga River 

and the lower sections of the Nyong and Ntem Rivers (Nishiwaki 1982, Powell 1996, 

Noupa 2008). Manatees are frequently observed in the Douala-Edea Wildlife Reserve, 

the lower Sanaga River, and Lake Tissongo (Takoukam 2012). Manatees occur in the 

Sanaga River as far as Edea, where there is a dam and rapids, and in Lake Ossa 

(connected to the Sanaga), which has been documented as an important dry season 

sanctuary (Powell 1996, Takoukam 2012). Inland, manatees are found in the upper 

Cross River, especially around the Munaya-Cross confluence, and they also occur in 

northern Cameroon in the Benue River, from the Faro River and the Mayo-Kebbi to 

Lakes Tréné and Léré in Chad (Powell 1996). Manatees cannot descend the Benue into 

Cameroon south of the Lagdo dam. Although Grigione (1996) reported that illegal 

hunting was very limited in Cameroon, more recent reports have shown otherwise: 

manatees are regularly hunted in the lower Sanaga region and Lake Ossa, and 

manatee meat can be found in markets in Douala on a regular basis (Powell 1996, 

Takoukam 2012). Along the coast, incidental capture in fishing nets and habitat 

destruction are also problems (Takoukam et al. 2013). According to CITES records, two 

live manatees were exported from Cameroon to South Korea in 2008, and four more 

were exported to China in 2010. A new marine mammal stranding network set up in 



 

45 

2013 that covers coastal Cameroon, the Wouri and lower Sanaga Rivers and Lake 

Ossa documented 157 manatee sightings (comprising 349 individuals) and thirteen 

incidentally caught manatees between February and October 2013 (Takoukam et al. 

2013).  

Equatorial Guinea 

The African manatee is present in the coastal areas of Equatorial Guinea on mainland 

Africa, but is absent from Bioko and Annobón islands (Dodman 2008c). The main areas 

of occurrence are in the Muni and Cogo estuaries, and it most likely occurs in the Rio 

Woro estuary and the Rio Ecucu near Bata, where one was captured in 1988 

(Républica de Guinea Ecuatorial 2005). Machado (1998) considered that the Rio Muni 

area contained prime habitat for the manatee. Bolobo (2001) reported that the Rio Muni 

supported an appreciable population of manatees. They likely occur in the lower 

reaches of the Mitémélé River on the mainland (Powell 1996). In the southernmost part 

of Equatorial Guinea, manatees are occasionally sighted in Corisco Bay and around 

Corisco Island where sparse seagrass beds of Halodule wrightii have been documented 

(Keith and Collins 2007). There are no current manatee research or conservation 

activities in Equatorial Guinea.  

Gabon 

Gabon may have one of the highest densities of manatees remaining in Africa (Powell 

1996, Keith et al. 2006, Keith and Collins 2007, Keith Diagne 2011). Reports of 

opportunistic sightings are common in the N’gowe and N’dogo Lagoons, particularly at 

the northern ends and in associated rivers (Keith et al. 2006, Keith and Collins 2007). 

During the rainy season manatees are also frequently sighted in seasonally flooded 

lakes off the Rembo Bongo north of N’dogo Lagoon, including Kivoro, Gore, Longa 
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Longa, Mafoume, Mouaga, and Marimossi Lakes (Keith Diagne unpublished data). 

Louembet (2008) reported high manatee seasonal use of the Abanga River and 

associated lakes, as well as hunting of 133 manatees in this region from 2005-2008. 

Manatees are reported, but are sighted much less frequently in Mondah and Corisco 

Bays, the Libreville Estuary and Komo River, the lakes of the Ogooue region, and Banio 

and Fernan Vaz Lagoons (Mbina 2001, Endamne 2007, Keith Diagne 2011, Keith 

Diagne unpublished data). Bycatch occurs in gillnets and directed hunting is reported, 

primarily in the lower Ogooue River and associated tributaries and lakes in the region of 

Lambaréné, as well as occasionally in N’dogo Lagoon (Louembet 2008, Mvele and 

Arrowood 2013, Keith Diagne unpublished data, G. Minton pers. comm.).  

Republic of the Congo 

Manatees occur throughout coastal rivers, lakes and lagoons of the Republic of the 

Congo, and have been documented in Conkouati National Park, and the Kouilou and 

Loémé Rivers (Akoi 1994, Kaya 2005, Bal and Bréheret 2007, Kaya 2008). Surveys of 

Conkouati Lagoon and adjacent rivers and lakes indicated that manatees are seen 

primarily in the lakes and at the mouth of Conkouati Lagoon near sandbanks (Akoi 

1994, Dodman et al. 2006, Keith Diagne unpublished data). Surveys of the Kouilou 

River region conducted by the NGO Renatura (Bal and Bréheret 2007) confirmed 

manatee presence in Lakes Nanga, Ndinga, and Katina, as well as the following 

tributaries of the Kouilou: the Mboukou Massi, the Loundji, and the Midounvo rivers. 

However, the same study concluded that manatees were not present in Lake Youbi and 

presence could not be confirmed in Lake Koubambi (Bal and Bréheret 2007). In the 

Loémé River, manatees are reported primarily in the lower river and its estuarine areas, 
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and fishermen also reported that manatees occur in Lake Kayo, south of the Loémé, in 

the dry season (Kaya 2005).  

Democratic Republic of Congo  

Hatt (1934), Allen (1942) and Powell (1996) reported that manatees were common in 

the lower reaches of the Congo River. Manatees are regularly reported along the coast 

at Parc Marin des Mangroves and a hunted manatee was observed at Boma in 2013 (S. 

Mbungu pers. comm.) Status is unknown, but given the frequency of sightings reported 

across the river on the Angola side (Collins et al. 2011) it is possible there is a sizeable 

population in the lower Congo River. Powell (1996) reported that a local name for the 

species exists in the upper reaches of the Congo River so it may occur there as well, 

although other reports for this region (Allen 1942, Dodman 2008b, Hart pers. comm.) do 

not believe manatees exist above the rapids, and today it would have to be an 

extremely isolated population since it is unlikely manatees can traverse the extreme 

gorges in the river west of Kinshasa.  

Angola 

Manatees have been reported along the coast from the Congo River in the north, to the 

Longa River in central Angola, but little information is available on abundance or status 

(Powell 1996, Dodman 2008a, Collins et al. 2011). Morais (2006) found manatees in the 

Longa River, extending their southernmost range to that river from the Cuanza. 

Manatees have been documented the length of the Cuanza River and its tributaries and 

lagoons from the river mouth to Cambambe dam, which, prior to construction of the 

dam, was characterized by steep rapids that also presented a natural barrier (Morais 

2006). The manatees’ distribution also extends up the Lucala River (a main tributary on 

the north bank) for at least 30km upstream from the Cuanza River. Key sites of the river 
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basin include areas at and around Cauigia Lagoon, Cabemba Lagoon, the Tôa 

Lagoons, Quissungo Lagoon and a small extension of the Ngolome Lagoon, as well as 

in the Caua River and in the Massangano region (Morais 2006). Based upon boat and 

interview surveys conducted from 2007-2009 in the lower Congo River from the mouth 

to 40 km upriver, as well as numerous tributaries on the Angola side of the river, 

manatees are commonly sighted in this region (Collins et al. 2011). One manatee was 

sighted by the survey team in the Nzadi Caca tributary of the Congo River in 2007 and it 

stayed near the boat for 1.5 hours, surfacing approximately every 8-10 minutes (Collins 

et al. 2011). Only one local hunter was identified in all interviews of villages from the 

mouth to 40 km upriver, and he was interviewed by Keith Diagne before he passed 

away in 2008. The hunter estimated he had killed approximately three manatees a week 

(using harpoons and nets) for the past 30 years (Keith Diagne unpublished data). 

Manatees are hunted on the Cuanza River, manatee meat has been seen for sale in the 

capital of Luanda, and  a fisherman from a village at a lagoon on the Bengo River 

reported 77 manatees killed during 1998 (Ron 1998, Morais 2006). Xavier (2011) 

documented a manatee hunted by net capture in Lake Caúmba. 

Mali 

Manatees are found throughout the entire Niger River system of Mali and in the Bani 

River but may have been reduced by hunting (Powell 1996, Berthe 2011). The Makala 

dam at Segou (constructed in 1945), another planned dam at Taoussa, as well as 

additional dams in Guinea and Niger, have chopped Mali’s Niger River manatee 

populations into smaller habitat areas, and is of great concern for the conservation of 

the species in that country. There are no estimates of population numbers. In 2010 a 

manatee carcass was recovered in Koulikoro (Timbo 2010), constituting the furthest 
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inland record for the species, although there are reports of sightings further west from 

Bamako (Kienta et al. 2008). Manatees are frequently sighted in the Bani River near 

Djenné and Mopti, and have been documented regularly drinking from a freshwater 

spring near the village of Sokon (Berthe 2011). Manatees are also frequently reported in 

Lake Debo and the surrounding area in the inland Niger delta (Kienta 1982, Kombo and 

Toko 1991, Kienta et al. 2008). In western Mali manatees occur in the Senegal River up 

to the Felou dam at Kayes, which prevents them from moving further upriver (Keith 

Diagne, unpublished data).  

Niger 

Poche (1973) declared the manatee extinct in Niger’s Park W, but this is not the case. A 

study by Ciofolo and Sadou (1996) found manatees throughout the Niger River in Niger. 

In the northern Ayorou region (extending from the border with Mali to Tounga Faire), 

manatees were sighted throughout the year and a large number of skulls collected by 

hunters indicated heavy poaching (Ciofolo and Sadou 1996). In the region of Park W, 

manatees were sighted in the main channel of the Niger River and a female was 

accidentally captured in 2002 (Ciofolo and Sadou 1996, Issa 2008). In 2010 a new 

manatee study was initiated in this region (Boubacar 2010). In the southern Niger 

Boumba-Gaya section of the river, manatees have been observed during low water 

periods, which may indicate migration elsewhere during other times of the year (Ciofolo 

and Sadou 1996). A male manatee was captured in this area in 2004 but only survived 

in captivity for two weeks (Issa 2008). In June 2012, several manatees were observed 

together in the Niger River in downtown Niamey near a major bridge (a possible mating 

herd). One female from this group was harpooned and killed by a hunter; the carcass 

was confiscated and biological samples were collected (Boubacar 2012). Manatees are 
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heavily hunted throughout Niger for meat and organs (which are believed to have 

healing powers), and although the species is fully protected under national laws, there is 

little if any enforcement (Issa 2008). 

Chad 

Manatees were once abundant in the Chad basin including the Chari, Bamingui, Bahr-

Kieta, and Logone Rivers, but became rare by 1924 and are now believed to be extinct 

in this region (Hatt 1934, Powell 1996, Salkind 1998). Lake Chad is greatly reduced in 

size and desertification is a big problem there. Today manatees occur only in Lakes 

Lére and Tréne, as well as the Mayo-Kebbi River which feeds the lakes from the west 

(Idriss 2008). In a survey in 1995, manatees were found to be less abundant than 

formerly, but not uncommon in both lakes (Salkind 1998). Hunting continued on the 

rivers and lakes, despite enforcement efforts. The animals were sought mainly for their 

oil, which is shipped with dried meat to Cameroon (Perrin 2001). As of 2011 it has been 

reported that there are few manatees left in Lakes Lére and Tréne, and that the local 

people have formed “militias” to protect the manatees from Nigerian poachers who 

come across the border to kill them at night (J. Hart and A. Wachoum pers. comms.). 

Burkina Faso 

Manatees inhabit all of the nations that surround Burkina Faso (Mali, Ivory Coast, 

Ghana, Togo, Benin and Niger), but have never been reported within this country. They 

are present in Volta Lake above the dam (see Ghana above). However, Perrin (2001) 

could find no mention of its occurrence in the upper tributaries of the Volta (White Volta, 

Red Volta and Black Volta) or in the Mekrou River, which forms the boundary between 

Burkina Faso and Togo/Benin and drains the wetlands of the Parc National de l'Arly. 
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Pending directed surveys, its occurrence there must be considered possible (Perrin 

2001). 

African Manatee Habitat and Ecology 

African manatees inhabit a wide range of habitats across their enormous 

distribution, from lagoons within equatorial rainforests to rivers at the edge of the 

Sahara Desert, around coastal islands in the Atlantic Ocean, and in many other habitats 

in between. The species lives in large and small rivers, coastal bays and estuaries, 

freshwater and saltwater lagoons, lakes, reservoirs, and flooded forests and savannahs. 

They have been recorded in freshwater, brackish and saltwater, and in general their 

habitat requirements seem to be similar to T. manatus; they require calm water with 

access to food and fresh water (Reep and Bonde 2006, Marsh et al. 2012). In Senegal, 

The Gambia, and Guinea-Bissau, manatees are attracted to a large network of 

freshwater seeps or springs that are found in nearshore marine habitats, which they are 

frequently observed drinking (Powell 1990, Keith Diagne unpublished data). They may 

transit areas of unsheltered coast, but they are usually rare in these areas.  

Optimal coastal habitats for manatees, based on the movements of radio-tagged 

manatees in Ivory Coast and a number of reported sightings from other areas are: a. 

coastal lagoons with abundant growth of mangrove, aquatic plants and/or emergent 

herbaceous growth; b. estuarine areas of larger rivers with abundant mangrove 

(Rhizophora racemosa, R. harrisonii, R. mangle) in the lower reaches and lined with 

grasses further upriver; c. shallow (<3 m depth) and protected coastal areas with 

fringing mangroves or marine macrophytes, particularly the seagrasses Ruppia sp., 

Halodule wrightii or Cymodocea nodosa (Powell 1996, Keith and Collins 2007, Keith 

Diagne and Powell 2014). Powell (1996) reported that in riverine habitats that have 
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major seasonal fluctuations in flow rates and water levels, manatees seem to prefer 

areas that have access to deep pools or connecting lakes for refuge during the dry 

season, and seasonally flood into swamps, savannahs or forests during the rainy 

season. In Central African countries including Gabon and Republic of the Congo, 

manatees use coastal lagoons during the dry season and then migrate up rivers to feed 

in flooded forests and lakes during the rainy season (Keith and Collins 2007, Keith 

Diagne unpublished data). Manatees that live extremely far inland in rivers in countries 

such as Senegal and Mali use specific feeding areas where year round aquatic and 

shoreline plants occur, and likely also feed on freshwater mussels during the dry 

season. They spread out onto flooded plains during the rainy season to feed on 

emergent vegetation. 

African manatees feed primarily on vegetation, and 70 species of plants have 

been documented as manatee food to date (Appendix) throughout their range (Villiers 

and Bessac 1948, Powell 1996, Reeves et al. 1998, Akoi 2004, Ogogo et al. 2013, Keith 

Diagne this study). In countries including Senegal (Powell unpublished data, Keith 

Diagne unpublished data) and Sierra Leone (Reeves et al. 1988), manatees are also 

reported to eat small fish captured in fishermen’s nets. In many countries, including 

Senegal, The Gambia, Mali, Gabon, and Angola, manatees are also reported to eat 

freshwater and estuarine mollusks, and shell remains have been found in manatee 

stomachs (Powell 1996, Collins et al. 2011, Appendix).  

African manatees are mostly solitary, with mothers and calves forming the 

principal social unit. Manatees will often rest together in loose, small groups of two to six 

individuals and mating herds have been observed in Gabon, Senegal, Nigeria and 
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Sierra Leone (E. Eniang pers. comm., Keith Diagne unpublished data). In some African 

countries such as Ivory Coast, manatees feed principally at night, and travel in the late 

afternoon and at night (Powell 1996), but in other countries such as in Gabon’s N’dogo 

and N’gowe Lagoons and in the Casamance region of Senegal they can be seen 

traveling and feeding during all hours of day and night (Keith et al. 2006, Keith and 

Collins 2007, Keith Diagne unpublished data). They usually rest during the day in water 

that is 1–2 m deep, sometimes in the middle of a watercourse, hidden in mangrove or 

other plant roots, or under floating or shoreline vegetation (Powell 1996). They make 

little disturbance while swimming. These latter behaviors may be due to hunting 

pressures, and it appears that manatees that are easily sighted during daylight hours 

generally occur in places where little hunting occurs. 

Sirenian Conservation Genetics 

All four extant sirenian species (three trichechids and one dugong) have been 

listed as either Endangered or Threatened under the U.S. Endangered Species Act of 

1973, all are listed as Vulnerable on the IUCN Red List (IUCN 2014), and all are 

protected under the Marine Mammal Protection Act of 1972. However, many 

populations of all four species still face serious threats to their long-term survival. 

Genetic analyses are a useful tool that has been increasingly used over the past 25 

years to assist biologists and managers in understanding manatee population structure, 

genetic diversity, evolution, and phylogeography. However, in comparison to many 

other species, genetics research on sirenians is still in its infancy, and although a 

majority of previous work has focused on the West Indian manatee (T. manatus), in 

recent years genetics studies have been undertaken with all extant sirenians.  
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In the 1970s two studies determined the chromosome numbers for the 

Amazonian manatee (56 chromosomes; Loughman et al. 1970) and the West Indian 

manatee (48 chromosomes; White et al. 1976). In both studies chromosome counts 

were determined by karyotyping from isolated cells (Loughman et al. 1970, White et al. 

1976). It is of interest to note that the chromosome number has still not been 

determined for the African manatee, primarily due to the difficulty in obtaining a blood 

sample that can be transported to a laboratory rapidly enough. Chromosome number is 

important not only in that it can differentiate between species, but within a species 

chromosomes can have variation between individuals such as inversions, deletions or 

mutations that may result in genetic diversity (Frankham et al. 2009). 

The first manatee genetics research was a study of Florida manatee (Trichechus 

manatus latirostris) tissue from 59 individuals from both coasts of peninsular Florida by 

McClenaghan and O’Shea in 1988. At that time the polymerase chain reaction (PCR) 

technique had only recently been invented in 1983 (Mullis and Faloona 1987), and was 

not yet in wide use. McClenaghan and O’Shea (1988) used gel electrophoresis to 

determine allozyme (protein) phenotypes and identified 24 loci, of which 10 (41.67%) 

were polymorphic. However, the results also indicated that there was little gene diversity 

between regions throughout Florida, and therefore gave the first indication that the 

species may have low genetic diversity (McClenaghan and O’Shea 1988).  

In 1993, Bradley et al. conducted the first analysis of mtDNA using PCR to 

examine cytochrome-b from liver and blood samples from three Florida manatees. 

Mitochondria are organelles found in the cells of all eukaryotic animals which contain 

circular, double-stranded DNA that is maternally inherited (Frankham et al. 2010). 
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Mitochondrial DNA has a high mutation rate and is highly variable in animals, which 

makes it useful in defining populations within species and for determining taxonomy 

(Frankham et al. 2010). Within mtDNA are specific regions known as loci, which 

primarily code for proteins and transfer RNA (tRNA). The control region is a non-coding 

segment of the mtDNA which is useful in determining genetic diversity between 

populations because it typically has a higher rate of mutation than coding regions such 

as cytochrome-b (Frankham et al. 2010). The mtDNA cytochrome-b gene has been 

used in numerous animal studies because it has become known for its utility both in 

studying population level relationships as well as recent divergence levels (Farias et al. 

2001).  

In Bradley et al. (1993), DNA was isolated using phenol extraction followed by an 

ethanol precipitation. Universal primers for human cytochrome-b developed by Kocher 

and White (MVZ3 and MVZ4; 1989) were used because they had been previously 

shown to amplify homologous genes in numerous other animal species (Bradley et al. 

1993). A total of 225 bases composing 75 codon triplets were examined for each 

sample (Bradley et al. 1993). No statistical analyses are reported by this study, and the 

sequence comparisons to each other and to those of other species may have been 

done by hand. This study reported that all the manatee sequences were identical, and 

while there were only three samples in this study, the authors speculated that, given the 

previous results of McClenaghan and O’Shea (1988), evidence was mounting that the 

Florida manatee may lack polymorphism and that all manatees in Florida constituted a 

single population (Bradley et al. 1993). A separate phylogenetic result of this study was 

the identification of two codons as unique to the manatee and the African elephant 
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(Loxodonta africana), which were different from codons in the same positions for 20 

other animals (including humans) lending credibility to the previous morphological 

placement of these two species as subungulates (Novacek 1992, Bradley et al. 1993).     

Garcia-Rodriguez et al. (1998) conducted the first genetics study that analyzed 

the mtDNA control region displacement loop (D-loop) of T. manatus and T. inunguis 

(Amazonian manatee) samples. D-loop is a non-coding region of the mtDNA and is 

useful in determining genetic diversity between populations because it has a higher rate 

of mutation than coding regions such as cytochrome-b (Frankham et al. 2010). This was 

also the first phylogeographical study of any sirenian (Garcia-Rodriguez et al. 1998). 

DNA was isolated from eighty-six manatee tissue, blood, and bone samples from eight 

locations in Florida, the Caribbean (Puerto Rico, Dominican Republic, and the 

Caribbean coast of Mexico), and South America (Brazil, Venezuela, Colombia, and 

Guyana) using a phenol-chloroform methodology devised by Hillis et al. and then 

amplified using PCR (Hillis et al. 1996, Garcia-Rodriguez et al. 1998). Southern et al. 

(1988) developed the CR-4 primer from a conserved segment of the control region, and 

CR-5 was developed from the tRNA-Pro consensus sequences for dolphin, cow, and 

mouse. Garcia-Rodriguez et al. (1998) were the first to use CR-4 and CR-5 primers for 

manatees, and they have been used in many subsequent studies. Statistical tests used 

for data analysis included Nei’s test for nucleotide and haplotype diversities (Nei 1987) 

both within regions and for all samples, a Kimura 2-parameter algorithm (Kimura 1980) 

to determine sequence divergence within and between populations, and a Chi-square 

test of haplotype frequencies between populations (Garcia-Rodriguez et al. 1998). An 

analysis of molecular variance (AMOVA) was used to determine genetic diversity 
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between populations and estimates of gene flow, with the following equation used to 

determine gene flow due to migration:  

Nm = 1/2(1/FST - 1)         (1-1) 

where Nm is the number of migrants per generation, and FST is the heterozygosity of the 

sub-populations (Garcia-Rodriguez et al. 1998, Frankham et al. 2010). Phylogenetic 

Analysis Using Parsimony (PAUP; Swofford 1993) software was used to determine the 

number of site differences between haplotypes (Garcia-Rodriguez et al. 1998).  

Haplotypes are a combination of alleles on adjacent loci that are inherited 

together, which are indicators of genetic diversity, and can tell us about relatedness 

between populations. In Garcia-Rodriguez et al. (1998) sixteen haplotypes were 

reported for T. manatus and of these, 12 were found only in a single location, which 

indicated that they were endemic haplotypes. The significance of this result is that it 

indicates definite population boundaries between sites and low dispersal, and thus low 

genetic mixing (Garcia-Rodriguez et al. 1998).  Migration events are believed to occur, 

but not frequently enough to homogenize the different populations (Garcia-Rodriguez et 

al. 1998). Eight haplotypes were reported for T. inunguis, all from one population 

(Garcia-Rodriguez et al. 1998). T. manatus haplotype diversity (HD = 0.839) and 

nucleotide diversities (π = 0.040) were both reported to be high, and sequence 

divergence was also considered high in comparison to mtDNA control regions of other 

marine mammals (Garcia-Rodriguez et al. 1998). In the study, only one T. manatus 

haplotype each was discovered for the Florida samples (n = 23, collected from both east 

and west coasts), as well as the samples from coastal Brazil (n = 6) and Mexico (n = 6), 

although Brazil and Mexico had low sample numbers and later research by Vianna et al. 
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(2006, discussed below) identified additional haplotypes for these locations (Garcia-

Rodriguez et al. 1998). The single Florida manatee haplotype could be explained by the 

species experiencing a bottleneck caused by a founder effect as the result of a recent 

re-colonization of Florida within the past 12,000 years at the end of the last ice age 

(Garcia-Rodriguez et al. 1998). Other regions studied showed high haplotype diversity, 

such as samples from Colombia and Guyana, which had over 20 polymorphisms 

(Garcia-Rodriguez et al. 1998). Gene flow estimates (Nm) ranged between 0.0 – 3.5 (4 

is the highest value and represents panmixia), but estimates of movement between 

most locations were low, with exceptions being between Puerto Rico / Dominican 

Republic, Colombia / Mexico, and Guyana / Brazil (Garcia-Rodriguez et al. 1998).  

The phylogeographic results in this study were unexpected in that they indicated 

three distinct haplotype clusters that did not align with the previous taxonomic 

delineations of the two subspecies, T.m. latirostris (the Florida manatee) and T.m. 

manatus (the Antillean manatee) (Domning and Hayek 1986, Garcia-Rodriguez et al. 

1998). These three clusters included Florida, Puerto Rico, the Dominican Republic, and 

five haplotypes from Colombia (cluster I), Mexico, Venezuela, and 17 haplotypes from 

Colombia (cluster II), and Guyana and Brazil (cluster III), all of which mostly showed 

distinct geographic separation but also indicated long distance dispersal (Garcia-

Rodriguez et al.  1998). Time of divergence of the three clusters was estimated based 

on control region analyses and fossils using other species, and the estimates were 

highly variable: 0.5-1 Mya based upon terrestrial mammal rates of change (~8-15% / 

million years), or 3.5-7 Mya based on marine mammal rates of change (1-2% / million 

years) (Garcia-Rodriguez et al. 1998). An additional unexpected result of the study was 
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that three T. manatus samples from Guyana also had a T. inunguis haplotype (Garcia-

Rodriguez et al. 1998). These were hypothesized to be either the result of an ancestral 

T. inunguis haplotype that was retained by T. manatus, a range expansion into Guyana 

by T. inunguis, the result of a possible mixing of the two species in a captive situation in 

the 1960s, or hybridization between the two species  (Garcia-Rodriguez et al. 1998). 

This study was valuable not only as the first large-scale phylogeographic study of T. 

manatus, but also from a conservation perspective, because the clusters could be used 

to redefine management units (Garcia-Rodriguez et al. 1998).  

In 2000, as part of her doctoral dissertation, Garcia-Rodriguez developed the first 

eight nuclear DNA microsatellite markers for T. manatus latirostris using DNA isolation 

and PCR methodology reported in Garcia-Rodriguez et al. (1998). Unlike mitochondrial 

DNA, nuclear DNA is inherited from both parents, so it can be used to determine 

pedigrees, and it mutates more rapidly so it can be used to identify individuals (Pause et 

al. 2007, Frankham et al. 2010). Short tandem repeats of base pairs of nuclear DNA, 

known as microsatellites, are generally used as molecular markers (Frankham et al. 

2010). Skin samples (n=223) from manatee carcasses from both coasts of Florida were 

used and populations were assumed to be the four management units within the state 

(Northwest, Southwest, St. Johns River, and Atlantic coast) (Garcia-Rodriguez 2000). 

Statistical analyses included Fisher’s exact test to examine allelic distribution between 

samples from different populations, Wright’s F-statistics to examine genotype 

distribution, and Rhost, which used allele size estimates in a measure of Fst, all of which 

were run using GENEPOP software version 1.2 (Garcia-Rodriguez 2000). Results 

indicated that microsatellite variation (both genotypic and allelic frequency distributions) 
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did occur between east and west coasts in the Florida manatee, although high levels of 

gene flow did occur between coasts and populations (Garcia-Rodriguez 2000). 

Therefore, this study recommended that the Florida manatee should be considered a 

single Evolutionarily Significant Unit (ESU) consisting of two management units based 

upon the east and the west coast manatee populations (Garcia-Rodriguez 2000). Low 

levels of allelic diversity again indicated that Florida manatees had likely experienced a 

bottleneck due to founder effect, but this work also confirmed that differentiation 

between populations was possible using the finer scale analyses of microsatellites 

(Garcia-Rodriguez 2000). 

In 2006, the most extensive sirenian genetics study to date was conducted by 

Vianna et al. It focused primarily on T. manatus, and included 189 T. manatus samples 

from ten locations throughout Florida, the Caribbean, and the Atlantic coast of South 

America; 93 T. inunguis samples from three countries within the Amazon River basin 

(Brazil, Colombia, and Peru); and 6 T. senegalensis samples from four countries 

(Guinea-Bissau, Ghana, Niger, and Chad) (Vianna et al. 2006). Sequences (n = 42) 

from Garcia-Rodriguez et al. (1998) were also included, as well as three dugong 

(Dugong dugon) samples used as an outgroup for phylogenetics analyses (Vianna et al. 

2006). This population level research examined the phylogeny of the three trichechid 

species as well as phylogeography, primarily of T. manatus. Mitochondrial DNA was 

isolated from skin, muscle or bone samples using phenol chloroform methodology or 

QIAGEN DNeasy kits (Qiagen Inc., Valencia, CA), then the control region (D-loop) and 

cytochrome-b portions were amplified and sequenced (Vianna et al. 2006). PCR 

procedures were modified slightly from Garcia-Rodriguez et al. (1998) by the use of 
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different primers for D-loop (L15926 and H16498; Kocher et al. 1989) and modification 

of some cycles and annealing times (Vianna et al. 2006). Statistical tests included 

population pairwise FST calculated using ARLEQUIN software, calculation of Nm and a 

Mantel Test to determine gene flow and significance of distance between populations, 

nucleotide evolution models were tested using MODELTEST software (version 3.06; 

Posada and Crandall 1998), and use of FST and geographic coordinates of populations 

to test for historical barriers to gene flow (using BARRIER software version 2.2, Manni 

et al. 2004, Vianna et al. 2006). One limitation of using mtDNA was that statistical 

analyses were only a measure of maternal gene flow since there is no paternal 

contribution to mtDNA (Vianna et al. 2006). AMOVA was used to calculate differences 

in genetic structure between different populations, and for rates of divergence this study 

used a rate of 2% per million years based on the rate previously calculated for the 

dugong based on fossils (Vianna et al. 2006).  

West Indian manatee mtDNA analysis in Vianna et al. (2006) identified three 

similar clusters to those in Garcia-Rodriguez et al. (1998), but with slight differences 

based upon samples included from two additional locations (Belize and French Guiana), 

and with the identification of haplotype A in Mexico, which linked it to both clusters I and 

II (Vianna et al. 2006). The clusters included the following locations: cluster I (FL, Puerto 

Rico, Dominican Republic, Mexico, and Colombia), II (Mexico, Belize, Colombia, and 

Venezuela) and III (Brazil, French Guiana, and Guyana). Twenty haplotypes were 

identified overall and Colombia again had the highest haplotype diversity, indicating it 

could either be a mixing zone or the origin of the species (Vianna et al. 2006). Across 

the species range it was observed that genetic diversity decreased in the extremes of 
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latitudinal distribution as in a linear stepping stone dispersal model, with Florida and 

Brazil presenting less diverse populations (Vianna et al. 2006). An association test 

between genetic and straight line geographic distances between populations found no 

correlation, but the test between genetic distances and coastline geographic distances 

did correlate, which supported the hypothesis that manatees migrate along coasts 

rather than in the deeper open ocean (Vianna et al. 2006). As in Garcia-Rodriguez et 

al., this study reported this is likely the result of a founder effect, which may be due to a 

process of re-colonization by few individuals from lower latitudes to the more northern 

and southern regions following glaciation (Vianna et al. 2006). Additionally, the barrier 

analyses indicated that two barriers to gene flow had occurred in the past: one that 

isolated Puerto Rico and the Dominican Republic, and the other that separated both of 

the Guyanas and Brazil from rest of the north coast of South America (Vianna et al. 

2006). The study hypothesized that during lower sea levels during the Pleistocene ice 

age the Greater and Lesser Antilles had both been peninsular landmasses that cut off 

manatee movement between them in the north and south Caribbean (Vianna et al. 

2006).  

This study was also the most extensive to date for Amazonian manatees, for 

which 31 haplotypes were identified (Vianna et al. 2006).These haplotypes are all 

closely related but many are rare, which is a pattern that can be typical after a 

bottleneck event. Using pairwise differences, the study estimated the bottleneck was 

129,216 years ago (Vianna et al. 2006). One of the most interesting results was the 

identification of a further seven Antillean manatee samples (from Brazil, French Guiana 

and Guyana) that had Amazonian mtDNA haplotypes, and one Amazonian manatee 
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sample that had an Antillean haplotype (Vianna et al. 2006). This builds upon the data 

reported in Garcia-Rodriguez et al. (1998) and led to the conclusion that hybridization 

was occurring (Vianna et al. 2006). Based on the location of the samples, the hybrid 

zone appears to be the delta and mouth of the Amazon River, north along the coast to 

Guyana, which mirrors a strong current of water exiting the Amazon River (Vianna et al. 

2006). In terms of conservation management of West Indian manatees from Brazil, 

whose numbers are estimated at less than 500 individuals, it may be important not to 

translocate individuals into the hybrid zone, which could further impact their low 

haplotype diversity (Vianna et al. 2006). 

Despite the small number of samples for African manatees compared to the 

other species, this study identified five control region haplotypes with highest haplotype 

diversity (h=0.9333) of all three manatee species (Vianna et al. 2006). Two clusters 

were seen, one comprising samples from Guinea-Bissau (Y01 and Y02), and the other 

comprising samples from Ghana, Chad and Niger (Y03, Y04, Y05), three countries that 

are geographically close to each other (Vianna et al. 2006). The phylogenetic distance 

between the clusters also indicated high diversity within the species (Vianna et al. 

2006). This observed diversity in African manatee samples indicated a stronger 

population structure than exists in T. inunguis, and the study concluded with the 

recommendation that a larger scale genetics study of African manatees from throughout 

their range would be informative (Vianna et al. 2006).  

Results of both control region and cytochrome-b analyses revealed large genetic 

differences between all three species, signaling large timeframes since divergence, on 

the order of 300,000 to 620,000 years ago (Vianna et al. 2006). The phylogeny results 
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differed between the control region and cytochrome-b, however. The mtDNA control 

region phylogeny suggested that T. inunguis is a sister group to the T. manatus cluster 

I, indicating that T. manatus is a paraphyletic species, since some cluster I haplotypes 

appear more related to the Amazonian manatee than the other T. manatus clusters 

(Vianna et al. 2006). However, the cytochrome-b analysis suggested that T. inunguis is 

the most basal species to both T. manatus and T. senegalensis, and that these two 

species are more closely related to each other and had a common ancestor with a long 

separation time from the Amazonian species (Vianna et al. 2006). The authors’ 

interpretation of the results agreed with the cytochrome-b data based on genetic 

analyses of all three species, which also agrees with previous morphological data 

(Domning 1994). In many studies, cytochrome-b data is proving to be more reliable than 

the control region because it is less prone to homoplasy, defined as the similarity of 

genes for reasons other than co-ancestry (Vianna et al. 2006). Trichechus manatus 

displayed the highest nucleotide diversity (π = 0.038648) reflecting the three clusters 

found, followed by the African manatee with two clusters (π = 0.019581) (Vianna et al. 

2006).  

In 2005 a second population genetics and phylogeography study was also 

published, this one by Cantanhede et al. which focused on T. inunguis. The goals of this 

research were to use mtDNA to examine species phylogeny and habitat use throughout 

the Amazon Basin, and then the observed genetic diversity could be used to inform 

conservation and management measures for the species (Cantanhede et al. 2005). This 

study used 68 samples of manatee skin primarily collected from captive orphan calves 

that originated from six locations within the Amazon (Cantanhede et al. 2005). 



 

65 

Mitochondrial DNA was isolated using phenol chloroform methodology and the control 

region was amplified by PCR using the same primers as in Garcia-Rodriguez et al. 

(1998). Phylogenetic analyses were conducted using PAUP software, and previously 

banked (Gen Bank) mtDNA control region sequences for the dugong and African 

elephant were used as outgroups (Cantanhede et al. 2005). Population pairwise FST 

was calculated using ARLEQUIN software, Nei’s test was used to measure nucleotide 

and haplotype diversity and genetic diversity within populations, and a Kimura 2-

parameter model was used to calculate divergence estimates (Cantanhede et al. 2005). 

Nucleotide evolution was analyzed using MODELTEST software (version 3.06), a 

nested haplotype analysis was performed to estimate differences between haplotypes 

and calculate relative haplotype ages, and a nested clade analysis was employed to 

compare haplotype frequencies and geographical distances relative to time 

(Cantanhede et al. 2005). Many of these tests were chosen because they had 

previously been used in Garcia-Rodriguez et al. (1998) and results could then be used 

to make direct comparisons between the T. manatus results in that study with T. 

inunguis in this study (Cantanhede et al. 2005).   

Thirty-one unique haplotypes were identified in Cantanhede et al. (2005), as well 

as two haplotypes that were identified in T. manatus (H27 and HP) which is considered 

to be further evidence of hybridization between the two species (Garcia-Rodriguez et al. 

1998, Cantanhede et al. 2005). Only 24% of haplotypes were identified in more than 

one individual, indicating a high rate of endemism (Cantanhede et al. 2005). Nested 

clade analysis showed that the most ancestral haplotype was H2 and also that there 

was not a significant correlation between genetic diversity and geographic distance 
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(Cantanhede et al. 2005). Results of an AMOVA indicated that genetic variability 

between populations was 94.6% and genetic variability within populations was 5.4%, yet 

after correction factors were applied no significant differences were found between 

localities as measured by FST (Cantanhede et al. 2005). Overall, both nucleotide and 

haplotype diversity were found to be high (Nei’s test), leading to the conclusion that 

while gene flow was restricted, there was evidence of dispersal throughout the Amazon 

populations sampled, and both factors combined indicated that the T. inunguis 

populations were panmictic (Cantanhede et al. 2005). These results were interesting 

given the high numbers of manatees hunted historically in the Amazon, and indicated 

that genetic diversity had not been severely reduced by hunting (Cantanhede et al. 

2005). Also, as commercial hunting had ended 30-40 years before this study, it was 

hypothesized that the genetic results indicated that the species was experiencing 

population expansion after a bottleneck (Cantanhede et al. 2005). This result was also 

hypothesized in Vianna et al. (2006) and illustrated by the median joining network 

showing a single star-shaped cluster with several basal haplotypes at its center and 

numerous more recent (and less prevalent) haplotypes radiating outward. In terms of 

conservation measures, this study proved that the species could be considered a single 

population for management purposes, as well as for captive manatee releases 

(Cantanhede et al. 2005). 

MODELTEST tested 56 evolutionary models and determined the best fit for the 

observed sequences was an HKY85 model with gamma distribution, which resulted in 

four distinct clusters, one for T. inunguis as well as the three T. manatus clusters 

previously reported by Garcia-Rodriguez et al. in 1998 (Cantanhede et al. 2005). 
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Interestingly, the phylogeny indicated that T. manatus cluster I could be sister to T. 

inunguis, which would mean T. manatus is paraphyletic, but this was also not 

significantly more likely than T. manatus being monophyletic (Cantanhede et al. 2005). 

Divergence estimates were calculated assuming a divergence rate of 2% substitution / 

site / million years, and yielded a result of genetic divergence between T. inunguis and 

T. manatus ranging from 6.3 - 8.2%, which is consistent with a time period ranging from 

3.1 - 4 million years since divergence (Cantanhede et al. 2005). This is plausible as it 

corresponds with the time period of Andes uplift in South America that Domning (1982) 

hypothesized caused the isolation of the ancestors of T. inunguis within an enclosed 

Amazon inland sea.  

Doctoral dissertation research on the population genetics of dugongs in Australia 

was published by McDonald in 2005 and is the most extensive study conducted for this 

species to date. The complete dugong mitochondrial genome had been previously 

published as part of other studies focusing on Eutherian and Afrotherian phylogenies by 

Arnason et al. (2002) and Murata et al. (2003), but no research had previously 

examined mtDNA or nuclear DNA within specific dugong populations (McDonald 2005). 

This study examined the mtDNA control region of 115 dugong samples to determine 

population level genetics and phylogeography (McDonald 2005). Similar to previous 

studies, statistical analyses included population pairwise FST
 
calculated from 

ARLEQUIN, AMOVA, nested clade analysis, and isolation by distance (IBD software). 

Results of this study indicated that mtDNA control region sequences from dugongs in 

Asia were significantly different from Australian sampled populations, and within 

Australia there was significant difference between populations on the western and 
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eastern sides of the continent. It was hypothesized that closure of the Torres Strait by a 

peninsula during the last glaciation period would have separated these populations and 

likely account for the observed genetic differences (McDonald 2005). Nuclear DNA 

microsatellite loci that had been previously reported for T. manatus (Garcia-Rodriguez 

et al. 2000) was used to test for dugong population markers which indicated much 

higher allelic diversity and level of gene flow than those of T. manatus (McDonald 

2005). Dugong isolation by distance results indicated significant effects across the 

continent, but identified genetic mixing of the two populations where they overlap on the 

north coast (McDonald 2005). A comparison of mtDNA with nDNA showed male-biased 

gene flow, and overall high levels of gene flow between populations over the huge 

species range in Australia made it difficult to define management units (McDonald 

2005).  

In 2007 and 2008, two publications describing the development of additional 

nuclear DNA microsatellite markers to study T.m. latirostris were published by Pause et 

al. (10 microsatellite markers) and Tringali et al. (18 additional microsatellite markers). 

These markers are now being utilized in current studies of T.m. latirostris from 

northwest Florida that have not yet been published (M. Hunter, pers. comm.). Nuclear 

DNA will be particularly useful to study the four management units of the Florida 

manatee, since all individuals of the sub-species share the same single mtDNA 

haplotype. The Florida manatee microsatellites indicate greater heterozygosity than 

other T. manatus populations, indicating that they are recovering from the bottleneck 

due to a founder effect occurring approximately 12,000 years ago (Tringali et al. 2008b). 

Broderick et al. (2007) also developed 26 microsatellite markers for the dugong. Hunter 
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et al. (2010b) expanded the number and versatility of microsatellite markers through the 

identification of additional new primers, as well as a cross-species amplification of 

microsatellite markers for the Florida manatee and the dugong, which allowed for the 

developments of a series of markers for each species which has great potential for 

studying individual genetic variability within populations, and for population level 

conservation efforts.  

In a separate publication Tringali et al. (2008a) also identified sex-specific DNA 

genes for T. manatus using X and Y chromosome genes. These were based upon Y 

primer pairs (DBY7 and SMCY17) that had been previously identified for the African 

elephant, a closely related species to sirenians in the superorder Paenungulata 

(Hellborg and Ellegren 2003, Tringali et al. 2008a). Using tissue samples from 60 

Florida manatees of known sex (30 males, 30 females) sampled at necropsy, this study 

isolated nuclear / genomic DNA using packaged kits (Qiagen DNeasy or PUREGENE 

DNA), and PCR was performed for DBY7 and SMCY17 markers using primers from the 

previous study (Hellborg and Ellegren 2003, Tringali et al. 2008a). SMCY17 PCR 

yielded fragments in both female and male samples, but since females do not have this 

gene, it was hypothesized to be its X chromosome analog, SMCX, which also differed in 

size and nucleotide sequence from SMCY17 (Tringali et al. 2008a). DBY7 only yielded 

a fragment in male samples, so its presence signaled male gender (Tringali et al. 

2008a). All of these sequences matched analogous conserved genes (DBY, SMCY and 

SMCX) in other mammals including humans (Tringali et al. 2008a). The authors were 

able to design primers specific to the chromosomes for use in PCR multiplex reactions 

as well as for agarose gel electrophoresis (Tringali et al. 2008a). This study has obvious 
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value in confirming manatee gender when it cannot be determined through visual or 

other means (such as inspection of the pelvic bones during necropsy).  

Hunter et al. (2010a) examined the Antillean manatee (T. m. manatus) population 

in Belize using both mtDNA and nDNA analyses, and compared results to the Florida 

sub-species. This study examined population genetics but was also of particular interest 

for conservation purposes, since manatees in Belize were heavily hunted for several 

hundred years until protection was put in place in 1936 (Hunter et al. 2010a). The Belize 

manatee population is now estimated at approximately 1000 individuals and is believed 

to be the largest breeding population of the Antillean sub-species, but genetic diversity 

was unknown until this study (Hunter et al. 2010a). Tissue and blood samples were 

collected from 118 manatees in three locations in Belize (Belize City Cays, Southern 

Lagoon, and Placentia Lagoon), and 96 Florida manatee genotypes were randomly 

chosen from the four Florida population management units for comparison to the Belize 

DNA (Hunter et al. 2010a). DNA was isolated using Qiagen DNeasy kits, and for 

mitochondrial DNA analysis primers CR-4 and CR-5 were used to amplify a portion of 

the mtDNA control region for 113 individuals (Hunter et al. 2010a). Statistical tests for 

mtDNA analysis included examining the degree of differentiation (FST and ΦST between 

sites within Belize, and between Belize and Florida samples) calculated using 

ARLEQUIN version 3.1, estimates of sequence divergence used the Kimura two 

parameter genetic distance model, and Tajima’s D of selective neutrality, genetic 

diversity, nucleotide diversity, number of polymorphic sites, and number of nucleotide 

substitutions were calculated (Hunter et al. 2010a). For microsatellite analysis, 16 

polymorphic microsatellite primers were PCR amplified using 118 individuals, and all 



 

71 

individuals were amplified at 14 or more loci (Hunter et al. 2010a). Statistical analysis 

for nuclear DNA was performed using GenAlEx software version 6.2 to estimate the 

level of polymorphism by observed and expected heterozygosity, the average number 

of alleles per locus, and to test genetic distance and isolation between Belize and 

Florida populations (Hunter et al. 2010a). Other GenAlEx 6.2 programs used to assess 

population structure and relatedness included GENEPOP 4.0, GENECAP, KINGROUP, 

BOTTLENECK, and STRUCTURE 2.3.2 (Hunter et al. 2010a). 

Overall results of the Belize study reported low haplotype diversity, with 

microsatellite and allelic variation characteristic of a small, isolated population enduring 

a bottleneck (Hunter et al. 2010a). Three mtDNA haplotypes were identified, one of 

which (A03) was only found at Southern Lagoon, and endemic alleles were found at 

both Southern Lagoon and Belize City (Hunter et al. 2010a). The 16 nuclear 

microsatellite markers had lower levels of variation than the Florida population over 14 

loci (Hunter et al. 2010a). In two microsatellite markers (TmaKb60 and TmaK01) linkage 

disequilibrium was observed, suggesting slight inbreeding, but the result of Tajima’s D 

indicated it was not significant (Hunter et al. 2010a). Although distribution of pairwise 

relatedness was not significantly different from Hardy-Weinberg Equilibrium (defined as 

alleles and genotype frequencies being at equilibrium in a large, randomly mating 

population over multiple generations, with no disturbance from migration, mutation, and 

selection; Frankham et al. 2010), full sibling pairwise relatedness was 19.9% of pairs, 

signaling some inbreeding, which suggests high representation by several families 

(Hunter et al. 2010a). Bayesian analyses strongly separated the Belize and Florida 

populations indicating definitively that no breeding is occurring between these sub-
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species (Hunter et al. 2010a). Florida manatees were shown to have greater genetic 

diversity than the Belize population and appear to be recovering more rapidly, possibly 

due to a shorter bottleneck (Hunter et al. 2010a). When the Belize data was analyzed 

separately, Bayesian analysis placed it as one population, while the LOCPRIOR model 

divided it into two populations: southern Lagoon and Belize City (Hunter et al. 2010a). 

These data show that the Belize population is increasing in genetic difference from the 

Florida sub-species, but also within Belize sub-populations are becoming isolated from 

each other, and it is unusual to see manatee populations in such close proximity not 

breeding (Hunter et al. 2010a). The authors concluded that it is possible that a 

combination of factors (low population numbers due to prolonged exploitation, isolation, 

some inbreeding, and genetic drift) are responsible for the differences observed, and 

that the population could be at risk if current trends continue (Hunter et al. 2010a). 

Recommendations were made that the population should be monitored and that 

management intervention to increase gene flow might be needed in the future (Hunter 

et al. 2010a).  

In 2011 Nourisson et al. examined population genetics and phylogeography of T. 

manatus in Mexico using microsatellites. The goal of the study was to use a finer scale 

genetics methodology to assess this small population (estimated at 700 – 1700 

individuals) for population structure, in order to make conservation recommendations 

(Nourisson et al. 2011). Previously reported mtDNA data indicated three haplotypes for 

Mexico, which were separated by location: only one haplotype (J) is found in the Gulf of 

Mexico population, while all three (J, A, A4) are found in the Caribbean coast population 

(Vianna et al. 2006). As in Belize, manatees in Mexico were heavily hunted over several 
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hundred years and it was hypothesized that the population likely underwent a bottleneck 

(Nourisson et al. 2011). Ninety-four skin and blood samples were collected from 

throughout Mexico, DNA was isolated using either phenol-chloroform or DNeasy 

techniques, and PCR amplification was performed using 13 microsatellite loci that had 

previously been designed for manatees by Garcia-Rodriguez et al. (2000) and Pause et 

al. (2007) (Nourisson et al. 2011). Florida manatee genotypes (n=95) from all four 

management units were also included in this study for population structure resolution 

(Nourisson et al. 2011). Statistical tools used in this study were the same used in the 

Belize analyses and included GENALEX 6.2, GENEPOP 3.4 and ARLEQUIN 3.1 

programs for determination and comparison of genetic diversity including observed and 

expected heterozygosity, degree of differentiation (FST and ΦST between sites within 

Mexico, and between Mexico and Florida samples) and inbreeding (Nourisson et al. 

2011). ARLEQUIN was used to check for deviation from Hardy–Weinberg equilibrium, 

Bayesian analyses within the STRUCTURE program assigned all individuals to sub-

populations by genotype, and BOTTLENECK, as the name implies, was used to 

estimate a population bottleneck (Nourisson et al. 2011).  

Results of Nourisson et al. (2011) indicated three distinct genetic clusters within 

Mexico: the Gulf of Mexico, Chetumal Bay and Ascension Bay. The latter two sites are 

both on the Caribbean coast, and Ascension Bay samples showed a mix of genotypes 

from the other two locations, indicating that this may be a mixing zone (Nourisson et al. 

2011). The Gulf of Mexico samples had the lowest genetic diversity (based on 

heterozygosity and number of alleles) and this was attributed to a bottleneck due to 

founder effect (Nourisson et al. 2011). Results indicated that while migration occurs 
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from the Gulf of Mexico population to the Caribbean coast, there is no migration in the 

opposite direction (Nourisson et al. 2011). Four samples from Chetumal Bay had high 

percentages of Florida population ancestry based upon the STRUCTURE analysis, and 

it was hypothesized that there may have been recent movement of a few individuals 

from Florida across the Caribbean (Nourisson et al. 2011). The study results indicated 

that the Chetumal Bay population is distinctly separate from Belize populations, even 

though geographically the countries are adjacent and share a border at Chetumal Bay 

(Nourisson et al. 2011). Overall the Mexican Caribbean coast had the highest genetic 

diversity but the smaller population size, which raises important conservation 

considerations (Nourisson et al. 2011). The study recommended conservation actions in 

Ascension Bay as high priority since this area is a mixing zone between the two other 

genetic clusters, maintaining manatee habitat between clusters to facilitate continued 

mixing, and care in releasing captive manatees back into the areas they were originally 

rescued from (Nourisson et al. 2011). This study, like the Belize manatee research 

before it, exemplifies the precision with which genetics analyses can be used to target 

conservation recommendations to specific populations and locations.   

Aside from studying extant manatees and dugongs, phylogenetics research has 

also sought to understand the deeper evolutionary heritage of sirenians and other 

related species. As discussed above, sirenians belong to the superorder Afrotheria, and 

within Afrotheria, sirenians are classified in the superorder Paenungulata based upon 

genetic analyses utilizing both mitochondrial and nuclear DNA, amino acid sequences, 

and chromosome painting (Ozawa et al. 1997, Springer et al. 1999, Kellogg et al. 2007, 

Pardini et al. 2007). In one recent study, Kuntner et al. (2011) examined the phylogeny 
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of all members of the superorder Afrotheria in order to test a model that orders species 

into hierarchal lists by categories of evolutionary distinctiveness (ED) and phylogenetic 

diversity (PD) to illustrate a method of ranking conservation priorities. This study used 

nine previously published markers (four mtDNA and five nuclear DNA) for all Afrotherian 

species as well as those for 14 other placental mammals (used as outgroups) and 

combined both types of markers to create data matrixes (Kuntner et al. 2011). Bayesian 

analysis was performed using MRBAYES software and conservation priorities were 

assessed using a Mesquite software package, Tuatara Module 1.01 (EDGE and 

HEDGE methods) which considers factors such as terminal branch length, extinction 

probability and the estimation of contribution of a species to overall diversity (Kuntner et 

al.  2011). Results ranked the top 20 species of conservation priority based upon ED 

and PD, and all three Trichechids and the dugong were ranked near the top (Kuntner et 

al. 2011). This analysis used criteria primarily limited to genetics and did not consider 

other factors important for consideration in conservation planning. However, one 

interesting result of this study was that the phylogeny supported T. inunguis as sister 

taxon to T. senegalensis, rather than T. manatus, as in Vianna et al. (2006).  

In summary, throughout manatee genetics research over the past 24 years, 

studies have become more sophisticated, moving from basic mitochondrial DNA 

techniques to finer-scale nuclear DNA analyses and using increasingly complex 

computer programs to analyze data more efficiently and precisely. Most analyses have 

used manatee blood and tissue samples, but with the development of ancient DNA 

techniques, hopefully more reliable results will be able to be obtained from bone as well. 

This will allow for sampling from older specimens such as those in museums and 
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hunted manatees, both of which can bring insight into past population structure. 

Sirenian studies have almost all been a mix of phylogeny, population level genetics, and 

phylogeography. For all sirenians there has been a need to both understand their 

evolutionary history as well as contemporary population trends and distributions, with 

the over-arching goal of conserving these unique creatures. 

Stable Isotope Analysis as a Tool to Study Foraging Ecology 

Introduction to Stable Isotopes 

All elements have isotopes, which are different forms of the same element 

defined by varying numbers of neutrons in the nucleus of the atom (Fry 2006). The 

number of neutrons in relation to the number of protons is that which determines the 

stability of the isotope; generally those having an equal or greater number of neutrons 

relative to protons are more stable, although hydrogen and helium have stable isotopes 

with fewer protons than neutrons (Fry 2006). Stable isotopes comprise less than 10% of 

all known isotopes, they do not decay, they are not radioactive, and they are abundant 

throughout all matter (Fry 2006, Crawford et al. 2008). The lightest isotopes, defined by 

having a low mass, account for more than 95% of all isotopes in the elements hydrogen 

(H), carbon (C), nitrogen (N), oxygen (O), and sulfur (S), but these elements also have 

small percentages of high mass isotopes (Fry 2006). For example, carbon has a low 

mass isotope (12C) with a fundamental abundance on Earth of 98.89%, and a high mass 

isotope (13C) with a fundamental abundance of 1.11% (Fry 2006). The abundance ratios 

of light and heavy isotopes vary minutely in nature, and it is the relative differences in 

ratios that can be measured against an international standard reference (Hobson and 

Wassenaar 2008). Standard isotopic references come from PeeDee Belemnite 

limestone (PDB) for carbon, Vienna Standard Mean Ocean Water (VSMOW) for oxygen 
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and hydrogen, atmospheric N2 (air) for nitrogen, and Canyon Diablo Triolite (CDT) for 

sulfur (Hobson and Wassenaar 2008). By definition the value of these standards is 00/00 

(Newsome et al. 2010). Since the elements H, C, N, O and S comprise most of the 

mass of organic material, these properties make them valuable for studying ecological 

processes at many levels, from microbes to entire ecosystems (Fry 2006). A good 

analogy provided by Fry (2006) is to think of stable isotopes as a dye or tracer that 

follows a substance through an ecological cycle, allowing us to detect its presence.  

In nature, carbon, nitrogen and sulfur (CNS) are the elements primarily linked to 

the cycling of organic matter, and hydrogen and oxygen (HO) are primarily linked to 

hydrological cycles (Fry 2006). Large pools of stable isotopes exist in the atmosphere, 

soil, and the oceans, and these produce regular, characteristic distributions as well as 

predictable patterns of cycling (Fry 2006). Two important processes, mixing (combining) 

and fractionation (separation) affect abundances of stable isotopes, and will be 

discussed further below.  

Stable isotope values are denoted as delta numbers (δ), either positive or 

negative, expressed as parts per thousand (0/00) relative difference to the standard for 

the element of interest (Hobson and Wassenaar 2008). The delta value is determined 

by the standard delta equation: 

δ X(0/00) = (Rsample / Rstandard-1) x 1000      (1-2) 

where X is the isotopic element of interest (for example δ13C or δ15N), R values are the 

isotopic ratios of the sample and the standard reference comparatively measured by the 

mass spectrometer (light to heavy isotopes), and the equation is multiplied by 1000 to 

transform values into primarily whole numbers (Hobson and Wassenaar 2008). For 
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natural samples, most δ values range between -100 and +500/00 (Fry, 2006). A sample 

that has more of the heavier isotope in relation to the standard, is referred to as being 

“enriched”, and one with proportionally less of the heavy isotope is referred to as 

“depleted” (Crawford et al. 2008). 

The carbon cycle is based upon active exchange of carbon dioxide (CO2) 

between the atmosphere, the ocean surface and terrestrial ecosystems (Fry 2006). 

Freshwater 13C values vary widely based upon the amount of CO2 dissolved within the 

specific water body as well as other inorganic factors, and therefore can have a distinct 

local signature (Fry 2006). Carbon uptake by plants differs between C3 plants (which 

include 85% of the world’s plant biomass, and many species of aquatic plants) which 

involves a net fractionation of 200/00 between atmospheric CO2 and plant biomass, and 

that of C4 plants (10% of the world’s plants, such as tropical plants and salt grasses) 

which involves a net fractionation of approximately 50/00 (MacFadden et al. 2004, Fry 

2006, Cerling et al. 2009). Grasses that live along the land / water interface 

photosynthesize carbon by using either the C3 or C4 pathway, depending upon species 

(MacFadden et al. 2004). Aquatic plants have δ13C values that range from -30 to -8‰, 

and δ 15N values that range from -2 to 17‰ (Alves 2007). The difference between C3 

and C4 plants is based upon the biochemical pathways they use during photosynthesis: 

carbon atoms are incorporated as either 3-carbon sugars (“Rubisco”, C3) or 4-carbon 

(PEP carboxylase, C4) sugars (Hobson and Wassenaar 2008, Nelson and Cox 2008). 

Rubisco strongly discriminates against 13CO2, which gives C3 plants strongly 13C-

depleted isotope ratios (Hobson and Wassenaar 2008). C4 plants, which evolved more 

recently and can tolerate lower CO2 conditions, have much less 13CO2 discrimination 
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due to PEP carboxylase (Fry 2006, Hobson and Wassenaar 2008). Most fully marine 

plants (including seagrasses) fractionate carbon using the C3 pathway, although 

because the carbon source in the oceans can be derived from bicarbonate as well as 

atmospheric CO2, the δ13C values of C3 marine plants can be more enriched than 

terrestrial C3 plants (MacFadden et al. 2004). Thus analyses of δ13C in diet can easily 

discriminate between C3 and C4 plants. There is a third plant category, Crassulacean 

Acid Metabolism plants (CAM, which includes cactuses and euphorbia), which use a 

photosynthetic pathway similar to C4 plants, but are specially adapted to live in arid 

conditions (MacFadden et al. 2004). Since CAM plants are not relevant to sirenian 

research, they will not be discussed further here.  

In the nitrogen cycle, most nitrogen is present in the atmosphere as N2 gas, 

which is generally constant at 00/00 (Fry 2006). Since there are multiple processes and 

reactions within soils (including sedimentation, assimilation of decomposed organic 

matter, etc.), there is currently no general theory describing δ15N in soil (Hobson and 

Wassenaar 2008). Nitrogen isotope ratios can be used to discriminate between 

freshwater and marine systems through their baseline values: freshwater ranges from 

approximately -28‰ to −20‰, and saltwater ranges from approximately -16‰ to -12‰ 

(Hobson 1999). Signals for δ15N in aquatic systems can be affected by pollution such as 

fertilizer runoff, sewage, or animal waste runoff from agricultural regions (Fry 2006). 

Plants that fix N2 from the atmosphere have δ15N values of about -2 to +20/00, which is 

relatively close to the 00/00 value of atmospheric N2 (Peterson and Fry 1987). Plant δ15N 

is determined by isotope fractionations associated with nitrogen uptake and metabolism 

by the plant (Hobson and Wassenaar 2008).  
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In the oxygen cycle there are three isotopes that are used as tracers for 

processes in the biosphere: 16O, 17O, and 18O (Fry 2006). Most oxygen isotope 

dynamics are involved in water cycles and these isotopes can be used to identify 

specific water sources, particularly in animal studies (Fry 2006, Cerling et al. 2009). 

Oxygen isotopes can also be used to differentiate between aquatic and terrestrial 

habitats, as shown in a study by Clementz et al. (2001) that investigated marine 

mammal habitat and foraging ecology using stable isotopes. They reported that 

populations of aquatic taxa had significantly lower standard deviations for δ18O values 

than those of terrestrial taxa, and δ18O values for aquatic taxa were significantly 

different between different freshwater, estuarine and marine habitats (Clementz et al. 

2001). Hydrogen isotopes are also tied to water cycles and can be used to trace water 

in dietary sources and specific water sources. Because of these specificities to water 

sources, both hydrogen and oxygen isotopes are used to trace water intake and 

movement/migration patterns of animals (Fry 2006).  

Stable isotopes are a very useful tool in animal studies, particularly for wildlife 

that is difficult to observe and/or may travel over large distances (Hobson and 

Wassenaar 2008). Differences in stable isotope ratios of carbon (13C/12C) and nitrogen 

(15N/14N) between dietary sources and trophic levels allows the source of the diet to be 

traced and the trophic level of an animal determined (Peterson and Fry 1987, Hobson 

1999). For example, the standard stepwise enrichment ratio from a food source to the 

consumer for δ13C is ~1-30/00, and for δ15N it is ~3-50/00 (DeNiro and Epstein 1978, 

Schoeninger and DeNiro 1984). Carbon isotopes in animal tissues can indicate 

differences between C3 and C4 plants, and differentiate between terrestrial, freshwater 
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and marine ecosystems (Fry 2006, Alves-Stanley and Worthy 2009). For example, the 

mean carbon isotope compositions of freshwater vegetation (-27‰), marine algae (-

18.5‰), and seagrasses (-10 to -11‰) are statistically distinct and therefore can label 

consumer tissues appropriately so that their relative contributions to diet can be 

determined (Clementz and Koch 2001). Stable nitrogen isotopes in animal tissue 

basically trace protein pathways, because nitrogen is mostly absent in lipids and 

carbohydrates (Hobson and Wassenaar 2008). Animals with lower protein diets will 

likely exhibit greater overall diet-tissue discrimination for 15N than those species with 

higher protein diets (Hobson and Wassenaar 2008). In animals, δ15N value differences 

indicate changing trophic levels, food-web isotopic signature, and nutritional stress or 

fasting (Hobson and Wassenaar 2008). For example, in starving animals the ∆δ15N is 

high because the ratio of excreted to assimilated nitrogen is infinitely high during 

periods of starvation (McCutchan et al. 2003). Therefore, a starved animal will exhibit  

higher δ15N values than an animal that is in good body condition (McCutchan et al. 

2003). Nitrogen isotopic values increase by 10 to 150/00  in many food webs; for 

example, increases of 3 to 5 successive trophic transfers each increases the 15N 

content by 3-50/00 (Peterson and Fry 1987). However, DeNiro and Epstein (1981) 

reported trophic level enrichments ranging from 1-6‰. In addition to trophic level shifts, 

δ15N value changes can be attributed to factors such as abiotic factors in plants of the 

same species, levels of stress and even digestive anatomy in consumers: in herbivores, 

for example, foregut fermenters are functionally at a higher trophic level and have 

relatively higher δ15N values than hindgut fermenters due to the location of the 

microflora in their digestive tracts (Sponheimer et al. 2003). Nitrogen is also excreted as 



 

82 

waste in many animals, which can affect δ15N values, and also must be taken into 

consideration for species adapted to conserving water or fasting (Hobson and 

Wassenaar 2008).  

In the study of stable isotopes, there are two important processes that play a 

critical role, mixing and fractionation. Mixing is the combining of two or more 

substances, and stable isotopes can both trace mixing processes to show which 

sources contribute to the mixture, and identify which sources make up the largest 

percentage of the mixture (Fry 2006). Mixing models are used in scientific research and 

are designed to tease apart the components of the mixture as well as the percentage 

that each component contributes to it (Fry 2006). Linear mass balance mixing models 

were designed to quantify the contribution from each food source to a consumer's diet 

(Phillips and Gregg 2001). A two source, mass balance mixing model equation for a 

stable isotope was developed (Phillips and Koch 2002). The standard equation is shown 

here for carbon isotopes:  

δ13Cm = ƒX (δ13CX + ∆13Ctissue-X) + ƒY (δ13CY + ∆13Ctissue-Y)    (1-3) 

1 = ƒX + ƒY 

where the subscripts X, Y, and m represent two food sources and the mixture (the 

consumer tissue), respectively, ƒ refers to the fractional contribution of C from each 

food source (mass) to the consumer's diet, and ∆13Ctissue-X is the trophic fractionation 

(the change in δ13C from the food source during assimilation into the tissue) (Phillips 

and Koch 2002). However, scientists also needed a mixing model equation for two 

stable isotopes and three food sources. A duel element (X, Y), three source, mass-
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balance, linear mixing model was also developed and is described by the following 

equations (Phillips and Gregg 2001):  

 δXm= ƒA⋅ δXA + ƒB ⋅ δXB + ƒC ⋅ δXC 

 δYm = ƒA ⋅ δYA + ƒB ⋅ δYB + ƒC ⋅ δYC       (1-4) 

1 = ƒA + ƒB + ƒC 

where X and Y refer to stable isotopes such as 13C and 15N, ƒ is the fractional 

contribution of each isotope from each food source (mass) to total diet, A, B, and C refer 

to three food sources, and the subscript m indicates the mixture of sources (Phillips and 

Gregg 2001). This model has been used for numerous species and requires that the 

“corrected” isotopic values for the consumer fall within a polygon outlined by the 

potential food sources (Phillips and Gregg 2001). Several stable isotope mixing model 

computer programs have been developed since 2001 (IsoError, IsoConc, IsoSource 

and several Bayesian models such as IsotopeR and SIAR), each with increasing 

parameters that can be adjusted by the user, such as unequal concentrations of dietary 

items, various sources of uncertainty, and the ability to apply the models to individuals 

or populations (Hopkins and Ferguson 2012). Bayesian models allow biologists to fit 

probability models to isotopic data, include prior information, and efficiently estimate 

numerous parameters (Hopkins and Ferguson 2012), all of which makes the model 

more realistic for applications to real world circumstances.  

Fractionation is the opposite of mixing, and separates isotopes in a predictable 

manner in the environment as a result of chemical, biological or physical processes 

(Reich and Worthy 2006). Similarly, diet-tissue discrimination describes the difference in 

isotopic ratios between diet and consumer tissue (Alves-Stanley and Worthy 2009). 
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Both mixing and fractionation processes obviously operate simultaneously throughout 

the biosphere. Within the biosphere, plants and microbes take in nutrients with stable 

isotope signatures originating from the environment, and fractionation results in a stable 

isotope signature within the organism, primarily carbon, nitrogen and sulfur (Fry 2006). 

This occurs due to differing rates of heavy vs. light isotope incorporation during 

biogeochemical reactions within primary sources of production, such as plants (Alves 

2007). Stable isotopes record source information about their origins, and this sets an 

isotopic baseline that can subsequently be shifted by isotopic fractionation (Peterson 

and Fry 1987). At the next level of the food web, consumers of primary producers have 

different ratios of stable isotopes from their diet (diet-tissue discrimination) due to 

biochemical processes such as preferential loss of 12CO2 during respiration, preferential 

uptake of 13C during digestion, and/or metabolic discrimination during the synthesis of 

new tissues (DeNiro and Epstein 1978).  

Stable Isotope Methodology 

Stable isotope analysis has the potential to reveal both long-term and short-term 

assimilation histories as well as animal distribution, movement and migration patterns, 

by examining both slow and fast turnover tissues and measuring isotopic values that 

potentially represent the diet incorporated into the tissue (Peterson and Fry 1987, 

Hobson and Wassenaar 2008). In addition to the tissues themselves, the time of 

collection of samples is important: a sample collected today would give information 

about an animal’s recent or lifetime diet and the ecosystem(s) it lives in, but museum 

specimens can give historical information about the species diet and environment in the 

past (Hobson and Wassenaar 2008). This in turn could have implications for 

conservation and management of the species today. Stable isotope analyses can also 
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be performed on extinct species, which gives insight into both historical environments 

and species evolution (Clementz and Koch 2001, MacFadden et al. 2004). 

The information researchers can obtain varies depending upon the type of animal 

tissue used to measure stable isotopes. There are two general categories of samples: 

fixed tissues that are metabolically and isotopically inert (such as hair, claws / 

fingernails, or feathers), and dynamic tissues which are the opposite, those tissues that 

are metabolically active and continually “turnover” from dietary sources (such as skin, 

blood, internal organs, and bone collagen) (Hobson and Wassenaar 2008). Turnover 

rates, defined as the time required to incorporate stable isotopes from diet into tissue, 

are highly variable between tissue types and between taxa, but in general they range 

from days (as in liver and blood) to weeks (muscle, skin) to a lifetime (bone collagen) 

(Alves-Stanley et al. 2010, Hobson and Wassenaar 2008). Stable isotope values from 

tissues with a faster turnover rate therefore will reflect a  more recent diet than those 

with a slower rate. Turnover rates in animals are best determined through captive 

animal studies where diet can be changed and the length of time for tissue turnover can 

be recorded in a controlled setting (Fry 2006, Alves-Stanley and Worthy 2009). Hobson 

and Clark (1992) calculated turnover rate as:  

y = a + bect           (1-5) 

where y = δX (stable isotope ratio), a is the value approached asymptotically, b is total 

change in value after a diet switch, c is turnover rate, and t is time since the diet switch. 

Turnover is expressed in terms of half-life, the time it takes the isotopic composition of 

the tissue to reach the midpoint between initial and final values: X=(ln0.5) / c (Alves-

Stanley and Worthy 2009).  
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Diet-tissue discrimination is the difference in isotopic ratios between consumer 

tissue and diet (Alves-Stanley and Worthy 2009). In trophic studies, diet-tissue 

discrimination is often described using the equation: 

 ∆hXA-B =  δ hXA −  δ hXB       (1-6) 

where ∆ denotes the change in isotope ratio between diet and consumer, δhX is the 

stable isotope, A is the consumer, and B is the diet (McCutchan et al. 2003, Newsome 

et al. 2010). Since consumers are typically enriched in the heavy isotope relative to diet, 

∆A-B values are defined as positive (Newsome et al. 2010). In early stable isotope 

research studies disparities in digestibility and digestion times that might lead to 

differences in diet-tissue discrimination were not taken into consideration (Peterson and 

Fry 1987), but more recent research is starting to examine these parameters. In a study 

by Codron et al. (2011) domestic goats were used to test the digestibility and 

subsequent assimilation of 13C isotopes into blood (feces were also tested). Study 

results showed that the C3 plant components of the diet were over-represented in the 

δ13C blood and feces values due to faster 13C incorporation rates, while the C4 plant 

components were under-represented (Codron et al. 2011). Although diet was controlled 

in this study, the results demonstrate that there are conditions under which herbivore δ 

13C values do not reflect C3 and C4 diet components equally (Codron et al. 2011). This 

study recommended that diet-tissue discrimination factors should be considered 

carefully, since different animals have different digestion rates, and an animal’s tissue 

must be in isotopic equilibrium before an accurate estimate of dietary enrichment is able 

to be obtained (Codron et al. 2011).  
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Many animal stable isotope studies to date have focused on identifying and 

quantifying dietary characteristics. Dalerum and Angerbjörn (2005) describe three 

approaches to studying temporal variation in dietary stable isotopes: 1) a comparison of 

the same tissue type sampled over time; 2) a comparison of different tissues with 

differing turnover rates; or 3) a comparison of different parts of the same tissue that 

grows progressively to study isotopic values in chronological order. The first two 

methods can address questions about both short and long-term variation, while the third 

method will address only a shorter time frame (Dalerum and Angerbjörn 2005). These 

same techniques can also be applied to other types of stable isotope studies, such as 

determining habitat use, migratory patterns, or food webs between different species. In 

designing a study the researcher needs to consider which stable isotope(s) and which 

tissue type(s) will address their questions. Considerable isotopic variation still exists 

among different tissues and metabolites within individual animals (Peterson and Fry 

1987).  

Bone has two components that can be used in stable isotope analyses. 

Bioapatite is the mineralized (inorganic) component of mammalian bone, while collagen 

is composed of proteins (organic portion) that are the main constituent of animal 

connective tissues (Clementz et al. 2007, Nelson and Cox 2008). The inorganic and 

organic fractions of bone specifically incorporate carbon from different components of 

diet: the carbon in the protein part of the diet is more strongly labeled in collagen, and 

carbon in blood (produced through respiration and bulk dietary carbon, including 

carbohydrates, lipids, and proteins) is more strongly labeled in bioapatite (Clementz et 

al. 2009a). Bone collagen has a slow turnover rate, allowing for the detection of several 



 

88 

years of dietary history, and it is also considered to reflect an average lifetime diet 

(Hobson and Clark 1992, Clementz et al. 2007). Both the inorganic and organic 

components of bone are constantly being remodeled during growth throughout an 

animal’s lifetime (Clementz et al. 2007). Turnover rates for bone from terrestrial 

mammals have been estimated at ~4 years for bone bioapatite and ~7 years for bone 

collagen (Clementz et al. 2007). Bone is easily preserved and can also tell us about the 

diet and life histories of animals from the past, since very old and fossilized bones can 

also be used for stable isotope analyses (Peterson and Fry 1987). Mammalian bone 

collagen is 2 – 60/00 enriched in δ13C while bioapatite is generally enriched by 6-150/00 

relative to diet (Peterson and Fry 1987, Cerling and Harris 1999, Passey et al. 2005). 

Ungulate herbivores have been shown to have a bone collagen 13C enrichment of 12-

140/00 relative to diet (Cerling and Harris 1999).  

Both the inorganic and organic components of bone are remodeled during growth 

throughout an animal’s lifetime (Clementz et al. 2007). Bone remodeling is 

accomplished through the removal of mineralized bone by osteoclasts, followed by the 

formation of bone matrix through the osteoblasts that subsequently become mineralized 

(Hadjidakis and Androulakis 2006). Hadjidakis and Androulakis (2006) describe the 

bone remodeling cycle as consisting of three consecutive phases: resorption, during 

which osteoclasts digest old bone; reversal, when mononuclear cells appear on the 

bone surface; and formation, when osteoblasts lay down new bone until the resorbed 

bone is completely replaced. In a study of Florida manatees using 1213 periosteal 

bones, resorption was shown to occur in the growth layer groups after 15 years of age, 

and increased with age regardless of the manatee’s length (Marmontel et al. 1996). 
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Although not yet studied for manatees, because all bone is remodeled during an 

organism’s lifetime, we can assume the bone layers beneath the GLGs are also 

remodeled. Marmontel et al. (1996) also analyzed ear bones from Antillean manatees 

(n=18) and found results similar to Florida manatees after 20 years of age. However, 

ear bones of female manatees were determined to experience greater bone resorption 

than males when the data were adjusted for differences in length and age, and this 

difference is believed to be attributed to the females’ higher requirements for calcium 

due to reproduction (Marmontel et al. 1996). The Marmontel study classified levels of 

ear bone GLG resorption into categories (none, light, moderate, or heavy) based upon 

the number and extent of primary osteons (also known as Haversian systems), and 

secondary osteons that occurred within the bone due to remodeling as manatees age. 

These features disrupt or obliterate annual adhesion lines used to age manatees, but 

some of the original bone persists, allowing researchers to read annual lines. Thus, as 

the bone is remodeled, new tissue forms within it, in the form of primary and secondary 

osteons, but some of the original bone persists, and stable isotope sampling will include 

both old and new tissue, giving an average of diet over the animal’s lifetime.  

In contrast to bone, the enamel cap of mammal teeth forms prior to eruption over 

a relatively short time and, once deposited, is no longer remodeled by the body 

(Clementz et al. 2007). As a consequence, differences in the δ13C values of teeth and 

bone are heavily influenced by developmental and seasonal changes in diet (Clementz 

et al. 2007). Clementz et al. (2007) also reported that foraging on dietary resources that 

differed in bulk δ13C values (for example freshwater and marine vegetation) or 

macronutrient composition (such as proteins vs. lipids) at different times of the year 
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would create significant offsets between tooth and bone isotope records. Long-term 

diets can be studied using an entire tooth, and short-term diets can be examined using 

subsets of growth layer groups within a tooth (Walker and Macko 1999). Mean carbon 

isotopic enrichment of tooth enamel relative to diet is reported to be approximately 12–

14‰ for medium to large mammalian herbivores (MacFadden et al. 2004). 

Dynamic tissues such as blood, internal organs, and blubber/fat have much 

faster turnover rates and can be strongly influenced by the most recent dietary activities 

(Dalerum and Angerbjörn 2005). Blood plasma studies of American black bears, three 

species of seals, and two species of birds reported 13C half-life values ranging from 0.4 - 

4 days (reviewed in Dalerum and Angerbjörn 2005). Stable isotopes of whole blood, 

which has been studied in American black bears and several species of bats and birds 

had 13C half-life values ranging from 4-14 days for birds, 40 days for the bears and 113-

126 days in the bats, so in some cases these analyses could record several months of 

diet and habitat use (reviewed in Dalerum and Angerbjörn 2005). Lipids are depleted for 

δ13C compared with other types of molecules, and can mislead the analyses by 

decreasing the δ13C signal (DeNiro and Epstein 1978). In both higher and lower 

organisms it has been found that lipids in fat reserves are generally 2 - 80/00 depleted in 

l3C (Peterson and Fry 1987). There have been very few studies of stable isotopes in 

animal skin, with the exception of manatee skin which is discussed in further detail 

below.  

Although claws and fingernails can give a chronological record of diet and habitat 

use over a longer time frame, there are few studies to date that have used this tissue for 

stable isotope analyses. One study of human fingernails examined the diet of Inuit 
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Greenlanders found that the Inuit’s diet of primarily marine animals (seals, whale, and 

fish) was significantly enriched in 13C, 15N, and 34S compared to Danish citizens who ate 

primarily the meat of domesticated animals (Buchardt et al. 2007). The study also 

reported that human fingernails grow approximately 0.10–0.12 mm/day, and that nail 

clippings in the study represented food intake four to six months earlier (Buchardt et al. 

2007). A recent study of Ringed seal (Pusa hispida) claws indicated that the part of the 

claw representing the most recent growth (called an annulus and defined as 4-8 months 

previous growth) had δ13C values that correlated to both muscle and liver δ13C, which 

supports the use of claws to monitor visceral δ13C (Ferreira et al. 2011). Additionally this 

study determined that claw growth layers could be used to determine seal’s ages and 

measure the level of mercury in the seals, so together with the stable isotope analyses 

these claws provide a chronological record of seal diet, contaminant load, and life 

history (Ferreira et al. 2011). 

Many stable isotope studies of wildlife have used hair to determine δ13C and δ15N 

dietary and habitat values. Hair is often easy to collect and provides a chronological 

reference that can also elucidate migration/movement patterns (Hobson and 

Wassenaar 2008). Isotope enrichment between hair and diet is ~3‰ for both δ13C and 

δ15N (Cerling et al. 2009). One example of a wildlife study that used hair was by Cerling 

et al. (2009), who used hair from individual African elephants within the same family 

group over 6 years to study diet and habitat use. Growth rates of hairs were determined 

by comparing overlapping stable isotope patterns of δ13C and δ15N, and were found to 

be between 0.73 and 1.04 mm/day (Cerling et al. 2009). Portions of eight different hairs 

from each individual elephant were used, hair samples were up to 580 mm long 
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(median= 460 mm), and hairs had chronologies recording up to 20 months (median= 18 

months) (Cerling et al. 2009). Samples for δ13C and δ15N analysis were collected from 

each 5 mm interval (which corresponded to ~6 days in these samples) the results 

showed very high correlation of stable isotope chronologies between family members 

(Cerling et al. 2009). This study was able to show seasonal changes in diet between C3 

and C4 plants was strongly correlated to wet and dry seasons, and most importantly, in 

an instance where elephants and cows were using the same habitat, the cows out-

competed the elephants for the grasses they would normally have eaten during the 

rainy season, so the elephants continued to eat C4 plants, a dry season forage (Cerling 

et al. 2009). This type of data shows a species adaptability but also a conservation 

challenge that was only available due to stable isotope analysis (Cerling et al. 2009). 

Once samples are collected, they often need to be preserved for varying 

amounts of time before laboratory analysis can occur. In the case of museum 

specimens, these may have been stored for long periods of time and/or preserved by 

methods that can impede obtaining accurate stable isotope results (Hobson and 

Wassenaar 2008). It is important that preservation methods do not degrade or alter the 

stable isotope compositions of samples, otherwise accurate results will not be obtained 

(Barrow et al. 2008, Hobson and Wassenaar 2008). Preservation methods for samples 

have included drying, freezing, and storage in 70% ethanol, formalin, saturated sodium 

chloride (NaCl) or dimethyl sulfide (DMSO) buffer solutions. Barrow et al. (2008) used 

turtle epidermis from three species of marine and freshwater turtles to test the effects of 

five preservation methods on stable carbon and nitrogen isotope analyses. Samples 

were preserved over varying lengths of time with a range of 1-60 days (Barrow et al. 
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2008). Results indicated that δ13C and δ15N values for tissues preserved in 70% ethanol 

and NaCl solution were not significantly different from the controls (samples dried at 60o 

Celsius), but that the lipid content of samples should be taken into consideration before 

using a NaCl solution (Barrow et al. 2008). Preservation by NaCl solution can vary with 

tissue type, has been reported to cause positive shifts on both δ13C and δ15N (Xu et al. 

2011), and lipids are known to be depleted for 13C compared with other molecules 

misleading analyses by decreasing the δ13C signal (DeNiro and Epstein 1978, Barrow et 

al. 2008). In the Barrow et al. study, samples preserved in DMSO were significantly 

different and δ13C and δ15N values were severely altered, making it impossible to 

interpret these samples (Barrow et al. 2008). In the same study, preservation by 

freezing had a significant effect on samples at 60 days, with the result that they were 

significantly depleted in both δ13C and δ15N compared with to controls (Barrow et al. 

2008). Barrow et al. also summarized 16 other studies that used 20 different 

preservative methods and their effects on different tissue samples, and found that 

freezing typically showed no effect, but some methods (including shock-freezing and 

NaCl solution) had instances of change in δ15N, other methods (formalin, 

formalin/ethanol, and DMSO preservation) showed significant effects in both δ13C and 

δ15N for almost every tissue examined, and ethanol solutions greater than 70% had 

mixed results (Barrow et al. 2008).   

A 2011 study by Xu et al. examined the preservation effects of formalin, ethanol, 

NaCl, and drying on the δ13C and δ15N of fish muscle tissues (3 freshwater species) and 

found that all preservation methods, except drying, had significant impacts on δ13C and 

δ15N values. Formalin caused the greatest shifts; the δ13C values for all samples were 
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depleted -10/00 relative to controls and δ15N values increased (Xu et al. 2011). This 

study noted that effects of preservation appear to be highly taxa-specific, but that 

duration of preservation did not significantly affect the difference in stable isotope values 

between preserved samples and controls (Xu et al. 2011). Results stated that δ13C and 

δ15N values were generally changed dramatically within the early stage of preservation 

and became stable over relatively long-term preservation, furthermore this study 

recommended the development of a preservation correction factor to prevent the mis-

estimation of energetic pathways (Xu et al. 2011). Preservation methods should be 

carefully considered and preserved samples should, if possible, be tested against 

controls to ensure values are not altered by preservation.  

Stable isotopes are measured using continuous-flow isotope ratio mass 

spectrometer (CF-IRMS) which converts samples to pure CO2, H2O, SO2 or N2 gases 

(Hobson and Wassenaar 2008). In order for this to occur, samples must first be 

chopped, ground or powdered and then combusted to convert them to ultrapure 

gaseous analytes that can then have their isotopic ratios measured in relation to a 

reference gas sample of the same type (Fry et al. 1992). Techniques for preparing 

samples for combustion vary depending upon sample type (hair, bone, tissue, etc.). In 

general, samples must be dried and lipids are removed to eliminate their effect on 

carbon isotope ratios (Reich and Worthy 2006, Alves-Stanley and Worthy 2009). 

Samples are then dried again to remove any solvent, ground up and placed in tin 

capsules for mass spectrometry analysis (Reich and Worthy 2006, Alves-Stanley and 

Worthy 2009).  
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Stable Isotope Research Studies on Manatees 

The first stable isotope research on manatees was conducted by Ames et al. 

(1996). This study examined δ13C values in sloughed skin collected over a year from 

three live, captive Florida manatees (Trichechus manatus latirostris), and compared 

these samples to δ13C values from samples of the food they ate (98% lettuce, but also 

carrots, wheat sprouts, Hydrilla verticillata, Eichhornia crassipes, primate chow biscuits, 

and for one manatee, a prepared milk formula). In a second part of the same study, 

Ames et al. analyzed tissue samples (liver, kidney, blubber and skin) from dead, wild 

Florida manatees (n=20) and compared δ13C values to values reported in the literature 

for aquatic vegetation known to be consumed by wild Florida manatees. The results 

showed that the δ13C values for skin of the captive manatees was higher an average of 

+4.10/00 over the lettuce that comprised 98% of their diet. This is higher than the 1 - 20/00 

reported for terrestrial mammals, and the higher offset may be due in part to the δ13C 

values for the remaining 2% of food sources in the study (DeNiro and Epstein 1976, 

Schoeninger and DeNiro 1984). For the one manatee that was switched from milk 

formula to lettuce during the study, the δ13C values of sloughed skin decreased over 

seven months to the same values as for the other manatees consuming lettuce, 

showing that the skin reflected the carbon signature of the new diet in that time frame 

(Ames et al. 1996). In comparison, the skin from the dead, wild manatee samples was 

more enriched than that of the captive manatees, and was consistent with the published 

δ13C values of seagrasses (Ames et al. 1996). Interestingly, although published δ13C 

values for freshwater plants eaten by wild manatees were included in this study, it 

appeared that none of the sampled wild manatees had these δ13C signals in their 

tissues. For the other tissue samples, most of the blubber samples were depleted in 13C 
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compared to the kidney, liver, and skin tissues. Peterson and Fry (1987) had previously 

found that lipids in fat reserves (such as the blubber in manatees) are generally 20/00 - 

80/00 depleted in l3C in relation to the diet. In this study plants were not collected from 

the same localities that the dead manatees had come from (difficult because the 

carcasses had been recovered from 14 different counties in Florida) and turnover rates 

of all the tissues were not considered, but it was a good first step in determining the 

relationship between the δ13C values in foods consumed by both captive and wild 

Florida manatees and in some of their tissues. Captive studies, where diet can be 

controlled, are important for determining turnover rates and species-specific trophic 

enrichment factors for specific tissues (DeNiro and Epstein 1978, Hobson and 

Wassenaar 2008).  

A 1999 study by Walker and Macko analyzed the δ13C and δ15N values from 

teeth of eight marine mammal species representing all trophic levels, including the 

Florida manatee. This was the first stable isotope study of manatee teeth, and all 

manatee samples came from the east coast of Florida. At the beginning of the study the 

authors analyzed front and back molars from three two-year-old manatees in order to 

examine isotopic heterogeneity (Walker and Macko 1999). They found that both δ13C 

and δ15N signals were less than 10/00 different between front and back teeth, but that 

these values were more heterogeneous than of any of the seven other species 

sampled, which had values varying from  0.1 – 0.40/00 (Walker and Macko 1999). In the 

discussion the authors concluded that since the results were almost homogeneous, a 

representative sample can document the dental isotopic signatures for manatees. 

However, this may be an inaccurate conclusion. The sampled manatees were probably 
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young enough not to have lost and replaced any teeth yet, so it is possible the sampled 

teeth all developed at the same time, and that isotopic differences still might be seen 

between different teeth in older animals that develop new back teeth later in life after 

shedding their original teeth. Also, Florida manatees are generally known to nurse for 

their first two years (O’Shea and Hartley 1995), so if their diet had not transitioned from 

nursing to a plant diet, we would not expect to see differences in δ13C values. For the 

comparison of δ13C and δ15N values of teeth between species, teeth from ten stranded 

manatees recovered from the east coast of Florida were analyzed. Values for δ13C 

(mean -9.9 ± 0.80/00) of the Florida manatee were higher compared to all other species, 

likely reflecting a seagrass diet, and δ15N values (mean 7.8 ± 0.80/00) were lower than  

all other species, reflecting an herbivorous rather than a carnivorous diet (Walker and 

Macko 1999). Because the sampled teeth were collected from wild manatees, these 

values are a good baseline for comparison to other manatee samples from the east 

coast of Florida. This study also illustrated that long-term diets could be studied using 

an entire tooth, and short-term diets can be examined using subsets of growth layer 

groups within a tooth (Walker and Macko 1999). 

In 2006 Reich and Worthy published the first stable isotope study to examine 

relative δ15N values in addition to δ13C in skin of wild Florida manatees, which was also 

the subject of Reich’s 2001 Master’s thesis. As in Ames et al. (1996), this study also 

used skin from carcasses. Reich (2001) originally sampled epidermal, dermal, and 

muscle layers of the skin separately, but found no statistically significant difference for 

δ13C values between tissue types when they were compared using ANOVA, so only 

dermal tissues were analyzed for the 2006 publication.  Additionally, Reich and Worthy 
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(2006) collected 25 species of marine and aquatic plants from four different region of 

Florida (consistent with locations of carcass recovery) and analyzed these for δ13C and 

δ15N values. There was no significant difference in δ13C and δ15N values for plants or 

manatee samples in the same habitat within regions, but stable isotope values varied 

among regions (Reich and Worthy 2006). Data were analyzed using a dual isotope 

(δ13C and δ15N), three source (based upon freshwater, estuarine and marine plants) 

mixing model based upon mass balance equations (as shown previously above, Phillips 

and Gregg 2001). This was the first study to estimate the proportional contribution of 

food resources to manatee diets using a mixing model. To achieve results that fell within 

valid values, diet-tissue enrichment values for all animals were assumed to be 3 - 5‰ 

for 15N and 1 - 3‰ for 13C based upon previously published studies (Schoeninger & 

DeNiro 1984, Hobson and Welch 1992, Reich and Worthy 2006). These enrichment 

values fell within the accepted range for mammals in general, as well as for manatees 

specifically (Ames et al. 1996). This allowed the estimation of the proportional 

contributions of each plant category to manatee diets and to further categorize diet by 

region. Although the numbers of manatee samples for each region were small (range= 

2-11 samples per region), the mixing model results indicated that isotopic values of 

manatee epidermal layers varied significantly by region, indicating important differences 

in foraging strategies (Reich and Worthy 2006). For example, freshwater plants 

comprised half the manatees’ diet on the west and northeast coasts of Florida, but only 

10% of the diet in the southeast, and none on the central east coast of Florida. This 

showed not only that diet varied regionally, but it has implications for managing critical 

habitat for the species (Reich and Worthy 2006). At the time of this study, the turnover 
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rate for manatee skin had not been determined, so a time component was not able to 

be included in the analyses. Additionally, potential seasonal differences in δ13C and 

δ15N values for the plants were not considered.  

Carbon and nitrogen isotopic turnover rates for Florida manatee skin was first 

researched and published by Alves (Master’s thesis 2007, Alves-Stanley and Worthy 

2009). Skin from rescued manatees was collected over more than one year while 

manatees were in captivity and transitioned from a wild to captive diet (Alves-Stanley 

and Worthy 2009). Alves (2007) reported the mean half-life for 13C turnover in manatee 

epidermis as 55 days, but in later analyses the manatee data separated by habitat type.  

The mean half-life for 13C turnover was reported as 53 days for manatees rescued from 

coastal regions and 59 days for manatee skin from riverine regions (Alves-Stanley and 

Worthy 2009). Mean half-life for 15N turnover was reported as 42 days (Alves, 2007) but 

in Alves-Stanley and Worthy (2009) the data was similarly divided between coastal and 

riverine habitats and reported as mean half-life for 15N turnover at 27 and 58 days, 

respectively. The study reported that carbon half-life calculated for manatee epidermis 

was very slow compared with previous turnover studies on other species, and that this 

may be caused by the manatees’ very slow metabolism (Alves-Stanley and Worthy 

2009). Because of these slow turnover rates, δ13C and δ 15N stable isotope analysis in 

manatee epidermis can be useful in summarizing average dietary intake over several 

months. Additionally, the study reported a diet–tissue discrimination δ13C value of 2.8‰ 

for long-term captive manatees on a lettuce diet, but δ15N values did not differ between 

manatee skin and diet (Alves-Stanley and Worthy 2009).  
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In 2010, Alves-Stanley et al. published the first stable isotope research on skin 

from Antillean manatees (Trichechus manatus manatus) from Belize and Puerto Rico, 

and the same study included skin samples from wild Florida manatees sampled on the 

west coast of Florida and the St. Johns River. This study hypothesized that manatees 

would have different δ13C and δ15N signatures based upon the different types of 

vegetation in their diet, and across different regions. Results indicated that manatees 

sampled in Belize and Puerto Rico had a diet composed primarily of seagrasses, 

whereas Florida manatees exhibited greater regional variation, with some samples 

indicating manatee diets were composed of only freshwater plants, vs. other locations 

where diet only indicated seagrass (Alves-Stanley et al. 2010). Both δ13C and δ15N 

values differed based upon location in Florida and Puerto Rico, but not for sex or age 

class or combinations of factors (Alves-Stanley et al. 2010). One interesting aspect of 

this study examined epiphytes on seagrass blades for δ13C and δ15N enrichment, but 

they were found to have no significant effect on δ13C and δ15N values of seagrass 

(Alves-Stanley et al. 2010). Results of plant analyses showed that freshwater plants 

were the most depleted for 13C, estuarine plants were intermediate, and seagrasses 

were the most enriched in 13C regardless of collection location, and that δ13C values 

did not vary among seagrass species (Alves-Stanley et al. 2010). Not surprisingly, 

manatee sample δ13C values followed the same trend as the plants, and were lower in 

freshwater manatees and higher for coastal environments (Alves-Stanley et al. 2010). 

For δ15N values, all seagrasses were lower than other plants analyzed, but there was no 

difference between freshwater and estuarine species, and seagrasses did not differ 

between collection locations or between species for δ15N values (Alves-Stanley et al. 
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2010). Values for δ15N for plants also differed by season in one location (St. Johns 

River) where they were collected seasonally (Alves-Stanley et al. 2010). For manatee 

samples, Florida δ15N values were lower in manatees from coastal regions and more 

higher from freshwater areas. Belize manatee samples were even more specific, 

showing differences in δ15N values between specific lagoons (Alves-Stanley et al. 

2010). Although this study contributed valuable data for wild West Indian manatees, the 

diet-tissue discrimination values were taken from stranded manatees, which are often 

compromised and cannot be considered healthy “normal” manatees. Additionally, no 

manatee skin samples were collected from Florida’s east coast. Because the east coast 

has two of five management units for Florida manatees, it may not be prudent to 

extrapolate results to all Florida manatees without including any samples from the east 

coast in the study. Overall, this study showed that the δ13C and δ15N values of manatee 

food resources, i.e., plants, can change by region and season.  

Stable isotopes have also been used to compare food preferences and habitat 

use between fossil sirenians and the Florida manatee. Oxygen stable isotope studies in 

animals are less common than the use of carbon and nitrogen, but δ18O can be used to 

determine specific water sources used by animals (Fry 2006). The δ18O value of an 

aquatic mammal’s body water is labeled by the δ18O value of the water in which it lives, 

and populations migrating between waters with different δ18O values should exhibit 

higher variation in δ18O values than populations that remain in a single, localized water 

body (Clementz and Koch 2001). The stable isotopes δ18O and δ13C were used to 

analyze tooth enamel from fossil Florida sirenians (Protosirenidae and Dugongidae) 

from the Eocene to late Miocene epochs, and from Pleistocene and Recent manatees 
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(Trichechidae), also from Florida (MacFadden et al. 2004). Results indicated that 

Protosirenidae and extinct Dugongidae had δ13C values ranging from 1.9‰ to 4.1‰ 

(mean= 3.4), which they interpreted to represent a specialized diet of predominantly 

seagrasses, and a mean δ18O value of 30.2‰ which indicated a principally marine 

habitat (MacFadden et al. 2004). These values differed significantly from results for 

Pleistocene and Recent manatees which indicated δ13C ranging from -13.9‰ to 0.5‰ 

(mean = -5.7‰), interpreted as a more generalized diet ranging from C3 plants to 

seagrasses, and a relatively lower mean δ18O value of 29.1‰, which was interpreted as 

a more diverse preference for freshwater and marine habitats (MacFadden et al. 2004). 

As teeth develop in mammals, the enamel generally mineralizes over a period of 

several months (depending on factors such as size of the animal), and MacFadden et 

al. (2004) hypothesized that if sirenian tooth eruption time is also taken into 

consideration, this process could take up to a year in sirenians. Therefore it can serve 

as an archive of δ13C values of food consumed as well as fluctuations in body water 

δ18O values during mineralization (MacFadden et al. 2004). This paper is valuable in 

describing the technique and results for stable isotope analyses of sirenian tooth 

enamel, and for the comparison to the feeding ecology of extinct sirenians. For extant 

manatees this study used only 6 teeth from three manatees that have spent their entire 

lives in captivity and therefore did not represent the δ18O and δ13C values of wild Florida 

manatees.  

A 2007 study by Clementz et al. examined the differences in δ13C values in diet 

and three types of tissue (bone collagen, bone and tooth bioapatite) from four species of 

sirenians: the West Indian manatee, the Amazonian manatee (Trichechus inunguis), the 
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Dugong (Dugong dugon) and the extinct Steller’s sea cow (Hydrodamalis gigas). Mean 

δ13C values were then compared to those of six marine mammal species, as well as 

terrestrial herbivores and carnivores (Clementz et al. 2007). Stable carbon isotope 

values for dugong samples were extremely high for all tissue types, and consistently 

higher than those for all other marine mammals including seagrass-foraging West 

Indian manatees (Clementz et al. 2007). Interesting results for δ13C tissue-diet 

differences included ∆13Ctooth–diet values for captive manatees and those that fed on 

freshwater vegetation (12.5 - 14.2‰) were the highest of all species in the study and 

were similar to values for terrestrial ungulates, but values for dugongs and manatees 

that fed on seagrass were significantly lower (10.8 -11.1‰) (Clementz et al. 2007). 

Mean ∆13Ctooth–bone values for sirenians ranged from 1.0‰ for freshwater manatees to 

2.8‰ for seagrass-foraging manatees, and tooth bioapatite was consistently 13C-

enriched relative to bone (Clementz et al. 2007). Mean ∆13Capatite-collagen values were 

significantly higher for sirenians (6.6 ± 1.0‰) than those for the other marine mammals 

(all carnivores, mean 3.9 ± 1.3‰) (Clementz et al. 2007). In a later study Clementz et al. 

(2009a) found a significant difference in mean ∆13Capatite–collagen values between marine 

and freshwater foraging Florida manatees: while freshwater foraging manatees 

exhibited the same difference between δ13Cbioapatite and δ13Ccollagen values as terrestrial 

herbivores (and fell within a 95% confidence interval with terrestrial herbivores), 

seagrass foraging manatees had much lower ∆13Capatite–collagen values and did not fall 

within the 95% confidence interval (Clementz et al. 2009a). The authors concluded that 

these results indicate the nutritional qualities of freshwater and marine plants are 

markedly different, and that given  all manatees have the same digestive system 
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anatomy, the differences in ∆13Capatite–collagen values reflect nutritional and compositional 

differences between plant types (Clementz et al. 2009). These two studies were 

important because they highlighted both the importance of determining a species 

specific and tissue specific diet-discrimination values for δ13C, and the value of 

combined analyses of multiple tissues to determine the quality of manatee diet.  

The studies reviewed here give a general overview of most of the stable isotope 

research of Trichechids to date. Very little stable isotope research has been conducted 

for the Amazonian manatee and the dugong, and none prior to this study (Chapter 4) 

has been performed for the African manatee. Stable isotope research is a non-invasive 

way to collect valuable manatee foraging data that can greatly benefit managers in 

knowing what types of habitat to protect. Samples that can be collected for African 

manatees include bone and teeth from hunted animals, those that died naturally, and 

museum collections. Bone analyses can indicate a lifetime average diet to provide an 

accurate baseline for manatee foraging in different habitats.  

Overall Aims  

The African manatee has been the subject of the least research of any sirenian 

species, and in particular, the species has been the subject of very little genetics 

research. The two mtDNA genetics studies that have previously occurred had only a 

few samples available for analysis (Parr 2000, Vianna et al. 2006). Only five control 

region haplotypes and three cytochrome-b haplotypes have previously been published 

for the species, and these originated from only from four of 21 range countries. 

However, African manatee haplotype diversity has been shown to be highest among the 

three manatee species (Vianna et al. 2006) which hints at high overall genetic diversity. 

Basic information such as the number of distinct populations or evolutionary significant 
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units within the African manatees’ very large range, and overall genetic diversity are all 

still unknown. Additionally, there are no accurate estimates of abundance for the 

species, the effects of hunting and habitat destruction on the species are poorly 

documented, and the high level of trade in manatee bushmeat throughout western 

Africa is surely impacting many populations (IUCN 2014). Dams have isolated 

populations in many countries, and natural isolation likely occurs in inland river systems 

1000 km or more from the coast in countries such as Chad (Powell 1996, Keith Diagne 

unpublished data). Conservation efforts are hindered by a lack of basic information 

about the species.  

Detailed reports have been published on the phylogeographical distribution of 

manatees throughout their ranges, with the exception of Africa (Garcia-Rodriguez et al. 

1998, Cantanhede et al. 2005, Vianna et al. 2006, Hunter et al. 2010a, Nourisson et al. 

2011). Based upon the immense size of their range, which spans over 5930 km of 

African coastal habitat and thousands of kilometers more of inland riverine habitat, it is 

unlikely  that there is much genetic mixing between individuals from the northern end of 

the species range with those from the southern end.  Additionally, movement pattern 

data from the first satellite tracking study for African manatees (Keith Diagne et al. 

unpublished data), as well as studies of the closely related Florida manatee (Deutsch et 

al. 2003), also indicate that it is improbable that African manatees have home ranges 

greater than several hundred kilometers. Therefore it is unlikely that this species is 

panmictic. Genetics has the ability to shed light on population structure, both within 

specific countries and waterways as well as in the larger regional and range-wide 

context.  
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Additionally mtDNA, particularly cytochrome-b, is useful for estimating species 

and population divergence times (Vianna et al. 2006, Sun et al. 2011). A few previous 

estimates have been made for trichechid species divergence times (Garcia-Rodriguez 

et al. 1998, Cantanhede et al. 2005, Vianna et al. 2006), but sample sizes were very 

small for T. senegalensis in previous estimates, so more robust sample sizes as well as 

an updated estimate of rate of evolutionary change are needed for more accurate 

divergence estimates. A comparison of genetic variation between African manatees and 

the other trichechid and dugong species will increase our understanding of sirenian 

evolution.  

We also know little about the ecology of the African manatee. Stable isotope 

research is a valuable tool used to understand manatee feeding ecology, which can 

also have important conservation implications in managers in determining which types 

of food resources and habitat are important to protect. Carbon and nitrogen stable 

isotope analyses will identify the types of food resources utilized by manatees between 

the varied ecosystems in which they live, and can identify diversities in diets between 

different populations and habitat types. Bone samples from African manatees can be 

collected from hunted animals, those that died naturally, and museum collections, and 

can indicate a lifetime average diet to provide an accurate baseline for manatee 

foraging in different habitats. Additionally, comparisons of recently collected bone with 

historic or museum samples allows us to investigate differences in food resources 

utilized today with those of the past, which in turn sheds light on changes to the 

ecosystem over time.  
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Building upon genetics and stable isotope research that has begun for West 

Indian and Amazonian manatees, analyses from their African cousins will provide a 

fascinating comparison that will continue to increase our understanding of the life history 

and evolution of sirenians. Therefore, the aims of this doctoral research were: 

1. to increase the mitochondrial genetic information available for the African 
manatee  

2. to conduct a phylogeographical analysis of mitochondrial genetic data for the 
African manatee from countries across the species range. 

3. to conduct phylogenetic analysis of all extant sirenians in order to determine the 
evolutionary placement of the African manatee in relation to all other extant 
sirenians 

4. to conduct carbon and nitrogen stable isotope analysis to describe African 
manatee diet for the first time. 

5. to examine whether African manatee lifetime average diet varied based upon the 
habitat the individual lived in and due to the environmental context of differing 
plant and animal species it consumed.  

6. to use stable isotope analyses to compare historic and present day African 
manatee samples to investigate possible differences in diet due to changes in 
habitat and environment over time.  
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Figure 1-1.  The range of the African manatee, showing only major rivers. The locations 

of major dams are indicated by red bars, and the location of new major dams 
under construction are shown by orange bars. Base map courtesy of Ellen 
McIlhinny.  
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Figure 1-2.  The eight skull morphometric variables used by Domning and Hayek (1986) 

to confirm species identity of the three extant manatees, T. manatus, T. 
senegalensis and T. inunguis. Photos V30-V76 courtesy of Daryl Domning 
and Caryn Self-Sullivan, Photos V91-V98 by Lucy Keith Diagne. 
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Figure 1-2. Continued 
A) V30: Extensions of posterolateral borders of supraorbital processes 
intersect: anterior to the posterior end of the mesorostral fossa, or about at its 
posterior end or less than 2 cm behind it or 2 cm or more behind it.  
B) V34: A distinct ridge (“crista orbitotemporalis”) that does or does not run 
posteroventrally from lateral side of base of supraorbital process. 
C) V37: Portion of frontal-parietal suture crossing skull roof straight, or 
strongly curved. 
D) V47: Dorsolateral border of exoccipital (adjacent to mastoid foramen) 
relatively smooth and rounded or forms a prominent posteriorly-overhanging 
flange. 
E) V60: Transverse valleys of lower molars obstructed by distinct cristae 
obliquae extending anterolingually from hypoconids, or not obstructed. 
F) V76: Angle between occlusal plane of molars and masticating surface of 
mandibular symphysis (in degrees). 
G) V91: Shape of palatal surface of rostrum. 
H) V98: Relative separation of mandibular angles. 
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CHAPTER 2 
RANGE-WIDE GENETIC DIVERSITY AND PHYLOGENETIC STRUCTURE OF THE 

AFRICAN MANATEE 

Study Rationale and Objectives  

The African manatee (Trichechus senegalensis) is one of the least understood 

marine mammals in the world. The range of the species is larger than the width of the 

United States and includes 21 countries along the Atlantic coast of Africa from 

Mauritania to Angola, and the interior countries of Mali, Niger and Chad. To date there 

have been very few studies on the species, most of which were short term field surveys 

with no follow up or local capacity building (Nishiwaki et al. 1982, Reeves et al. 1988, 

Grigione 1996, Silva and Araújo 2001). There are no accurate estimates of abundance 

for the species anywhere in its range and the impact of hunting and habitat destruction 

are poorly documented, but the trade in manatee bushmeat is well known throughout 

Africa. In recent times hydroelectric and agricultural dams have also isolated manatee 

populations in many major rivers, including the Senegal, Niger and Volta Rivers. Dam 

structures have also killed manatees both through entrapment and death in water 

control gates (Powell 1996, L. Keith Diagne unpublished data). Natural isolation is also 

believed to occur in inland river systems 1000 km and more from the coast in countries 

such as Chad. Prior to the current study, less than 25 genetic samples had been 

analyzed for the species, all of which came from only six of the twenty-one range 

countries: Ghana, Cameroon, Gabon, Niger, Chad, and Guinea-Bissau (Parr 2000, 

Vianna et al. 2006). The lack of genetic information is not only of academic importance, 

but is necessary for conservation. It is believed that threats to the species, including 

illegal hunting, isolation of populations due to dams, and other anthropogenic causes 

may be resulting in serious population declines in many countries where the species 
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occurs. Conservation and management efforts are greatly hindered by a lack of basic 

information about the species, including phylogeographic structure and genetic 

diversity. 

The International Union for the Conservation of Nature (IUCN) Red List category 

and criteria classifies the African manatee as Vulnerable and estimates that there is a 

high probability of a 30% or greater reduction in population size that will result within a 

90 year, three generation period (Keith Diagne and Powell 2014). The Convention of 

Migratory Species (CMS) raised the species from Annex II to Annex I in 2009 in 

recognition of the high levels of threats to the species. Additionally, the Convention on 

International Trade in Endangered Species (CITES) voted at their Conference of Parties 

in March 2013 to raise the species from Appendix II to Appendix I, which bans all legal 

international trade, but leaves enforcement of illegal trade up to the range countries. 

Overall, the trajectory for the African manatee is believed to be in serious decline 

without drastic and wide-ranging conservation efforts on their behalf (Keith Diagne and 

Powell 2014).  

The African manatee has been the subject of the least genetics research of any 

sirenian species. Genetic analysis is a useful tool that has been increasingly applied 

over the past 25 years to assist biologists and managers in understanding manatee 

population structure, genetic diversity, evolution, and phylogeography. Basic 

information, such as the number of distinct populations or evolutionary significant units 

within the species’ large range, the chromosome number for the species, and overall 

genetic diversity is still unknown. Therefore, range-wide genetic analyses could assist in 

addressing the paucity of baseline data by determining distinct populations, relatedness 
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between populations, effective population sizes, and indicators of population changes 

such as bottlenecks, which are effective in assessing the true impact of threats and 

informing conservation and management decisions.  

Only two mitochondrial DNA (mtDNA) genetic studies have previously occurred 

for African manatees: Parr (2000) analyzed 21 samples from five countries (Cameroon, 

Chad, Gabon, Ghana, and Guinea-Bissau), and Vianna et al. (2006) used six of the 

same samples from three of the countries (Chad, Ghana and Guinea-Bissau) and one 

new sample from Niger. Parr (2000) reported the collection location of samples within 

each country, but no sample information was provided by Vianna et al. (2006). Analyses 

by Parr (2000) reported three clusters that were geographically differentiated: one from 

Guinea-Bissau, one from Chad, and one that included samples from Cameroon, Gabon, 

and Ghana. Vianna et al. (2006) identified and published five control region haplotypes 

of 410 base pairs (bp) and three cytochrome-b haplotypes of 615 bp from the four 

different locations. Haplotypes are a combination of alleles on adjacent loci that are 

inherited together, which are indicators of genetic diversity, and can inform researchers 

about relatedness between populations. The control region haplotypes identified in 

Vianna et al. (2006) formed two distinct clusters: cluster I which included Y01 and Y02 

haplotypes (both from Guinea-Bissau), and cluster II included the Y03 (Ghana), Y04 

(Chad) and Y05 (Niger) haplotypes. These control region haplotypes were 

characterized by 15 polymorphic sites consisting of 14 transitions and 1 transversion 

(Vianna et al. 2006). No haplotype was shared between locations. African manatees 

displayed the highest haplotype diversity (h = 0.9333, n = 6) when compared with West 

Indian (Trichechus manatus, h = 0.8554, n = 224) and Amazonian (Trichechus inunguis, 
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h = 0.8772, n = 92) manatees, suggesting a large population size, high mutation rate, 

and/or distinct populations for African manatees (Vianna et al. 2006). The Vianna et al. 

study concluded with the recommendation that a larger population genetics study of 

African manatees should be undertaken with samples from throughout the species 

range.  

Detailed reports have been published on the phylogeographical distribution of 

manatees throughout their ranges, with the exception of Africa (Garcia-Rodriguez et al. 

1998, Cantanhede et al. 2005, Vianna et al. 2006, Hunter et al. 2010, Hunter et al. 

2012, Nourisson et al. 2011).  Therefore, the current study presents the first genetic 

analysis of African manatee populations from countries across the range. Based upon 

movement pattern data for Florida manatees and data from the first satellite tracking 

study for African manatees (Deutsch et al. 1998, Deutsch et al. 2003, Keith Diagne et 

al. in prep.), it is unlikely that African manatees have home ranges greater than several 

hundred kilometers, or that there is much genetic mixing between individuals from the 

northern end of the species range with those from the southern end. Therefore, it is 

unlikely this species is panmictic.  

The objective of this research was to utilize genetics as a tool to characterize 

African manatee populations and to define the geographic structure and diversity of 

those populations, both within specific waterways and countries, as well as in the larger 

range-wide context. This information will also allow for comparison of manatees 

sampled from different locations to examine population connectivity or isolation, both 

within and among countries. The non-coding mtDNA control region was chosen for use 

in these analyses since it is a commonly used means of surveying intraspecific-
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population genetic diversity. The control region is useful in determining genetic diversity 

between populations because it has a higher rate of mutation than coding regions such 

as cytochrome-b (Frankham et al. 2010). Cytochrome-b is adjacent to the control region 

on the mitochondrial genome and is also commonly used in population level studies 

because it is more conserved and can detect patterns of both relatedness and 

divergence within populations and species (Frankham et al. 2010). 

Methods 

Sample Collection 

Due to the difficulty in accessing African manatees across their large and remote 

range, all samples were collected opportunistically. Samples were collected over eight 

years during annual fieldwork starting in Gabon in 2006, Senegal in 2009, and during 

shorter term work in Mali in 2010. Samples for analysis include sub-dermal or muscle 

tissue, or blood from live or dead manatees. In Gabon and Senegal manatee carcasses 

that died of both natural and anthropogenic causes, as well as live manatees were 

sampled. Additional samples from carcasses were provided by collaborators from 

Cameroon, Gabon, Guinea, Ivory Coast, Mali, Niger, and Senegal. Manatees captured 

alive (in rescue or research capture situations) were sampled according to standard 

protocols used for Florida manatees over the past 25 years: a skin sample 

approximately 2 cm x 2 cm in size was taken from the caudal margin of the tail using a 

cattle ear notcher (Bonde 2009). Samples were preserved as follows: all fresh tissue 

samples from live or dead manatees were stored in SED buffer solution (saturated 

NaCl; 250 mM EDTA, pH 7.5;20% DMSO) at room temperature. Dried samples from 

dead manatees, including dried skin and muscle tissue at least 2 cm x 2 cm, were 

stored dry, while blood was preserved using a lysis buffer (100mM Tris-HCI, pH 8; 
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100mM EDTA, pH 8;10mM NaCI; 1.0% SDS (weight/volume) that can be stored long 

term at room temperature.  

Samples were exported to the United States for analysis. All necessary permits 

to conduct this research and to export / import African manatee samples from African 

countries into the United States were obtained (from the U.S. Fish and Wildlife Service, 

as well as the countries of Gabon and Senegal). Collaborators who collected and 

exported samples for analysis obtained the appropriate research and export permits in 

their countries. Detailed records are kept for each sample, including ID number, other 

collaborator’s ID number(s), collection date and location (latitude, longitude, locality), 

any known information about the manatee (age class, sex, total length, cause of death, 

photos taken), export and import permit numbers, and additional notes of interest. A 

portion of each genetics sample collected for this study was archived for future 

analyses, to be processed as new techniques and informative studies evolve.  

A total of 65 African manatee tissue samples and one blood sample were 

collected for this study. Samples were collected from Cameroon (n=9), Gabon (n=21), 

Guinea (n=2), Ivory Coast (n=2), Mali (n=3), Niger (n=2) and Senegal (n=27). Published 

partial mtDNA control region 410 bp haplotype sequences for African manatees (n= 5) 

were downloaded from GenBank (www.ncbi.nlm.nih.gov) for comparison to new 

haplotypes identified by this study. Published partial mtDNA cytochrome-b 615 bp 

haplotypes for African manatees (n= 3) were also downloaded for analysis. 

Genetics Analysis 

Analysis of all samples was conducted at the U.S. Geological Survey, Southeast 

Ecological Science Center, Sirenia Project Conservation Genetics Laboratory in 

Gainesville, Florida, USA. For phylogenetic analyses, mtDNA was extracted using 
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Qiagen DNeasy Blood and Tissue kits (Qiagen Inc., Valencia, CA) for fresh tissue and 

blood samples, and phenol chloroform isolation for small or degraded samples 

(modified from Hillis et al. 1990). Most samples in this study required extraction using 

the phenol chloroform method. Primers CR-4 and CR-5 (Southern et al. 1988) were 

used to amplify a 410 bp portion of the mtDNA control region displacement loop. Each 

PCR reaction included: 10 ng DNA, sterile PCR water, 1 x PCR buffer (10 mM Tris-HCl, 

pH 8.3, 50 mM KCl, 0.001% gelatin; Sigma-Aldrich, Inc., St. Louis MO), 0.8 mM dNTP, 

3.0 mM MgCl2, 0.25 mM BSA, 0.25 μM of each primer, and 0.04 units of Sigma Jump 

Start Taq DNA polymerase. All PCR amplifications were carried out on a MJ thermal 

cycler (MJ Research, Waltham, MA, USA). The PCR cycling profile was as follows: 

DNA was initially denatured at 94˚C for 3 minutes, followed by 34 cycles of denature for 

1 minute at 94˚C, annealing for 1 minute at 55˚C, and extension for 1 minute at 72˚C, 

then with a final 10 minutes at 72°C. For samples which did not amplify, likely due to 

degradation, a PCR gradient was run and 50 ˚C was selected as the optimum  

annealing temperature along with increasing MgCl2 and BSA quantities in the PCR mix.  

For cytochrome-b, primers previously used by Vianna et al. (2006) to amplify a 

615 bp region of mtDNA for all three species of manatees (MVZ3 and MVZ4, based on 

Kocher et al. 1989) were used in this study, but resulted in short sequences of 329-338 

bp in all samples tested. Therefore, we used a cytochrome-b primer pair that had 

successfully amplified the complete cytochrome-b gene in 40 species of mammals, 

including the dugong (Dugong dugon) (Naidu et al. 2012). The forward MTCB-F (5’-

CCHCCATAAATAGGNGAAGG-3’) and reverse MTCB-R (5’-

AGAAYTTCAGCTTTGGG-3’) (Naidu et al. 2012) primers were run in PCR reactions 
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that included the same mix as listed above for control region PCR. A gradient PCR 

ranging from 48 – 62oC was run at the beginning to determine the optimal annealing 

temperature for the samples and the optimal amount of MgCl2 for the mix. The following 

PCR cycling profile was then used: DNA was initially denatured at 94˚C for 3 minutes, 

followed by 34 cycles of denature for 1 minute at 94˚C, annealing for 1 minute at 60˚C, 

and extension for 1 minute at 72˚C, then with a final 10 minutes at 72°C. 

PCR products were analyzed by gel electrophoresis using 5 µl of DNA and 2 µl 

of 1x load dye. Bands were compared to a 1000 kb low mass ladder. PCR product was 

cleaned using QIA Quick kits (Valencia, CA) or ExoSap purification (Affymetrix, Santa 

Clara, CA) following guidelines. For ExoSap, 5 µL of PCR product from each sample 

was mixed with 2 µL of ExoSap and the mix was heated to 37°C for fifteen minutes, 

followed by heating to 80°C for fifteen minutes to inactivate the enzyme. Samples were 

sequenced following the Big Dye v.3kit protocol using an ABI sequencer. 

Representatives from each haplotype and any ambiguous sequences were sequenced 

in both directions to ensure the accuracy of nucleotide designations.  

Statistical Analyses 

Fifty samples were sequenced for control region and aligned to previously 

published control region sequences, trimmed to 410 bp and checked for errors by hand 

using GENEIOUS v. 7.1 (Biomatters Ltd., Auckland, New Zealand). Any sample 

containing a novel haplotype or ambiguous base was sequenced in the opposite 

direction for confirmation. Control region sequences and unique haplotypes were also 

analyzed by regional location, defined as North (Senegal, Guinea-Bissau and Guinea) 

or South (Mali, Ivory Coast, Ghana, Niger, Chad, Cameroon, and Gabon) based upon 

separation of these regions in all evolutionary history models. Countries with greater 
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than seven control region sequences (Gabon, Senegal and Cameroon) were also 

analyzed separately.  

For cytochrome-b, 23 samples were successfully sequenced in both forward and 

reverse directions and concatenated in GENEIOUS to create a consensus sequence for 

each sample. Consensus sequence lengths were trimmed to 1227 bp. In order to 

compare the new sequences with three previously published cytochrome-b sequences 

(Y1, Y3 and Y4, Vianna et al. 2006), all sequences were trimmed to 605 bp due to 

nucleotide discrepancies at bp position 10, and aligned in GENEIOUS. For cytochrome-

b analyses, North was defined as samples from Senegal and Guinea, and South as 

samples from Gabon and Cameroon, based upon these separations in all evolutionary 

history models. The 23 samples which were successfully sequenced for both control 

region and cytochrome-b were concatenated and aligned in GENEIOUS to analyze 

them using a multi-locus approach. 

DNAsp software v 5.10 (Librado and Rozas 2009) was used to calculate 

summary statistics including haplotype and nucleotide diversities (Nei’s test), numbers 

of polymorphic sites, sequence divergence, population parameter of genetic diversity 

(Theta), and Tajima’s D to test for selective neutrality.  For individual locus and 

concatenated sequences, 88 evolution models were tested using the software program 

jMODELTEST2 v 2.5 (Darriba et al. 2012). Due to small sample sizes, corrected Akaike 

Information Criterion (AICc) used maximum likelihood (ML) optimality criterion to 

determine the best model for the dataset in order to estimate rates of nucleotide 

substitutions and invariant sites. The resulting models were then used in MEGA6 
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software (Tamura et al. 2013) using a ML heuristic method with 1000 bootstrap 

replicates to build phylogenetic trees.  

ARLEQUIN v 3.5 software (Excoffier and Lischer 2010) was used to calculate an 

analysis of molecular variance (AMOVA). Tests of differentiation between populations 

using pairwise ɸST statistics examined haplotype frequencies and molecular divergence 

while exact tests examined haplotype frequency distributions. Statistical significance for 

pairwise ɸST statistics, the exact test, and AMOVA were assessed using 10,000 

permutations and a statistical significance of P <0.05. The Tamura genetic distance 

model was used to allow for unequal nucleotide frequencies, and so that overall 

nucleotide frequencies and transition and transversion ratios could be computed from 

the data (Tamura 1992). The data were analyzed in a hierarchical manner to estimate 

variance components at the different spatial scales: the level of genetic differentiation 

was measured by distance among regions, among populations within regions, and 

within populations, respectively.  

Tajima’s D neutrality test (Tajima 1989), which examines whether a population is 

at neutral drift-mutation equilibrium by comparing nucleotide diversity with segregating 

sites, was tested using DNAsp. Fu's FS test of neutrality was also conducted because it 

is a more sensitive indicator of population expansion and genetic hitchhiking than 

Tajima’s D (Holsinger 2012). Fu’s FS test (Fu 1997), which estimates mutation rate 

based upon the number of unique mutations was conducted using ARLEQUIN. Both 

tests were conducted with statistical significance of P <0.05.   

Bayesian phylogenetic inference using Markov chain Monte Carlo (MCMC) 

methods was used to reconstruct evolutionary relationships between all sequences 
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within new control region and cytochrome-b haplotypes in this study, as well as 

concatenated control region / cytochrome-b sequences. MRBAYES v 3.2.1 software 

was utilized for these analyses (Ronquist et al. 2012). For control region and 

cytochrome-b haplotype sets run separately, GTR+I+G models were run for 1,000,000 

generations with a relative burnin of 25% (250,000 generations). For concatenated 

sequences, a GTR+I+G model were run for 5,000,000 generations with a relative burnin 

of 25% (1,250,000 generations). Potential Scale Reduction Factor (PSRF) was used as 

a convergence diagnostic; values approached 1.0 as runs converged. Consensus trees 

were produced using FIGTREE version 1.4.0 (Rambaut 2007). 

Results 

Mitochondrial DNA was isolated from 49 African manatee tissue samples and 

one blood sample. Intact DNA was not successfully isolated from an additional 17 

samples after multiple attempts (three tries per sample); in all cases the manatee tissue 

was highly degraded and/or had been cooked prior to being collected for this study. 

These are the first African manatee genetic samples collected and analyzed from four of 

seven countries in the study: Senegal, Guinea, Ivory Coast, and Mali. For the four 

countries where samples had previously been collected, the additional samples and the 

varied collection site localities and waterways within these countries, provided greater 

regional coverage of manatee populations to help further define population structure.  

Control Region 

Fourteen new haplotypes from six countries were identified from control region 

sequences (Table 2-1). Including the five previously published haplotypes (Vianna et al. 

2006), there are a total of 19 species haplotypes in 55 sequences. For all control region 

haplotypes high population differentiation was detected (ɸST = 0.80740). Twelve of 19 
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haplotypes (63%) were identified in more than one individual. Control region genetic 

diversity indices are shown in Table 2-2. Haplotype diversity (HD = 0.9091, n = 55) is 

higher than the averages previously reported for either of the two other manatee 

species, T. inunguis (HD =.8772, n = 92) and T. manatus (HD = .8554, n = 224) (Vianna 

et al.2006). Nucleotide diversity (π = 0.0175) fell between values reported in Vianna et 

al. (2006) for T. manatus (π = 0.0386) and T. inunguis (π = 0.0054), although if T. 

manatus clusters reported in the same publication are considered separately (T.m. 

cluster I, π = 0.0027, T.m. cluster II, π = 0.0026, T.m. cluster III, π = 0.0011), then T. 

senegalensis also has the highest nucleotide diversity of the three species. There were 

25 polymorphic sites including 21 transitions and four transversions. Nucleotide 

frequencies were A = 31.13%, T = 25.73%, C = 14.24%, and G = 28.89%. The Tajima’s 

test value (D = 1.0077) and Fu’s FS test (FS = -1.412) were not significant (P >0.05) for 

the species, therefore the null hypotheses of selective neutrality could not be rejected.  

Analysis of the 19 haplotype sequences using the program jMODELTEST2 

indicated the maximum likelihood method based on the General Time Reversible model 

with invariant sites and gamma shape parameters (GTR+I+G) was the best evolutionary 

history substitution model for this data (Nei and Kumar 2000). An initial tree for the 

heuristic search was obtained by applying the neighbor-joining method to a matrix of 

pairwise distances estimated using the maximum composite likelihood (MCL) approach. 

A discrete Gamma distribution was used to model evolutionary rate differences among 

sites (5 categories (+G, parameter = 0.0500)). The rate variation model allowed for 

some sites to be evolutionarily invariable (+I, 21.4585% sites). Evolutionary analyses 
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were conducted in MEGA6 and the resulting tree with the highest log likelihood (-

886.054) and 1000 bootstrap replicates is shown in Figure 2-1. 

The control region consensus tree and all analyses identified two distinct groups 

separated geographically into North and South regions (Figure 2-2). North included 

published haplotypes Y01 and Y02, and samples from Senegal, Guinea-Bissau and 

Guinea. South included published haplotypes Y03, Y04 and Y05, as well as sequences 

from Ivory Coast, Mali, Niger, Chad, Cameroon and Gabon. Only one haplotype (TS-

CR03) was found in both the North and South regions: it was identified in one individual 

from southern Gabon and in one individual from southern Senegal. The North regional 

clade is further separated into two geographically separated populations. The Senegal 

River population is separated from coastal Senegal, Guinea-Bissau and Guinea (Figure 

2-3). The South regional clade is separated into distinct subpopulations as well: a larger 

cluster of nine haplotypes from Gabon, Cameroon, Ghana, and Ivory Coast forms one 

subpopulation, and four haplotypes from the interior countries of Niger and Mali, as well 

as one haplotype from Cameroon form a separate group. However, few samples from 

countries located between the northern and southern regions have been collected and 

sequenced to date, so this separation should be treated with caution. The highest 

haplotype diversity from a specific country was recorded in Gabon (HD = 0.813, Figure 

2-4), but sample sizes from most countries were very small. 

The AMOVA (Table 2-3) indicated that most of the genetic variation occurred 

between the North and South regions (66%), with less variation among populations 

within regions (14.7%) and within countries (19.3%). All AMOVA results were significant 

(P < 0.05). Pairwise differentiation tests showed significant ΦST P-values (<0.05) 
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between Senegal and Guinea, Ivory Coast, Cameroon and Gabon, and between Gabon 

and Guinea, Guinea-Bissau, Mali, Niger and Cameroon (Table 2-4).  

The Bayesian analysis of 19 control region haplotypes resulted in a consensus 

tree which closely resembled the ML tree with less fine-scale structure (Figure 2-5). The 

harmonic means for the two runs were: chain 1: -889.09 and chain 2: -894.10 with a 

total harmonic mean of -893.42. Summaries were based on a total of 4002 samples 

from 2 runs. Summary statistics for partitions with frequencies of >0.10 in at least one 

run were: average deviation of split frequencies = 0.018495 and maximum standard 

deviation of split frequencies = 0.110235. Maximum PSRF parameter value was 1.012. 

Of the 3002 trees, a 50% credible set included 1501 trees, and a 99% credible set 

included 2972 trees. The consensus tree indicated the same regional North / South 

separation, as well as subpopulations with regions, of all haplotypes in the ML 

consensus tree. One notable difference from the ML analysis was that the Mali sample, 

TS-CR06, did not align with the inland haplotypes in the Bayesian analysis, but rather 

formed a separate group with an Ivory Coast sample, TS-CR05. 

Of the 14 newly identified haplotypes, only four were found in more than one 

country. One of these (TS-CR03) was identified both in coastal Senegal and coastal 

Gabon, at opposite ends of the African manatee range, over 4565 km apart (Figure 2-

2). In addition to the 14 new haplotypes, three of five previously published haplotypes 

from Vianna et al. (2006) were identified in new countries. The Y02 haplotype (GenBank 

accession AY963895), which was identified in Guinea-Bissau by Vianna et al. (2006), 

was documented in two individuals from the Delta Saloum region of central coastal 

Senegal. The Y03 haplotype (GenBank accession AY963896), which Vianna et al. 
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(2006) identified in Ghana, was documented in two new countries: coastal Ivory Coast 

(n=1) and Gabon (n=8). In Gabon, the haplotype was found in sequences from both the 

Ogooue River (n=3) and the N’dogo Lagoon (n=5). The Y04 haplotype (GenBank 

accession AY963897), which Vianna et al. (2006) identified from Lac Tréne in Chad, 

was documented by this study in a manatee from the Niger River in Niger. 

Cytochrome-b  

Cytochrome-b was sequenced in twenty-three samples from four countries 

(Senegal, Guinea, Cameroon, and Gabon) and resulted in nine new haplotypes for the 

species (Table 2-1). These were added to three previously published haplotypes (Figure 

2-6). Although a gradient PCR was run with the new primers and samples were 

optimized, an additional 11 samples were unable to be successfully amplified during 

PCR, or sequences had to be removed from analyses due to high levels of background 

noise. Genetic diversity indices for new cytochrome-b haplotypes are shown in Table 2-

5. Although the sample size is small, high haplotype diversity (HD = 0.8419) and low 

nucleotide diversity (π = 0.0033) were identified, similar to control region sequences. 

Although Vianna et al. (2006) did not publish the locations of origin for any of the T. 

senegalensis cytochrome-b haplotypes, the cytochrome-b locus is adjacent to the 

control region and a lack of recombination results in presumed linkage. Therefore, it is 

reasonable to assume that Y1 (GenBank accession AY965882) originated from Guinea-

Bissau, Y3 (GenBank accession AY965881) from Ghana, Y4 (GenBank accession 

AY965880) from Chad, and the new haplotypes identified by the present study would 

then represent four new countries of distribution.  

No haplotypes were shared between countries, but in Gabon one haplotype (TS-

CYTB08) was identified from both the Ogooue River and N’dogo Lagoon. Only four of 
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twelve new haplotypes (33%) occurred in more than one individual, but this may be an 

artifact of low sample sizes. The AMOVA results (Table 2-6) indicated that most of the 

genetic variation occurred between the North and South regions (70.1%), but with more 

variation between populations within regions (18.7%) than within populations (11.2%). 

All AMOVA results were significant (P < 0.05), but population results should be viewed 

with caution due to low sample sizes. Pairwise ɸST differences calculated using the 

Tamura distance model were significant between all four countries (P < 0.05), with the 

exception of Guinea and Cameroon, which may be due to small sample sizes from 

these countries (Table 2-7).   

Analysis of the nine new and three previously published African manatee 

cytochrome-b haplotypes using the program jMODELTEST2 indicated the ML method 

based on the General Time Reversible model with invariant sites and gamma shape 

parameters (GTR+I+G) was the best model for this data (Nei and Kumar 2000). MEGA6 

was used to create ML GTR+I+G trees for the twelve sequences rooted in T. manatus 

cytochrome-b haplotype M (Gen Bank accession AY965885). The tree with the highest 

log likelihood (-889.716) is shown in Figure 2-7. A discrete Gamma distribution was 

used to model evolutionary rate differences among sites (5 categories (+G, parameter = 

0.0500)) and the rate variation model allowed for some sites to be evolutionarily 

invariable (+I, 4.1725% sites). As a result of trimming the new haplotype sequences to 

605 bp for analysis with the previously published haplotypes, the new sequences 

produced only two haplotypes and aligned geographically within the North and South 

regions. The previously published haplotypes also fell within the two regions. 
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A second cytochrome-b un-rooted ML GTR+I+G tree (+I, 0.0010% sites, 5 

categories (+G, parameter = 200.0000)) was produced for the nine new haplotypes at 

1227 bp lengths. The evolutionary history was inferred by using this model in MEGA6 

and the tree with the highest log likelihood (-1767.987) is shown in Figure 2-8.  

Bayesian analyses of twelve cytochrome-b haplotypes resulted in a consensus 

tree topology identical to the structure of the cytochrome-b un-rooted ML haplotype tree 

(Figure 2-8). The harmonic means for the two runs were: chain 1: -880.51 and chain 2: -

879.82 with a total harmonic mean of -880.22. Summaries were based on a total of 

3002 samples from two runs. Summary statistics for partitions with frequencies of >0.10 

in at least one run were: average deviation of split frequencies = 0.008737 and 

maximum standard deviation of split frequencies= 0.017901. Maximum PSRF 

parameter value was 1.006. Of the 3002 trees tested, a 50% credible set included 1500 

trees and a 99% credible set included 2971 trees.  

Concatenated Control Region and Cytochrome-b Sequences 

Twenty-three control region and cytochrome-b sequences from four countries 

were concatenated to create fourteen unique 1637 bp sequences. Substitution models 

were tested with jMODELTEST2 and results indicated the GTR+I+G model was the 

best fit for the data (Log likelihood = -2515.537). Using this model, phylogenetic trees 

were created in MEGA6. The tree with the highest log likelihood (-2525.451) is shown in 

Figure 2-9. Similar to both control region and cytochrome-b phylogenetic trees, the trees 

for the concatenated sequences also strongly indicated geographic regional separation 

ɸST = 0.8891). Haplotypes in the North region were from Senegal and Guinea, while 

haplotypes from the South were from Gabon and Cameroon. Genetic diversity indexes 

included haplotype diversity (HD = 0.9051), nucleotide diversity (π = 0.00663), the 
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number of polymorphic sites (S = 33), sequence diversity (K = 10.846), mutation rate 

(mean θ (S) = 2.5479) and Tajima’s D (0.81530). Nucleotide frequencies were A = 

28.73%, T = 26.39%, C = 27.34%, and G = 17.54%. AMOVA indicated that 69.66% of 

variation was between regions, 19.26% between populations within regions and 11.09% 

between individual countries. All AMOVA values were significant (P <0.05) and a strong 

phylogenetic structure was indicated overall (ɸST = 0.8891, P <0.05). All pairwise ɸST 

differences were significant, with the exception of Cameroon with Guinea (Table 2-8).   

Separate Bayesian analyses were conducted for the 23 concatenated sequences 

as well as the 14 unique haplotypes. The 14 haplotypes resulted in a higher likelihood 

consensus tree (Figure 2-10) which was very similar to the concatenated sequence ML 

tree, with long branch lengths for the Senegal River and both Guinea sequences. The 

harmonic means for the two runs were: chain 1: -2586.94 and chain 2: -2584.59 with a 

total harmonic mean of -2586.34. Summaries were based on a total of 7502 samples 

from 2 runs. Summary statistics for partitions with frequencies of >0.10 in at least one 

run were: average deviation of split frequencies = 0.036834 and maximum standard 

deviation of split frequencies= 0.213046. Maximum PSRF parameter value was 1.076. 

Of the 7502 trees, a 50% credible set included 5877 trees and a 99% credible set 

included 13228 trees.  

Discussion 

Control Region 

Control region haplotypes exhibited high levels of diversity with 19 haplotypes, 14 

new, identified from 55 sequences. In contrast, the nucleotide diversity values indicated 

low levels of nucleotide divergence between haplotypes. Low mtDNA nucleotide 

diversity may also signal reductions in effective population sizes (Ne). Many haplotypes 
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within regions differed from each other only by 1-3 bp. The large number of haplotypes 

with minimal nucleotide differences suggest rapid expansion after experiencing a small 

effective population size. This may be the result of the colonization of the African 

continent by a small population of manatees which then expanded along the coast, 

moved into river and lagoon systems, and diverged over time. Similar stepping stone 

population models have been reported for West Indian manatees (Vianna et al. 2006, 

Nourisson et al. 2011). In this study, only one of 19 haplotypes occurred regionally 

between the North and South, only four of 19 occurred in more than one country, and a 

majority of haplotypes identified in Senegal, Gabon and Cameroon were locally 

endemic and did not occur outside specific waterways within those countries. This is a 

clear indication of rapid expansion along with possible local isolation within regions, as 

well as within populations. Since mtDNA reflects matrilineal linages, these data likely 

reflect small effective female population sizes. Additionally, given that the species 

occurs over such a large range and was generally considered abundant in many 

locations as recently as 100 years ago, it would not be surprising if large population 

sizes had existed in the recent past, and still may occur in certain countries such as 

Gabon today.  

Tajima’s D values were not significant (Table 2-2). The more sensitive Fu’s FS 

test did have two negative significant values, for the South region (FS = -4.914) and for 

Gabon (FS = -3.250), which signify recent population expansion (Holsinger 2012). These 

varying results are likely due to the differences between the statistics, with Tajima’s D 

being considered a more conservative test of nucleotide diversity, and Fu’s FS 
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incorporating mutation rates into the calculation. Caution should be used in interpreting 

Tajima’s D and Fu’s FS test results in this study, as all sample sizes were low.   

Pairwise ɸST differences and exact tests indicated significant differentiation 

among populations within and between regions (Table 2-4). Gabon was significantly 

different from all other countries except Chad, Ivory Coast and Ghana, which is 

unsurprising given the high levels of haplotype diversity identified in that country. 

Cytochrome-b 

The slower mutation rate of cytochrome-b makes it useful in determining 

evolutionary history and genetic diversity at regional population scales. Comparison of 

the previously published haplotypes (Vianna et al. 2006) with the new cytochrome-b 

haplotypes required trimming all sequences to 605 bp, which removed much of the 

diversity indicated by the longer sequences and resulted in only two haplotypes, one for 

the North region and one for the South (Figure 2-5). However, when the new 1227 bp 

length cytochrome-b sequences were analyzed separately, nine new haplotypes 

resulted (Figure 2-6). The new haplotypes indicated strong North and South regional 

separation. Thus the 1227 bp sequences presented here greatly increased the 

haplotype diversity information for the species, and almost doubled the sequence length 

reported for Trichechids. Corroborating the control region diversity results, cytochrome-

b haplotype diversity was high and nucleotide diversity was low over all 23 sequences 

analyzed. No haplotypes occurred in more than one country. 

Phylogeography of the African Manatee 

The results of AMOVA for both control region and cytochrome-b indicated that 

the majority of variation was found among regions, which is not surprising given the 

strong separation observed between the North and South in this study. Pairwise ɸST 
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differences and exact tests indicated significant differentiation among populations within 

and between regions (Tables 2-3 and 2-7). For cytochrome-b, Senegal was significantly 

different from all other countries for both tests, and Gabon was significantly different 

from all other countries except for Guinea in the exact test. Of specific interest were two 

manatees from Guinea, which both control region haplotype TS-CR04, but were found 

to be two different cytochrome-b haplotypes (with three polymorphic sites).  

Each control region, cytochrome-b, and concatenated sequence analysis 

identified a strong North versus South geographic separation of haplotypes. One 

explanation for this may be due to regional matrilineal population differences due to low 

dispersal across the large range of the species. Additionally, some of this separation is 

likely due to having few samples from countries in the middle of the range (Ivory Coast 

and Ghana) and none from other countries (particularly Sierra Leone and Liberia), but  

the separation of these two clades was strongly supported and may persist with 

additional data. Therefore, it is possible that one or more geophysical barriers may 

inhibit manatee movement between northwest Africa and the Gulf of Guinea. Barriers in 

that region include the convergence of major oceanic currents near Sierra Leone and 

Liberia (including the Canary Current, the North Equatorial Countercurrent, the 

Benguela Current, and the South Equatorial Current), well-documented coastal 

upwelling of cold water (Ingham 1970, Sarnthein et al. 1982), and an extreme narrowing 

of the continental shelf in Sierra Leone (from approximately 145 km wide at the northern 

border of the country, to approximately 32 km wide at the southern border). Hunter et al. 

(2012) reported a similar separation of manatee populations in Puerto Rico due to 

geophysical barriers including a narrow continental shelf. Once samples from countries 
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between the two current regions are included in future analyses, it will be of great 

interest to determine whether or not central areas indicate isolation by distance, or have 

a strong gene flow boundary, and where the boundary is located. Samples are 

particularly needed from Sierra Leone and Liberia, but additional samples from Ivory 

Coast, Nigeria, Ghana, Togo and Benin will also be beneficial.    

The North regional group is further divided into two geographically separated 

populations: inland (Senegal River) and coastal (Senegal, Guinea-Bissau and Guinea). 

The inland Senegal River population has been isolated since the construction of the 

Diama Dam near the mouth of the river in 1984, however, due to the phylogenetic 

separation of mtDNA haplotypes from all other African manatee sequences, this 

population appears to have been naturally isolated before construction of the dam. The 

unique Senegal River haplotypes were not identified at any other locations and the 

evolutionary history inferred from the phylogenetic analyses suggests a deep separation 

of this population from all others. There was only a single control region and 

cytochrome-b haplotype from samples collected approximately 800 miles apart in the 

river. Geographically, the Senegal River is greatly isolated from any other freshwater 

bodies: the Sahara Desert is to the north, and the Dakar peninsula, which extends out 

into the Atlantic Ocean to the edge of the continental shelf, likely acts as a barrier to 

north-south movement. The nearest freshwater source to the Senegal River is a 

network of freshwater springs in coastal Delta Saloum, approximately 340 km to the 

south. Manatee dependence on freshwater could inhibit travel outside of isolated 

sources (Hunter et al., 2012). Additionally, manatees inhabit the Senegal River up to 

950 km inland from the mouth, but generally do not migrate greater than several 
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hundred kilometers, possibly further allowing isolation of populations. Additional data 

may provide information about when this population diverged from other African 

manatee populations. Similarly, manatees in the Niger River in Niger and Mali, living 

over 2000 km inland from the coast, may have been  naturally isolated prior to the 

construction of the four major and many minor dams that now divide that river into 

smaller segments as it flows to the sea.  

Identification of three published haplotypes in new countries greatly increases 

their geographic range. The Y02 haplotype, previously identified in Guinea-Bissau, was 

documented in two new individuals from the Delta Saloum region of central coastal 

Senegal (Vianna et al. 2006). Although only the country of collection for the original six 

samples was reported by Vianna et al. (2006), the distance from Delta Saloum to the 

Guinea-Bissau border is only 178 km. This is well within the distance African manatees 

have been documented to travel. A 2009 satellite tracking study of manatees in the 

Senegal River documented movements of 141-281 km by individual manatees within 

several weeks (Keith Diagne et al. in prep). The Y03 haplotype, which Vianna et al. 

(2006) identified as collected in Ghana, was documented in coastal Ivory Coast and 

coastal and inland Gabon. In Gabon, the haplotype was found in sequences from both 

the Ogooue River (n=3)) and the N’dogo Lagoon (n=5), and it accounted for eight of 19 

(42%) samples from that country. Therefore, the Y03 haplotype has now been 

documented at four sites over 2771 km apart. The Y04 haplotype, which Vianna et al. 

identified from Lac Tréne in Chad, was documented by this study in the Niger River in 

Niger, a minimum of 1850 km away. These locations are separated by the Kainji Dam in 

Nigeria which was constructed in 1968, permanently separating populations. Therefore 
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the Y03 and Y04 haplotypes appear to be widespread across large portions of the 

range, which may indicate that these are more basal haplotypes.  

The single control region haplotype (TS-CR03) identified in both the North and 

South regions may also represent a widespread haplotype that has not yet been 

identified in other locations. Although this sequence aligns within the South regional 

group, it also appears to be the least divergent, most basal haplotype in that group. The 

one TS-CR03 manatee from Gabon was an orphan manatee that washed ashore from 

the Atlantic Ocean at the southernmost town at the border with the Congo. This young 

manatee was believed to have been carried northward by prevailing ocean currents 

from a country south of Gabon, since there are no freshwater sources in Gabon south of 

the manatee’s stranding location. Judging by barnacles on the calf, he was likely at sea 

for a minimum of one to two weeks, and may have originated from the Republic of the 

Congo, Democratic Republic of the Congo, or northern Angola.  

Fourteen of 19 control region haplotypes in this study were found only in a single 

water body (river or lagoon), which supports the hypothesis of rapid expansion after a 

population bottleneck, and may indicate local isolation in some cases. Detection of 

seven out of eight Gabon haplotypes in a single water body may indicate strong local 

adaptation and low genetic mixing. Manatees traveling between major lagoons and 

rivers in Gabon would need to move between these sites using the ocean, which has 

very strong currents and a narrow continental shelf. African manatees are rarely 

documented in the Atlantic off Gabon, and with abundant food resources in rivers and 

lagoons, generally do not need to move between freshwater habitats. As discussed 
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above, similar geophysical barriers have been hypothesized to impede movements of 

West Indian manatees (Hunter et al. 2012). 

The Southern region analyses included the furthest inland record of the African 

manatee in Mali. The sample was collected a minimum of 2956 km up the Niger River 

from the Atlantic Ocean. The sequence also consistently exhibited long branch lengths 

in both ML and Bayesian analyses, making it highly derived and indicating that this 

haplotype has likely been isolated for a long period of time. Secondly, one coastal 

Cameroon control region haplotype (TS-CR08) grouped with inland (Mali, Niger, and 

Chad) haplotypes rather than the other coastal Cameroon and Gabon haplotypes. This 

may indicate movement along the coast to or from the Niger River, which has also been 

verified by sightings of manatees in this region (E. Eniang, pers. comm.). The area of 

coastal Cameroon where the two manatee samples of this haplotype were collected is 

only 465 km south of the mouth of the Niger River, well within the normal range of 

movement of manatees, and therefore mixing between these populations is possible. 

Additionally, the presumed linked corresponding cytochrome-b and concatenated 

sequences from the same individuals strongly separated from the coastal samples, but 

in those analyses we did not have inland sequence data to include for comparison.  

Implications for Conservation of T. senegalensis 

The results presented here are only the first step in our understanding of African 

manatee genetic diversity and population boundaries across their very broad range. 

However, this matrilineal derived information does identify regional population structure, 

and local population structure within Senegal and Gabon. Knowledge of distinct 

populations will allow managers in those countries to focus conservation efforts. For 

example, trans-boundary conservation and management efforts could be set up 
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between Senegal, Guinea-Bissau, and Guinea since their coastal populations are 

regionally distinct. The Senegal River manatee population has very low mtDNA diversity 

in addition to being permanently isolated from all other African manatee populations, 

therefore it would benefit from careful management to ensure its long-term persistence.  

Nuclear DNA (paternally inherited) analyses will help to further assess fine-scale 

structure and genetic diversity. 

It is hoped that the next step will be for other African manatee biologists to 

continue to opportunistically collect manatee samples so that genetic analyses can be 

expanded to include other countries, and thereby increase the amount of information for 

the countries included in this study. There is also a critical need to calculate manatee 

population estimates across Africa to discover where populations are most at risk from 

anthropogenic threats and habitat loss. Effective population sizes can be estimated 

using molecular tools, but these studies will require additional samples from more 

individuals, since accuracy increases as the number of samples analyzed increases.  

One limitation of using mtDNA is that it is only a measure of maternal gene flow 

since there is no paternal contribution. Microsatellites and other analyses that include 

nuclear DNA are a logical next step in the evolution of genetic studies of this species to 

address fine-scale population structure, such as the lagoons with unique haplotypes 

and to better address current genetic diversity. Environmental DNA (eDNA) that can 

detect the presence of animal DNA from samples obtained from water bodies, has great 

potential for gaining information about elusive species distribution, such as that of the 

African manatee.   
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Table 2-1.  New African manatee control region and cytochrome-b partial haplotypes 
identified by this study, and collection locations.  

Name Identification Location Number of Samples 

Control Region 
  

TS-CR01 Senegal River 12 

TS-CR02 Senegal coast 3 
TS-CR03 Gabon Mayumba and 

Senegal coast  
2 

TS-CR04 Guinea 2 

TS-CR05 Ivory Coast 1 

TS-CR06 Mali Niger River 1 

TS-CR07 Cameroon Douala-Edea 1 5 

TS-CR08 Cameroon Douala-Edea 2 2 

TS-CR09 Gabon Ogooue River 1 1 

TS-CR10 Gabon Ogooue River 2 2 

TS-CR11 Gabon Ogooue River 3 1 

TS-CR12 Gabon N'gowe Lagoon 2 

TS-CR13 Gabon N'dogo Lagoon 2 2 

TS-CR14 Gabon N'dogo Lagoon 1 2 

Cytochrome-b 
  

TS-CYTB01 Senegal River 7 

TS-CYTB02 Guinea 1 1 

TS-CYTB03 Guinea 2 1 

TS-CYTB04 Cameroon Douala-Edea 1 3 

TS-CYTB05 Cameroon Douala-Edea 2 1 

TS-CYTB06 Gabon Ogooue River 1  1 

TS-CYTB07 Gabon Ogooue River 2  1 
TS-CYTB08 Gabon Ogooue River and 

N'dogo Lagoon 
6 

TS-CYTB09 Gabon N'dogo Lagoon 2 
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Table 2-2.  African manatee control region haplotype diversity indices and tests of 
neutrality, including both new and previously published haplotypes. Y01 and 
Y02 are included in the North region, and Y03-Y05 are included in the South 
region.  

Source n h HD  π S K 
Tajima's D 

test 
Fu's Fs 

test 

All sequences 55 19 0.909 0.017 25 7.172 1.008 -1.412 

         By Region: 
        North (Senegal, 

Guinea-Bissau, 
Guinea) 

22 6 0.684 0.008 16 3.251 -0.942 1.370 

 
        

South (Gabon, 
Cameroon, 
Ghana, Ivory 
Coast, Chad, 
Niger, Mali) 

33 14 0.885 0.007 15 2.996 -0.626 -4.914* 

         Selected Countries: 
       Senegal 18 4 0.543 0.007 14 2.804 -1.171 2.693 

Gabon 19 8 0.813 0.004 6 1.567 -0.282 -3.250* 

Cameroon 7 2 0.476 0.006 5 2.381 0.826 3.754 

n, number of individual samples; h, number of haplotypes; HD, haplotype diversity; π, 
nucleotide diversity; S, polymorphic sites; K, sequence diversity.  
*Significant P-values (<0.02) 
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Table 2-3.  Control region sequence analysis of molecular variance (AMOVA) for 
African manatee populations, among and between North and South regions, 
and within countries. 

Source of variation d.f. 
Sum of 
Squares 

Variance 
Components 

Percentage 
of variation P-value 

Among regions          
(North vs. South) 

1 115.29 3.86 66.00 0.000 ± 0.00* 

Among countries 
within regions 

8 32.44 0.86 14.74 0.000 ± 0.00* 

Within countries 45 50.71 1.13 19.26 0.009 ± 0.001* 

TOTAL 54 198.44 5.85     

d.f., degrees of freedom 
*Significant P-values (<0.05)  
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Table 2-4.  African manatee pairwise ɸST estimates using Tamura distance estimation (below the diagonal) and P-values 
for exact tests of pairwise haplotype frequency comparisons (above the diagonal) for ten African manatee 
populations by country. 

Country 
Guinea- 
Bissau 

Guinea  Senegal Chad
§
 Ivory Coast Mali

§
 Ghana

§
 Niger Cameroon Gabon 

Guinea-
Bissau 

0 
0.336 ± 
0.002 

0.101 ± 
0.002 

1.000 ± 
0.000 

1.000 ± 
0.000 

1.000 ± 
0.000 

1.000 ± 
0.000 

1.000 ± 
0.000 

0.055 ± 
0.001 

0.065 ± 
0.002 

Guinea  0.500 0 
0.010 ± 

0.001* 

0.334 ± 
0.001 

0.335 ± 
0.003 

0.332 ± 
0.002 

0.333 ± 
0.003 

0.335 ± 
0.002 

0.055 ± 
0.002 

0.034 ± 
0.002* 

Senegal 0.065 0.530* 0 
0.103 ± 
0.003 

0.021 ± 
0.001* 

0.100 ± 
0.003 

0.110 ± 
0.004 

0.022 ± 
0.002* 

0.000 ± 
0.000* 

0.000 ± 
0.000* 

Chad
§
 0.642 1.000 0.707 0 

1.000 ± 
0.000 

1.000 ± 
0.000 

1.000 ± 
0.000 

1.000 ± 
0.000 

0.125 ± 
0.002 

0.211 ± 
0.006 

Ivory 
Coast 

0.726 0.892 0.776* 0.459 0 
1.000 ± 
0.000 

1.000 ± 
0.000 

1.000 ± 
0.000 

0.057 ± 
0.003 

0.474 ± 
0.014 

Mali
§
   0.771 1.000 0.827 1.000 0.604 0 

1.000 ± 
0.000 

1.000 ± 
0.000 

0.125 ± 
0.003 

0.189 ± 
0.005 

Ghana
§
 0.642 1.000 0.746 1.000 -1.000 1.000 0 

1.000 ± 
0.000 

0.124 ± 
0.002 

1.000 ± 
0.000 

Niger 0.701 0.892 0.718 -1.000 0.504 0.540 0.336 0 
0.054 ± 
0.002 

0.067 ± 
0.004 

Cameroon 0.781 0.853* 0.774* 0.425 0.242 0.724 -0.289 0.422 0 
0.000 +-
0.000* 

Gabon 0.843* 0.885* 0.806* 0.664 0.235 0.839* -0.656 0.670* 0.322* 0 
§Comparisons for these populations used small sample sizes.  
*Significant P-values (P < 0.05). 
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Table 2-5.  Cytochrome-b 1227 bp haplotype diversity indices for the nine new 
haplotypes identified by this study. 

Source n h HD  π S K Tajima's D 

All sequences 23 9 0.8419 0.0033 13 3.976 0.4517 

        By Region: 
       North                         

(Senegal, Guinea) 9 3 0.4167 0.0009 4 1.0556 -1.1494 

        South                        
(Gabon, 
Cameroon) 14 6 0.7912 0.0012 7 1.4176 -1.3136 

n, number of individual samples; h, number of haplotypes; HD, haplotype diversity; π, 
nucleotide diversity; S, polymorphic sites; K, sequence diversity 
 
 
Table 2-6.  Cytochrome-b (for nine new haplotypes) sequence analysis of molecular 

variance (AMOVA) African manatee populations, among and between North 
and South regions, and within countries. 

Source of Variation d.f. 
Sum of 
Squares 

Variance 
Components 

Percentage 
of Variation P-value 

Among regions       
(North vs. South) 

1 30.50 2.36 70.10 0.000 ± 0.000* 

Among countries 
within regions 

2 6.30 0.63 18.70 0.000 ± 0.000* 

Within countries 19 7.16 0.38 11.21 0.329 ± 0.005* 

TOTAL 22 43.90 3.36     

d.f., degrees of freedom 
*Significant P-values (<0.05)  
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Table 2-7.  Cytochrome-b (n = 23 haplotypes) pairwise ɸST estimates using Tamura 
distance estimation (below the diagonal) and P-values for exact tests of 
pairwise haplotype frequency comparisons (above the diagonal) for samples 
from four African manatee countries. 

Country Senegal Guinea Cameroon Gabon 

Senegal 0 0.028 ± 0.002* 0.004 ± 0.001* 0.004 ± 0.001* 

Guinea 0.790* 0 0.195 ± 0.006 0.110 ± 0.005 

Cameroon 0.924* 0.545 0 0.005 ± 0.001* 

Gabon 0.940* 0.783* 0.535* 0 

* Significant P-values (P < 0.05). 
 
 
Table 2-8.  Concatenated control region and cytochrome-b pairwise ɸST estimates using 

distance estimation for samples from four African manatee countries. 

Country Gabon Cameroon Senegal Guinea 

Gabon 0 
   Cameroon 0.403* 0 

  Senegal 0.922* 0.916* 0 
 Guinea 0.855* 0.766 0.939* 0 

* Significant P-values (P < 0.05). 
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Figure 2-1.  African manatee control region haplotype maximum likelihood tree inferred 

by using a General Time Reversible model (GTR+I+G, Nei and Kumar 2000) 
with invariant sites ([+I], 21.4585% sites) and a discrete Gamma distribution 
(5 categories (+G, parameter = 0.1025)). The tree is rooted in Trichechus 
manatus control region haplotype M01 (Gen Bank accession AY963856) and 
is drawn to scale, with branch lengths measured in the number of 
substitutions per site and bootstrap values at nodes.  
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Figure 2-2.  Map of control region mitochondrial DNA haplotypes identified in African 
manatee samples. Fourteen new (solid colors) and five previously published 
haplotypes (patterns; Vianna et al. 2006) from 55 sequences are indicated by 
pie charts. Circle size corresponds to the total number of samples per country 
and slices are proportional to haplotypes found (see inset table). Asterisks (*) 
indicate previously published haplotypes identified at four new locations. Base 
map courtesy of Ellen McIlhinny.  
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Figure 2-3.  Map of control region haplotypes identified in Senegal manatee samples. 
Pie chart size corresponds to the number of samples in each indicated 
location and slices are proportional to haplotypes found. Three new 
haplotypes (solid colors) and one previously published haplotype (pattern; 
Vianna et al. 2006) are shown for the Senegal River (TS-CR01, n=12), Delta 
Saloum (TS-CR02 (n=3) and Y02 (n=2)), and the Casamance River (TS-CR-
03, n=1). 
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Figure 2-4.  Map of control region haplotypes identified in Gabon manatee samples. Pie 

chart size corresponds to the number of samples in each indicated location 
and slices are proportional to haplotypes found. Seven new haplotypes (solid 
colors) and one previously published haplotype (pattern; Vianna et al. 2006) 
are shown for the Ogooue River (TS-CR09 (n=1), TS-CR10 (n=2), TS-CR11 
(n=1) and Y03 (n=3)), N’gowe Lagoon (TS-CR12 (n=2)), N’dogo Lagoon (TS-
CR13 (n=2), TS-CR14 (n=2) and Y03 (n=5)), and Mayumba (n=1).  
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Figure 2-5.  Un-rooted neighbor-joining tree of African manatee control region 

haplotypes indicating a strong separation of North region haplotypes (lower 
right) and South Region (upper left). 
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Figure 2-6.  Map of cytochrome-b mitochondrial DNA haplotypes identified in African 
manatee samples. Nine new (solid colors) and three previously published 
haplotypes (patterns; Vianna et al. 2006) from 26 sequences are indicated by 
pie charts. Circle size corresponds to the total number of samples per country 
and slices are proportional to haplotypes found (see inset table). Gabon 
samples originated from two locations: Ogooue River (n=6) and N’dogo 
Lagoon (n=4). Base map courtesy of Ellen McIlhinny. 
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Figure 2-7.  Cytochrome-b maximum likelihood GTR+I+G tree (+I, 4.1725% sites; 5 

categories +G, parameter = 0.0500) for three previously published African 
manatee haplotypes and nine new haplotypes trimmed to 605 base pair for 
comparison (log likelihood = -889.716). The tree is rooted in Trichechus 
manatus haplotype STm03 (GenBank accession AY965885) and is drawn to 
scale, with branch lengths measured in the number of substitutions per site.  
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Figure 2-8.  Cytochrome-b un-rooted maximum likelihood GTR+I+G tree (+I, 0.0010% 

sites; 5 categories +G, parameter = 200.0000) for nine new Trichechus 
senegalensis 1227 base pair haplotypes (log likelihood = -1754.188). 
Bootstrap values (1000 replicates) are shown above nodes. The tree is drawn 
to scale, with branch lengths measured in the number of substitutions per 
site. 
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Figure 2-9.  Un-rooted maximum likelihood GTR+I+G tree (+I, 1.8433% sites; 5 

categories +G, parameter = 0.0500) for 14 Trichechus senegalensis 
concatenated control region and cytochrome-b 1637 base pair sequences 
(log likelihood = -2525.451). Bootstrap values (1000 replicates) are shown 
above nodes. The tree is drawn to scale, with branch lengths measured in the 
number of substitutions per site.  
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Figure 2-10.  Un-rooted neighbor-joining tree for African manatee concatenated control 

region and cytochrome-b 1637 base pair sequences. North region sequences 
are shown at top, South region sequences at the bottom. Bootstrap values 
(1000 replicates) are shown at nodes. 
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CHAPTER 3 
PHYLOGENY OF THE AFRICAN MANATEE IN RELATION TO THE OTHER EXTANT 

TRICHECHID SIRENIANS 

Study Rationale and Objectives  

The study of manatee population genetics began in earnest only 25 years ago 

and few populations have been analyzed outside of the West Indian manatee 

(Trichechus manatus; McClenaghan and O’Shea 1988, Bradley et al. 1993, Garcia-

Rodriguez et al. 1998, Cantanhede et al. 2005, Vianna et al. 2006, Pause et al. 2007, 

Tringali et al. 2008a, Hunter et al. 2010a, Hunter et al. 2010b, Hunter et al. 2012, Luna 

et al. 2012). The African manatee (Trichechus senegalensis) is the least studied of the 

three extant manatee species due to the difficulty of studying this extremely elusive 

aquatic mammal that primarily inhabits muddy and tannic waterways in highly remote 

locations. Additionally, there are no known fossil remains for the species, and very few 

for the other two extant trichechids. The first genetic study of the African manatee was a 

doctoral dissertation by Parr in 2000 and the subsequent publication of that work (Parr 

and Duffield 2002). The study used 398 control region and 125 cytochrome-b base pairs 

and identified three distinct clusters for the African manatee: 1: Guinea-Bissau, 2: Chad, 

and 3: Ghana, Cameroon, and Gabon (Parr 2000). A study by Vianna et al. (2006) is 

the most recent and widely referenced paper examining the phylogeny of the three 

extant trichechid species: West Indian, Amazonian (Trichechus inunguis), and African 

manatees. At the time of the Vianna et al. (2006) study, only six African manatee 

samples from four countries were available, and these resulted in five published control 

region mitochondrial DNA (mtDNA) haplotypes and three cytochrome-b mtDNA 

haplotypes. Conflicting results within and between loci were presented for the 

evolutionary order of the three manatee species which were not resolved in the 
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publication. A control region neighbor-joining (NJ) tree created using a Tamura-Nei 

model in the software MEGA v. 3.0 (Kumar et al. 2004), identified the African species as 

paraphyletic and most basal to the three trichechid species. The West Indian and 

Amazonian manatees formed a monophyletic clade. However, in a median-joining 

network (MJN), the African species was shown as more closely related to the 

Amazonian manatee, which was basal, but with a dashed line indicating long branch 

lengths. The mtDNA control region is a quickly mutating locus and not well suited to 

delineate distant speciation events as a single locus.  

In contrast, analysis of cytochrome-b haplotypes in Vianna et al. (2006) and the 

resulting Maximum Parsimony (MP) and NJ consensus trees indicated that the 

Amazonian manatee was basal to the African and West Indian species, with the African 

manatee being more derived and most closely related to the West Indian manatee. In 

these analyses, the cytochrome-b trees indicated that all three of the trichechids form a 

monophyletic clade (Vianna et al. 2006). In summary, both the African and Amazonian 

manatees were identified as most basal and the clade was identified as both 

paraphyletic and monophyletic. These results are possibly due to the small African 

manatee sample sizes, analysis, and parameter selection. 

Dates of divergence in Vianna et al. (2006) were calculated using a linearized 

approach in MEGA and an evolutionary rate of 0.0066 / site / million years for 

cytochrome-b. The rate was calculated from the average divergence between Dugong 

dugon and Trichechus spp. assuming common ancestry between those lineages at a 

minimum of 20 million years ago (Mya), based on a previous morphological character 

analysis of 36 sirenian species (Domning 1994). For the African manatee, Vianna et al. 
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(2006) obtained a divergence date of 308,900 years before present from a trichechid 

ancestor, which was more recent than dates obtained for T. manatus (621,000 years 

before present) and T. inunguis (371,000 years before present). These dates of 

divergence for the three extant trichechids appear inexplicably recent, given the high 

levels of genetic differentiation. A previous publication by Domning (2002) estimated the 

divergence of the Trichechidae from the Dugongidae at approximately 33 Mya. Further, 

Blair et al. (2013) calculated a much faster mutation rate of 0.248 / site / million years for 

dugongs in Australia using mtDNA control region sequences.  

The recent identification of 23 new African manatee mtDNA control region and 

cytochrome-b haplotypes in 50 samples (Chapter 2) provided an opportunity to better 

assess African manatee diversity in relation to previously published haplotypes for 

extant trichechid species. Maximum likelihood (ML) and Bayesian analyses were 

utilized in order to clarify the evolutionary placement of African manatees in relation to 

the other trichechids. Additionally, Bayesian Markov chain Monte Carlo (MCMC) 

analysis methodologies were conducted to calculate more robust estimates of 

divergence times of extant trichechids from ancestral species, and in particular to 

elucidate the time of divergence of the African manatee from the other trichechids. 

Methods 

All currently published mtDNA control region 410 bp haplotype sequences for 

West Indian (n= 23), Amazonian (n= 34), and African (n= 5) manatees and the dugong  

(n=56) (GenBank ;www.ncbi.nlm.nih.gov) were compared to the 14 new, unpublished 

African manatee control region haplotypes identified in this study. Sequences were 

aligned using GENEIOUS software v7.1 (Biomatters Ltd., Auckland, New Zealand). 

Using the software jMODELTEST2 v 2.1.5, the data was modeled using maximum 
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parsimony (MP), distance, and maximum likelihood (ML) optimality criterion using 88 

models and 11 substitution schemes to determine the best criterion for the dataset. 

Maximum likelihood was also utilized in order to estimate rates of nucleotide 

substitutions and invariant sites (Darriba et al. 2012). Maximum likelihood heuristic 

searches were then performed utilizing MEGA6 software (Tamura et al. 2013) to identify 

the most likely phylogenetic trees. A bootstrap analysis of 1000 replicates with a 

heuristic search of two replicates of random addition sequence was performed.   

Published mtDNA cytochrome-b 615 bp haplotypes for West Indian (n=4), 

Amazonian (n= 4), and African (n= 3) manatees (GenBank), and one published partial 

mtDNA cytochrome-b 1140 bp haplotype for the dugong were aligned in GENEIOUS 

with nine unpublished African manatee sequences (Chapter 2), and trimmed to 605 bp. 

Published trichechid sequences (Vianna et al. 2006) were originally 615 bp, but we 

found discrepancies between all the published samples with all the new haplotypes at 

position 10 (published were G while all new were T in both T. senegalensis and T. 

manatus). Therefore, the first 10 bps were removed in all sequences prior to analysis. 

Analyses for control region and cytochrome-b haplotypes were performed 

separately. MRBAYES v 3.2.1 software (Ronquist et al. 2012) was utilized for Bayesian 

phylogenetic inference using Markov chain Monte Carlo (MCMC) methods to 

reconstruct evolutionary relationships among all sequences within new African control 

region and cytochrome-b haplotypes. For control region, a Hasagawa-Kishino-Yano 

(HKY) model (Hasagawa et al. 1985) ran for 2,000,000 generations with a relative 

burnin of 25% (500,000 generations). For cytochrome-b, a GTR+I+G model ran for 

1,000,000 generations with a relative burnin of 25% (250,000 generations). Potential 
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scale reduction factor (PSRF) was used as a convergence diagnostic; values 

approached 1.0 as runs converged. Consensus trees were produced using FIGTREE 

software v 1.4.0 (Rambaut 2007).  

Dating analyses were performed using the BEAST 1.7.5 package (Bouckaert et 

al. 2014). BEAST uses a Bayesian MCMC phylogenetics framework for estimating 

divergence dates through molecular clock analyses, and constructs phylogenies within 

a coalescent framework using the best-fit substitution models (Bouckaert et al. 2014). 

The BEAST file was generated using BEAUti v 1.7.5. For the cytochrome-b data set, 

samples were divided into two taxon sets: all trichechids (T. inunguis, T. manatus and T. 

senegalensis), and all trichechids plus the dugong. The sequence data were input into 

jMODELTEST2 and Akaike Information Criterion (AIC) was used to determine the 

optimal model of evolution. The HKY model was determined to be the most appropriate 

substitution model and was used for cytochrome-b sequence analysis. The age of the 

root of the ‘all trichechids plus dugong’ taxon was set to 32.7 Mya, using the midpoint of 

the range of divergence dates referenced by Domning (2002). A normal distribution 

around this calibration point was set with the 95% confidence interval between 35.9 and 

29.5 Mya. A strict clock was used, based on the documented clocklike nucleotide 

evolution in mammalian cytochrome-b (Brown 1983, Avise 2004). A random starting 

tree with a Yule prior was used. Ten million generations of MCMC were analyzed and 

parameters were logged every 1000 generations. Convergence of the MCMC runs and 

sufficient effective sample sizes (ESS) were assessed using TRACER. Ages were 

estimated for all internal nodes. The BEAST output trees were then summarized using 
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TREE ANNOTATER 1.7.5 with a 10% burnin (100,000 trees). The summary tree was 

visualized in FIGTREE 1.4.   

The identified trichechid diversification date was then used to calibrate BEAST 

analyses for the more rapidly evolving mtDNA control region data, to obtain additional 

support for the more recent divergences within Trichechus. BEAST was run again using 

similar parameters for trichechid control region haplotypes. HKY+I+G was used as the 

model of evolution as determined by AIC jMODELTEST2. A normal distribution around 

the calibration point was utilized, with 1.3 standard deviations on either side of the point. 

As with cytochrome-b analyses, a strict clock was used with a random starting tree and 

a Yule prior, and node ages were estimated. BEAST ran for 10 million generations and 

logged parameters every 1000 generations. Tracer was used to assess adequate ESS, 

TREE ANNOTATER summarized trees with a 10% burnin (100,000 trees), and 

FIGTREE visualized the output.  

Results 

Control region phylogenetic analyses were conducted on West Indian, 

Amazonian, and African manatees, and the dugong sequences. An initial analysis was 

run using all 55 dugong haplotypes, but as expected, there was no difference in the 

phylogenetic structure of the trichechid portions of the tree as a result of dugong 

phylogeny, so a single dugong haplotype (h1, GenBank accession EU835761) was 

used as an outgroup to root all subsequent ML and Bayesian control region trees. 

Results of jMODELTEST2 indicated that the HKY+G model had the highest likelihood to 

estimate rates of nucleotide substitutions. The resulting control region phylogenetic tree 

had a likelihood score of -1711.89 and an estimated value of Gamma shape parameter 

of 0.2061. A 50% majority-rule bootstrap consensus tree is shown in Figure 3-1. African 
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manatees were the most basal species after the dugong outgroup, and were distinctly 

separated from Amazonian and West Indian manatees, which formed a  monophyletic 

clade. West Indian manatee clades corresponded to previously defined clusters I, II and 

III (Vianna et al. 2006). The topology for the Amazonian manatee species remained the 

same in all control region trees, with strong supporting bootstrap values at main nodes 

separating them from the other species.  

The Bayesian consensus analysis for the same 77 control region haplotypes 

produced a similar consensus tree (Figure 3-2) to the ML tree in terms of the divergence 

of the three trichechid species, but within the African manatee it indicated further 

divergence of the North and South regions. Separation of North haplotypes from the 

South haplotypes (posterior probability (pp) = 0.834) was not significant (P > 0.05). 

However clades T. manatus (pp = 0.990) and T. inunguis (pp = 0.978) were supported 

with significant values (P < 0.05). Harmonic means for the two runs were: chain 1: -

2009.14 and chain 2: -2003.86 with a total harmonic mean of -2008.45. Summaries 

were based on a total of 6002 samples from two runs. Summary statistics for partitions 

with frequencies of >0.10 in at least one run were: average deviation of split frequencies 

= 0.009006 and maximum standard deviation of split frequencies= 0.043355. Of the 

6002 trees, a 50% credible set included 3001 trees and a 99% credible set included 

5942 trees. Maximum PRSF for parameter values was 1.009.  

Evolutionary history for 21 cytochrome-b haplotypes from West Indian, 

Amazonian, and African manatees and the dugong were also inferred by using the ML 

method, but for this gene, jMODELTEST2 indicated the General Time Reversible model 

with Gamma distribution (+G, parameter = 0.2616) and invariable sites (GTR+I+G, Nei 
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and Kumar 2000). Initial trees for the heuristic search were obtained by applying the NJ 

method to a matrix of pairwise distances estimated using the maximum composite 

likelihood (MCL) approach. The tree with the highest log likelihood (-1287.0519) was 

visualized in MEGA6 (Tamura et al. 2013) and is shown in Figure 3-3. In this analysis 

the Amazonian manatee is the most basal species after the dugong outgroup and the 

African manatee is the most derived. In this topology, the African manatee is most 

closely related to the West Indian manatee.  

Bayesian cytochrome-b analysis for all trichechids and the dugong outgroup 

resulted in harmonic means for the two runs: chain 1: -1045.69 and chain 2: -1041.58, 

with a total harmonic mean of -1045.01. Summaries were based on a total of 3002 

samples from 2 runs. Summary statistics for partitions with frequencies of >0.10 in at 

least one run were: average deviation of split frequencies = 0.002779 and maximum 

standard deviation of split frequencies= 0.007537. A NJ consensus tree is shown in 

Figure 3-4. Of the 3002 trees, a 50% credible set included 1501 trees and a 99% 

credible set included 2972 trees. Maximum PRSF for parameter values was 1.008. The 

tree was rooted in D. dugong cytochrome-b (GenBank Accession U07567). Identical 

topology to the cytochrome-b ML tree (Figure 3-3) and displayed clear separation of 

clades in all three species which align geographically, including the African manatee 

regional North and South population delineations.  

Divergence dating analyses utilizing 19 cytochrome-b haplotypes estimated the 

diversification of the extant trichechids (Figure 3-5). The time to most recent common 

ancestor (TMRCA) was run for the three trichechid species and results estimated that T. 

inunguis diverged from T. manatus and T. senegalensis at 4.91 Mya (95% distribution 
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range = 2.79 - 7.49 Mya, pp = 1). Trichechus senegalensis diverged from T. manatus at 

3.49 Mya (95% distribution range = 1.94 - 5.37 Mya, pp = 1). Additionally, the analysis 

indicated a separation of the T. senegalensis North and South regional clades at 1.51 

Mya (95% distribution range = 0.69 – 2.56 Mya, pp = 0.93). Further divergence was 

found in T. inunguis (at 2.48 Mya and again at 0.73 Mya) and T. manatus (at 2.74 Mya 

and again at 0.59 Mya). The cytochrome-b evolutionary clock rate for dugongs and 

trichechids calculated by BEAST was 0.0194 / site / million years, which is much faster 

than the rate of 0.0066 / site / million years calculated by Vianna et al. (2006).  

The obtained trichechid diversification date (4.91 Mya), was then utilized to 

calibrate BEAST analyses for 76 mtDNA control region haplotypes (Figure 3-6). This 

tree indicated the separation of T. inunguis from the other two trichechid species, as 

seen in the cytochrome-b BEAST analysis. Subsequent TMRCA results for T. inunguis 

indicated rapid radiation of haplotypes beginning at 1.33 Mya. At 4.55 Mya (pp = 1) the 

T. manatus cluster I diverged from the rest of T. manatus (II and III) and T. 

senegalensis, which is a very different separation than that which was indicated by 

cytochrome-b. The T. manatus cluster I subsequently diverged further at 1.08 Mya (pp = 

1). Then at 3.98 Mya (pp = 0.83) T. senegalensis diverged from T. manatus II and III 

(similar to the cytochrome-b divergence at 3.49 Mya), and subsequently splits into North 

and South clades at 2.03 Mya (pp = 1). In the North, the Senegal River population 

diverged from coastal populations at 1.04 Mya (pp = 0.99), while in the South the inland 

haplotypes (Niger, Chad, and Mali, as well as one Ivory Coast and one Cameroon 

haplotype) diverged from coastal haplotypes at 1.09 Mya (pp = 0.33). In all extant 
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trichechid species a rapid radiation of control region haplotypes began approximately 

1.33 – 0.91 Mya.  

Discussion 

This study investigated the evolution of the extant trichechids using additional 

African manatee sequences and three different statistical methodologies.  Maximum 

likelihood phylogenetic analyses provided a preliminary examination of data and was 

used to compare to previously published results. New methodologies examining 

trichechids included Bayesian analyses, which provided  posterior probabilities, and 

coalescent Bayesian BEAST analyses, which utilized the most rigorous testing available 

to estimate evolutionary rates. This is the first time Bayesian analyses have been 

conducted for trichechid mtDNA, and this widely used methodology increases 

confidence and reinforces morphological evidence supporting the evolutionary 

placement of these species. All analyses for both control region and cytochrome-b loci 

resulted in consensus trees that exhibited short branch lengths, which indicate rapid 

evolution (radiation) of the three extant trichechids over approximately five million years. 

The ML phylogenies for both loci for T. manatus and T. inunguis are the same as 

previously published in Cantanhede et al. (2005) and Vianna et al. (2006), but the 

inclusion of additional African manatee haplotypes with the same results revalidates the 

topology of the Trichechidae family tree. 

In the case of the African manatee, control region Bayesian analysis posterior 

probabilities and ML bootstrap evolutionary histories place it as the most basal species 

to the trichechid group. To the contrary, cytochrome-b Bayesian analyses suggest that 

the Amazonian manatee is basal and the African and West Indian species likely 

descended from a common ancestor after the Amazonian manatee diverged.  Posterior 
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probabilities and ML bootstraps, as well as both BEAST analyses for both loci strongly 

support the African manatee as being most closely related to the Antillean subspecies 

of the West Indian manatee found in the northern and Atlantic coast regions of South 

America (T. manatus clusters II and III). This result agrees with previous morphology 

studies which have also reported that the closest relative of the African manatee is the 

West Indian manatee (Domning 1982, Domning and Hayek 1986).  

Although conflicting, the results of the cytochrome-b locus are more likely to be 

accurate. The control region, a non-coding gene, is one of the most variable portions of 

the mammalian mtDNA genome and is commonly variable at the intraspecific level, 

whereas cytochrome-b, a coding gene, typically has only moderate levels of 

intraspecific variation. These attributes make the control region more useful for genetic 

variability studies among populations, while the more conserved cytochrome-b gene is 

more useful for examining deeper phylogenies among species. The markedly high 

control region diversity may affect the evolutionary order. Additionally, control region ML 

tree bootstrap values and Bayesian posterior probabilities were not as strong as those 

for cytochrome-b.  

The control region divergence dating analysis for African manatees indicated 

separations within North and South regional populations at 1.04 and 1.09 Mya 

respectively. The North separation of the Senegal River from the coastal populations 

had a very strong pp (0.99), while the South separation of the inland from the coastal 

population was not significant (0.33). The inland population did remain separate and 

distinct in all phylogenetic analyses, and may currently be starting to diverge.   
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The cytochrome-b evolutionary clock rate for dugongs and trichechids calculated 

by BEAST was 0.0194 / site / million years, which is much faster than the rate of 0.0066 

/ site / million years calculated by Vianna et al. (2006). This increased rate may have 

resulted from the longer 1227 bp cytochrome-b sequences used in this study than the 

615 bp sequences which were available to Vianna et al. (2006). However, the main 

difference in evolutionary clock rate is likely due to use of the more rigorous BEAST 

analysis in this study, which provided a more accurate estimate.  

The divergence date trees for cytochrome-b and control region haplotypes are in 

agreement for divergence estimates of individual species, with the exception of T. 

manatus cluster I diverging at 4.55 Mya from the rest of the species haplotypes on the 

control region tree. This did not result in the cytochrome-b analysis. This may be due to 

the greatly reduced number of available haplotypes for the cytochrome-b analysis (only 

four vs. 23 for control region) that also did not include all clusters (there are currently no 

cytochrome-b haplotypes for T. manatus cluster III). In the control region dating 

analysis, the divergence of T. manatus cluster I at 4.55 Mya might be explained by 

trichechid species that were already living in the Caribbean and Florida during this time 

period (Domning 2005). During this period manatees would have been geographically 

separated from T. manatus in the northern portion of South America. 

For T. senegalensis, both loci indicated speciation between 3.5 – 4 Mya. 

Domning (2005) reported that African manatees probably diverged from T. manatus 

through dispersal from South America across the Atlantic Ocean during the Pliocene (5 

– 1.8 Mya) or Pleistocene (1.8 – 0.01 Mya). The TMRCA values can vary considerably 

between simulations and therefore should be interpreted cautiously, but we believe that 
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the additional new African manatee haplotype sequences, the analyses of both 

cytochrome-b and control region for all extant trichechids, and the rigorous divergence 

dating methodology used in this study have increased the accuracy of the divergence 

time estimates. 

Divergence date estimates between 3.5 – 4.0 Mya for African manatees imply 

rapid speciation from the ancestral species during the early Pliocene Epoch. It is of 

interest to understand the environmental conditions that occurred in the tropical Atlantic 

Ocean during that time, which may have produced favorable conditions for ancestral 

African manatees to cross the Atlantic. Approximately five to four million years ago in 

the early Pliocene, land masses were in approximately the same positions as today, 

and the closure of the Central American Seaway by the formation of the Isthmus of 

Panama (by the mid-Pliocene) caused large-scale oceanic changes around the globe 

(Domning 2001b, Federov et al. 2006). Domning (2001b) theorized that the closure of 

the Central American Seaway led to the die-off of larger seagrass species that 

Caribbean dugongids depended upon, leading to their disappearance in the region, and 

this “empty niche” was concurrently filled by trichechids moving into the Caribbean from 

South America. The reorganization of ocean systems caused a permanent El Niño 

effect that created a much warmer Pacific Ocean, and the closure of the Isthmus of 

Panama increased movement of warm Atlantic water towards the poles, so that all the 

world’s oceans were an average of 3o C warmer than today (Federov et al. 2006, 

Filippelli and Flores 2009). On the West African coast, ocean temperatures were as 

much as 10o C higher during the Pliocene and cold surface waters in this region did not 

exist until 3 Mya, when the climate cooled at the end of the Pliocene (Federov et al. 



 

166 

2006, Federov et al. 2013). Sea level was 25 m higher than today due to reduced ice 

sheets at the poles, and precipitation levels were much higher, particularly across the 

tropical Atlantic Ocean from the Caribbean to West Africa (5-9 mm/day in the Pliocene 

vs. 2-7 mm/day at present; Federov et al. 2006). Due to the warmer oceans, there were 

significant decreases in coastal upwelling, wind-driven systems, and major ocean 

currents such as the Benguela current off Western Africa, resulting in “sluggish” tropical 

circulation (Sarnthein et al. 1982, Filippelli and Flores 2009). Overall the Pliocene was 

characterized by climatic stability, high sea level, calm oceanic and prevailing zonal 

wind circulation, and continental wetness (Sarnthein et al. 1982, Federov et al. 2013). 

Prevailing currents in the Atlantic today, which primarily circulate east to west, were 

largely dampened, but the North Equatorial Countercurrent (NECC), which moves from 

west to east in the central Atlantic, strengthens during warmer time periods (Billups et 

al. 1999, Höll et al. 2000, Bischof et al. 2004) and therefore may have been stronger 

during the Pliocene. 

Vianna et al. (2006) reported that analysis of T. manatus mtDNA control region 

samples showed the probable center of origin of the species to be in Colombia, based 

upon high haplotype diversity. From that region it is believed T. manatus expanded to 

the east and west along the coastal Caribbean and South America (Vianna et al. 2006). 

The results of the current study indicate that the African manatee is most closely related 

to West Indian manatee mtDNA haplotypes that originated from Colombia and the 

Atlantic coast of South America and crossed the Atlantic.  

The NECC originates in the Atlantic Ocean near French Guyana and Brazil. This 

current lies between 3-10o N latitude within the Intertropical Convergence Zone (ITCZ), 
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which is strongly influenced by seasonal west to east trade winds (Höll et al. 2000, 

Bischof et al. 2004). The NECC sweeps eastward across the Atlantic at its narrowest 

point, and is strongest in the warm summer months when it shifts northward, reaching 

the African continent near Gambia and Guinea-Bissau. In the winter the NECC 

decreases and shifts further south, reaching the African continent near Liberia 

(Richardson and Reverdin 1987, Bischof et al. 2004). Other recent work has determined 

that there is a second north core of the NECC that extends as far as 15o N latitude 

which reaches Africa near Dakar, Senegal (Urbano et al. 2006). The NECC has also 

been found to weaken or disappear in the winter months (Bischof et al. 2004). This 

current is believed to have existed in the Pliocene (Billups et al. 1999), and could have 

been a possible method of dispersal for the African manatee. It is plausible that as 

manatees moved coastally along South America during this warm period, they could 

have been caught up in this or a similar current. After 3 Mya, when the climate became 

cooler with the onset of a glacial interval, the NECC weakened or dissipated (Billups et 

al. 1999).  

Collection and analyses of additional African manatee mtDNA could identify the 

likely locations where the species first colonized the continent. Additionally, in order to 

confirm or refute the regional separation of African manatee haplotypes between the 

North and South regions, samples from the middle of the species’ range need to be 

collected and analyzed. Of particular importance will be samples from countries that 

have not yet been studied (Sierra Leone and Liberia) and countries on the “boundaries” 

between the regions (Guinea, Ivory Coast, and Ghana). 
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Few analyses for West Indian and Amazonian manatees have utilized 

cytochrome-b, likely due to low levels of diversity identified using previous techniques 

that resulted in 615 bp sequences. Additional African manatee samples with nine new 

haplotypes and longer sequences, have resulted in new evolutionary inferences and 

divergence times for the three trichechid species. These techniques have made it 

possible for further investigations of cytochrome-b in the other trichechids which may be 

useful in identifying additional mtDNA diversity in those species. 
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Figure 3-1.  HKY+G (+G, parameter = 0.2061) maximum likelihood tree for control 

region 410 bp haplotypes for Trichechus senegalensis, T. manatus clusters 
I,II,III, and T. inunguis. The tree is rooted in D. dugong h1 haplotype. Branch 
lengths are measured in the number of substitutions per site.  
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Figure 3-2.  Bayesian consensus tree of 76 trichechid control region haplotypes created 

with MRBAYES software v 3.2.1 and rooted in the D. dugong h1 haplotype. 
Posterior probabilities are shown at nodes. Scale bar represents branch 
length equal to the amount of genetic change indicated by the number.  
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Figure 3-3.  Cytochrome-b 605 bp haplotype maximum likelihood GTR+I+G 

phylogenetic tree for Trichechus senegalensis, T. manatus, and T. inunguis 
rooted in the dugong. Gamma distribution (+G, 5 categories, parameter = 
0.9974) and invariable sites (+I, 0.0000% sites). The tree is drawn to scale, 
with branch lengths measured in the number of substitutions per site, and 
bootstrap values are shown above nodes. 
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Figure 3-4.  Bayesian analysis of cytochrome-b haplotypes using MRBAYES and 

visualized in a NJ tree rooted in the dugong. The T. inunguis (Ti branches) 
are the most basal after the dugong outgroup and separated from the T. 
manatus (Tm branches) and the T. senegalensis (TS branches, lower right 
clusters). Posterior probabilities are shown at nodes. 
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Figure 3-5.  BEAST cytochrome-b output tree of sirenian dates of divergence (including 

D. dugong). Divergence date estimates, based on the separation of dugongs 
from trichechids at 32.67 Mya (Domning 2001a), are shown at nodes with 
purple bars indicating 95% distribution of dates. Time scale (millions of years 
before present) is shown below the tree.   
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Figure 3-6.  Un-rooted BEAST control region output tree of trichechid divergence. 

Species and clades within species for Trichechus senegalensis (North, South) 
and T. manatus (I, II, III) are indicated to the right of the tree. Divergence date 
estimates (at nodes) are derived from the estimated 32.7 Mya split of 
dugongs and trichechids (Domning 2001a).Posterior probabilities are in 
parentheses, and time scale (millions of years before present) is shown below 
the tree.  
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CHAPTER 4 
CARBON AND NITROGEN STABLE ISOTOPE ANALYSIS TO DETERMINE THE DIET 

OF THE AFRICAN MANATEE 

Study Rationale and Objectives  

The African manatee is a highly elusive species which inhabits numerous remote 

waterways in 21 countries. In Africa, manatees live in lagoons within equatorial 

rainforests, in rivers at the edge of the Sahara Desert, around coastal islands in the 

Atlantic Ocean, and in many other habitats in between. Plant species and African 

manatee feeding strategies vary widely between habitats (Powell 1996, Keith Diagne 

unpublished data). Florida manatees have been reported to consume over 60 species 

of plants (Ames et al. 1996), and 70 species of plants have been documented for 

African manatees to date (Appendix A; Villiers and Bessac 1948, Husar 1978, Reeves 

et al. 1988, Powell 1996, Akoi 2004, Ogogo et al. 2013, Keith Diagne this study). 

There is also strong anecdotal evidence in many African countries that African 

manatees eat fish from nets, and that they eat freshwater and estuarine mollusks in 

addition to plants (Powell 1996, Keith Diagne unpublished data). There are also several 

reports of mollusks seen in the stomachs of dead manatees (Reeves et al. 1988, Powell 

1996). Stable carbon and nitrogen isotope analysis can help verify or refute this, and if 

accurate it would be evidence of a significant dietary difference from the other extant 

manatee species. African manatees have only rarely been observed feeding, and 

opportunities to collect stomach samples from fresh carcasses are almost non-existent, 

therefore stable isotope analysis offers the best option for documenting the diet of this 

species. Additionally, because of differing δ13C and δ15N values or data between the 

habitats where African manatees live (freshwater, marine and estuarine), stable isotope 

analyses show great potential for inferring both habitat use and movement patterns for 
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the species. These data can identify diversities in diets between different populations 

and habitat types.  

Stable isotopes are an exceptionally useful tool in animal studies, particularly for 

wildlife that is difficult to observe and/or may travel over large distances (Hobson and 

Wassenaar 2008). Stable carbon isotope ratios in animal tissues (13C/12C) are used to 

identify the carbon in food sources (Peterson and Fry 1987, Hobson 1999). For 

example, carbon stable isotope ratios can indicate differences between C3 and C4 

plants, and differentiate between terrestrial, freshwater, and marine ecosystems (Fry 

2006). Differences in the stable isotope ratios of nitrogen (15N/14N) in animal tissues 

indicate the trophic level of an animal (Peterson and Fry 1987, Hobson 1999). Stable 

isotope values are denoted as delta notations (δ), either positive or negative, expressed 

as parts per mil (0/00) relative difference to the standard for the element of interest 

(Hobson and Wassenaar 2008). The delta value is determined by the standard delta 

equation: 

δ X(0/00) = (Rsample / Rstandard-1) x 1000      (4-1) 

where Rsample and Rstandard are the absolute isotope ratios of the sample and 

standard respectively, for example 13C/12C or 15N/14N.  

Bone has two components that can be used in stable isotope analyses. 

Bioapatite is the mineralized (inorganic) component of mammalian bone, and collagen 

is composed of proteins (organic portion) that are the main constituent of animal 

connective tissues (Clementz et al. 2007, Nelson and Cox 2008). Bioapatite and 

collagen incorporate carbon from different components of diet: carbon from the protein 

part of the diet is more strongly labeled in collagen, whereas carbon in blood (produced 
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through respiration and bulk dietary carbon, including carbohydrates, lipids, and 

proteins) is more strongly conserved in bioapatite (Clementz et al. 2009a). Collagen 

reflects the growth aspect of diet, and bioapatite reflects the energy aspect (Lee-Thorp 

et al. 1989). Bone collagen has been shown to have a slow turnover rate of ~7 years for 

terrestrial mammals, and is also considered to reflect a running average lifetime diet 

because although bone is remodeled, some of the original bone remains throughout the 

life of the organism (Hobson and Clark 1992, Jim 2000, Clementz et al. 2007). Turnover 

rates for bone bioapatite from terrestrial mammals have been estimated at ~4 years, but 

turnover rates specifically for manatee bone (apatite or collagen) have yet to be 

determined (Clementz et al. 2007). An enrichment range of 2-60/00 δ
 13C for bone 

collagen compared to diet has been documented for animals overall, and ungulate 

herbivores have been shown to have a bone collagen δ 13C enrichment rate of 50/00 

relative to diet (Peterson and Fry 1987, Lee-Thorp et al. 1989). Bioapatite is generally 

enriched in δ13C by 12-140/00 relative to diet for herbivore ungulates (Passey et al. 

2005). Using bone samples from D. dugong, T. manatus, and the extinct H. gigas, 

Clementz et al. (2002) determined that δ13Capatite–collagen values were statistically distinct 

between the different sirenian species studied.   

Average stepwise enrichment between diet and consumer is 3‰ δ15N per trophic 

level for bone collagen (Schoeninger and DeNiro 1984, Bocherens and Drucker 2003). 

Schoeninger and DeNiro (1984) studied δ15N in bone collagen for 66 species of 

consumers including mammals, birds, and fish, and found an approximately 3‰ δ15N 

enrichment in the mean values between herbivorous terrestrial animals (5.3‰) and 

carnivores (8.0‰), as well as marine animals with a fish diet (16.5‰) and marine 
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animals with an invertebrate diet (13.3‰). However, δ15N trophic shifts are much more 

complex to calculate, since nutritional stress (starvation or fasting), water conservation, 

and digestion can influence values (Sponheimer et al. 2003). Manatees are hindgut 

fermenters, and most studies of mammalian hindgut fermenters place them at a 

functionally lower trophic level and with lower δ15N values due to the location of the 

microflora in their digestive tracts (Sponheimer et al. 2003). However, manatees have 

been shown to be atypical of what is expected of a hindgut fermenter, due to both 

specialized features of their digestive tracts, as well as their low fiber diets of aquatic 

plants which slows the passage of food through their digestive tracts (Lanyon and 

Marsh 1995, Clementz et al. 2007, Larkin et al. 2007). Manatees exhibit highly efficient 

digestion, particularly of cellulose (64 – 97%) (Clementz et al. 2007). Additionally, δ15N 

values can shift with environmental factors including salinity, annual rainfall and soil 

acidity, and these values have been shown to increase specifically in bone collagen, 

making this tissue inappropriate to use to estimate total diet (Bocherens et al. 2005).  

Both the inorganic and organic components of bone are remodeled during growth 

throughout an animal’s lifetime (Clementz et al. 2007). Bone remodeling is 

accomplished through the removal of mineralized bone by osteoclasts, followed by the 

formation of bone matrix through the osteoblasts that subsequently become mineralized 

(Hadjidakis and Androulakis 2006). Hadjidakis and Androulakis (2006) describe the 

bone remodeling cycle as consisting of three consecutive phases: resorption, during 

which osteoclasts digest old bone; reversal, when mononuclear cells appear on the 

bone surface; and formation, when osteoblasts lay down new bone until the resorbed 

bone is completely replaced.  
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For manatees, the periosteal (ear) bone has been used to determine the age of 

individuals using a technique developed by Marmontel et al. (1996) in which the periotic 

dome of the tympano-periotic complex is sliced, and annual growth layer groups (GLG) 

are read to estimate age. Figure 4-1 illustrates the distinct layers of the manatee ear 

bone, and the location of the annual GLGs that were used to determine age (Marmontel 

et al. 1996). In a study of Florida manatees using 1213 periotic bones, resorption was 

shown to occur in the growth layer groups after 15 years of age, and increased with age 

regardless of the manatee’s length (Marmontel et al. 1996). Although the bone layers 

beneath the GLGs have not yet been studied in manatees, since all bone is remodeled 

during an organism’s lifetime, we must assume these lower layers are also remodeled. 

Marmontel et al. (1996) also analyzed ear bones from Antillean manatees (n=18) and 

found results in the GLGs similar to Florida manatees after 20 years of age. The 

Marmontel study (1996) classified levels of ear bone GLG resorption into categories 

(none, light, moderate, or heavy) based upon the number and extent of osteons (also 

known as Haversian systems) and secondary osteons that occurred within the bone due 

to remodeling as manatees age. These features disrupt or obliterate annual adhesion 

lines used to age manatees, but some of the original bone persists, allowing 

researchers to read annual lines (Marmontel et al. 1996). Thus, as the bone is 

remodeled, new tissue forms within it, in the form of osteons and secondary osteons, 

but some of the original bone persists, and stable isotope sampling will include both old 

and new tissue, giving an average of diet over the animal’s lifetime.  

Bone is also easily preserved and can tell us about the diet and life histories of 

animals from the past, since very old and fossilized bones can also be used for stable 
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isotope analyses (Peterson and Fry 1987). These data can identify diets, as well as 

diversities in diets between different populations and habitat types. In Africa, manatees 

live in many diverse habitats and are believed to feed on mollusks and fish as well as 

plants. However, this evidence of a significant dietary difference from the other manatee 

species has not yet been quantified in the scientific literature. Feeding strategies may 

also vary widely among habitats, which can influence the baseline carbon source, and 

corresponding primary and secondary consumer carbon isotope values (Peterson and 

Fry 1987). West Indian manatees (Trichechus manatus) have also been reported eating 

fish and mollusks, but this has been thought to be a rare occurrence (Powell 1978, 

Hartman 1979, Corbis and Worthy 2003). If African manatees are feeding on mollusks 

and fish, we would expect to see δ15N bone collagen values that are enriched by more 

than 3.0‰ above the plant diet, as compared to δ15N values of strictly herbivorous 

manatees (Schoeninger and DeNiro 1984, Bocherens and Drucker 2003). Animals with 

lower protein diets are more likely to exhibit greater overall diet-tissue discrimination for 

15N than those species with higher protein diets (Hobson and Wassenaar 2008). 

Nutritionally, high nitrogen protein sources are beneficial, but if African manatees 

regularly feed on other animals as part of their diet, then they are also dependent upon 

the habitats and environmental parameters that can support these other animal species, 

which may be more sensitive to environmental changes than plants and manatees are. 

Stable isotope research is a non-invasive way to collect valuable manatee foraging data 

that can greatly benefit managers in knowing what types of habitat to protect.    

In addition to the tissues themselves, the time of collection of samples is 

important: a sample collected today can give information about an animal’s recent or 
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lifetime diet and the ecosystem(s) in which it lives, but museum specimens can give 

historical information about the species’ diet and environment in the past (Hobson and 

Wassenaar 2008). Some ear bone samples collected for this study were taken from a 

museum collection in Senegal and were primarily collected in the 1940’s. A comparison 

of African manatee diet from samples collected in the past seven years with samples 

collected 70 or more years ago in the same locations gives a historical perspective 

which could have implications for conservation and management of the species today. 

For manatees living on the coast of Senegal, there have been changes including 

decreased mangrove habitat, increased coastal erosion, and sea level rise, which are 

attributed to both an increasing human population in the region and global climate 

change (Dia Ibrahima 2012). In the Senegal River, drastic changes to manatee habitat 

have occurred in the past 70 years, including the construction of two major dams (the 

Diama Dam, Senegal completed in 1984 and the Manatali Dam, Mali completed in 

1988) which now control all water flow in the river, numerous smaller dams (most 

notably the Taouey and Keur Momar Sarr dams which control all water flow into and out 

of Lac de Guiers) and increased agriculture. These changes may have altered the plant, 

mollusk and fish species that occur in this region, and increased or reduced their 

abundance and availability to manatees. We would expect to detect these differences in 

stable isotope values. In the eastern Senegal River, annual flooding extents have 

decreased since the completion of the Manatali Dam (Sandholt et al. 2003), which may 

reduce the amount of time manatees have to forage on seasonal floodplains each year 

and increase the amount of time they may need to rely on dry season forage. 

Additionally, as agricultural industries have increased in the past 70 years along these 
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waterways, they may now generate more pollution (fertilizers, pesticides, animal waste), 

and as a result we would expect to see an increased δ15N stable isotope signal due to 

increased nitrogen in the environment (Carpenter et al. 1998, Fry 2006). Increased 

nitrogen (and other nutrients such as phosphorous) in aquatic systems can cause 

problems such as toxic algal blooms, loss of oxygen, fish kills, loss of aquatic plant 

beds, and loss of biodiversity (Carpenter et al. 1998). 

Very little stable isotope research has been conducted for sirenians, and none for 

the African manatee previous to the current study (Ames et al. 1996, Walker and Macko 

1999, Clementz 2002, Reich and Worthy 2006, Clementz et al. 2007, Alves-Stanley and 

Worthy 2009, Alves-Stanley et al. 2010). African manatee ear bones have recently been 

sampled for age determination and stable carbon and nitrogen isotope analysis for the 

first time, providing an opportunity to also utilize them to determine lifetime average 

species diet using this tissue. This is the first study to use ear bones of any sirenian 

species for stable isotope analyses. We focused on manatee samples from Gabon and 

Senegal to examine average lifetime diets. The objectives of this research were to 

examine whether isotopic differences were present in African manatee lifetime average 

diet based upon three diverse ecosystems at opposite ends of the species range: 

Gabon’s freshwater lagoon systems, the Atlantic coast of Senegal, and the inland, 

freshwater Senegal River. We also investigated whether or not the sampled African 

manatees consumed mollusks and fish in addition to plants. Additionally, carbon and 

nitrogen stable isotope values from manatee ear bones collected >70 years ago in 

Senegal were compared to present day samples to investigate possible differences in 

diet due to changes in the habitat and environment over time. 
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Methods 

Sample Collection 

Reference food source samples collected in Senegal included 20 plant species, 

three fish species and four mollusk species from four villages spread out over 

approximately 172 km (107 miles) on the Senegal River in eastern Senegal, and from 

Tocc Tocc Wildlife Reserve at Lac de Guiers in northeastern Senegal. Lac de Guiers is 

adjacent to, and fed by, the Senegal River. One additional mollusk species and one 

seagrass species were collected from the Atlantic coast of Senegal at Delta Saloum. 

From Gabon, seven aquatic and shoreline plant species were collected from N’dogo 

Lagoon, seven shoreline plant species were collected from the Ogooue lakes (Ezanga 

and Oguemoué) in central Gabon, and one seagrass species was collected from 

Corisco Bay on the Atlantic coast in northern Gabon. One hermit crab species was also 

collected from Banio Lagoon in southern Gabon. Three plant species (Crinum natans, 

Jussiaea repens, and Nymphea lotus) were collected in both Gabon and Senegal. For 

each reference species at each study site, one to 18 individual samples (whole 

animals/plants or plant parts including roots, leaves, stems, seeds, and or flowers) were 

collected, for a total of 239 reference samples from 43 species.  

Twenty-four manatee ear bones were opportunistically collected from Senegal 

(n= 16) and Gabon (n= 8). Individuals ranged in age from less than one year to 39 years 

old (Keith Diagne and Brill, unpublished data). In Gabon, manatee ear bones were 

collected from carcasses between 2005-2013 at N’dogo (n= 6) and N’gowe Lagoons 

(n= 1), and Lake Onangue (n= 1) in central Gabon. For the sixteen ear bones collected 

in Senegal, six came from carcasses recovered in two locations between 2009-2013: 

five from the Senegal River in eastern Senegal, and one from Delta Saloum on the 
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Atlantic coast in central Senegal. Ten additional ear bones were sampled from 

specimens at the Institut Fondemental d’Afrique Noire (IFAN) Museum in Dakar, 

Senegal. The museum specimens were collected in the 1940’s from the Senegal River 

(n=1) and central coastal Senegal (n= 6). The remaining three museum specimens 

were not labeled with their collection location within Senegal, so their dates of collection 

are known, but not specifically where they came from. 

Samples of all plants and two fish species from Senegal were initially dried in the 

field (using sunlight, oven-drying and/or packaging with silica) prior to shipping to the 

USA. Plants were pressed using a standard biological plant press. Freshwater mussels 

and one fish species (Alestes macrolepidotus) from the Senegal River were initially 

preserved in gin (40% alcohol) in the field, and were transferred to 70% ethyl alcohol 

once they reached the laboratory, approximately two months later. Barrow et al. (2008) 

tested methods of preservation for sea turtle samples and determined that δ13C and 

δ15N values for tissues preserved in 70% ethanol were not significantly different from 

those of tissues dried at 60oC. Therefore we expect the alcohol preservative in the gin 

to have had little effect on the δ13C and δ15N values of the samples. However, we were 

unable to test for an effect of preserving mussels and fish in gin. Plant samples were 

imported under USDA permits to Import Prohibited Plant Material for Research 

Purposes issued to the PI. All African manatee samples were dried prior to shipping and 

were imported to the USA under U.S. Fish and Wildlife Service and CITES import and 

export permits issued to the PI and/or Dr. Robert Bonde. All mollusk and fish samples 

were declared to U.S. Fish and Wildlife Service agents upon their arrival in the USA, but 
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none were protected species and all were dead and preserved, therefore no additional 

permits were necessary.  

Laboratory Analysis 

Processing of all food source reference samples was conducted at the U.S. 

Geological Survey, Southeast Ecological Science Center, Benthic Ecology Laboratory in 

Gainesville, Florida, USA. Once samples reached the laboratory, they were dried for 24 

hours at 60oC in a drying oven. They were then chopped, crushed into powder, placed 

in glass vials, and dried again for 24 hours at 60oC. The powder was measured and 

sealed into single-boated tin capsules. Plant samples were measured to between 1.0 – 

1.5 mg per capsule, and animal samples were measured to between 0.400 – 0.425 mg 

per capsule. Samples were then placed in numbered trays and sent for combustion. 

Hermit crab samples were acidified with platinum chloride prior to combustion 

(Demopoulos et al. 2010). Every tenth sample was a standard (apple leaves for plants 

and bovine liver for animals) and every fifth sample was duplicated and analyzed 

adjacent to each other in order to verify both the sample results and the accuracy of the 

mass spectrometer. Analyses were performed using a Costech elemental analyzer 

(Valencia, USA) interfaced with a GV Instruments (Manchester, UK) Isoprime isotope 

ratio mass spectrometer (Demopoulos et al. 2010). All reference plant, mollusk, and fish 

samples were analyzed in the laboratory of Dr. Ray Lee at Washington State University.   

Bone sampling was conducted by Dr. John Krigbaum (University of Florida, 

Department of Anthropology) who runs their Bone Chemistry Lab and uses bone stable 

isotope analysis to study human and animal ecology, and who developed the technique 

for this study in collaboration with the PI. Since this was the first stable isotope study of 

manatee ear bones, a pilot study examined five manatee ear bones (three from Senegal 
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and two from Gabon, ranging in age from 1-34 years) in order to investigate and verify 

the accuracy of the sampling techniques. All periotic bones used in this study had 

previously been sliced in half for age determination (techniques and further results for 

age analysis will be presented elsewhere). For stable isotope analysis, bone powder 

was extracted from three different regions of each periotic bone. Bone powder was 

micro-milled from each ear bone at the base of the periotic bone (termed “A” and 

comprising the primary vascular bone), a second central layer from the middle of the 

periotic bone (termed “B” and comprising secondary vascular bone and compact 

lamellar bone), and a third outermost layer (termed “C” and comprising the growth layer 

groups laid down annually throughout the manatee’s life and the white rim). Sampling 

regions of the ear bones are shown in Figure 4-2.  

Bone Sample Mechanical Preparation  

Periotic manatee ear bones were sectioned in half (sagittal) and one half section 

was retained with the collection and the other was used for age determination and made 

available for isotopic analysis. Two rounds of sampling and analysis were conducted: 

Round I (n=5) in Fall 2013; Round II (n=19) in Spring 2014. To facilitate sampling for 

both Round I and Round II, each periotic bone sample was further sectioned (c. ¼” 

section) using a Buehler Isomet™ low speed saw using a diamond wafering blade and 

custom built chucks to secure the sample. The lateral section was reserved while the 

‘medial’ section provided a solid ‘flat’ surface that highlighted key growth layers (A-C), 

which in turn, were cored for bone collagen and bone apatite isotope analysis. 

For Round I, layers A-C were sampled using a dental drill (Brassler USA, 

Savannah, GA) for all samples. One sample which was known to be from a manatee 

calf <2 years old (MSNU1218) was sampled only for layers B-C. Drilled holes delimited 
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the perimeter cored for growth layers A and B. The outer perimeter layer C was abraded 

with a Dremel tool and a tapered carbide bit, and then the dental drill was used to 

delimit the sample removed. A total of 14 bone powder samples were collected for 

Round I (n= 4 A layers, n= 5 B layers, and n =5 C layers). For Round II, it was 

determined that layer A would not be sampled because of similarity observed in Round I 

results between A and B layers, and due to cost. For Round II, a different approach to 

sampling layers was developed.  Instead of defining the perimeter of the sample, we 

instead used a Sherline 5100 vertical milling machine (Vista, California) outfitted with a 

1/8” double-ended cutter bit. This improved the spatial resolution of each sample 

collected. Layer B was actually cored 3-4 times and sample powder collected. The outer 

‘cortex’ layer C, which had been cleaned with a Dremel tool, was sampled separately. 

Rather than ‘coring’ the edge of the bone, it was trimmed by the cutting tool until enough 

sample powder (~ 200 mg) was produced. The revised technique allowed for greater 

accuracy in sampling layers. The remaining 19 ear bones (14 from Senegal and 5 from 

Gabon, ranging in age of the manatee from less than one year to 39 years) were 

subsequently sampled using this method. A total of 38 bone powder samples were 

collected for Round II (n= 19 B layers, and n = 19 C layers). 

Once sample bone powder was obtained, each sample was sieved, the smallest 

sample fraction (<0.25 mm) was reserved for bone apatite isotopic analysis, and the 

larger sample fraction (0.25-0.5 mm) was reserved for bone collagen analysis. It should 

be noted that layers A and B were dense bone and were easily powdered during 

sampling, while layer C (the outermost layer) was more crystalized and keratin-like, 

which did not affect collagen yields. 
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Bone Sample Chemical Preparation 

Bone collagen preparation procedures followed a modified Longin protocol 

(Longin 1971) which involved demineralization of bone using hydrochloric acid (HCl) 

and gelatinizing the solution at 90° C. For Round I, 200 mg of the bone collagen fraction 

was demineralized in a 15 ml centrifuge tube with 12 ml of 0.5 M HCl acid which was 

refreshed 2-3 times, and demineralization was complete after 48-72 hours. The same 

procedure was used for Round II samples, however, 1 M HCl was used and 

demineralization was complete after 24-36 hours, with only one HCl acid refresh.  

Each sample was then rinsed to neutral pH (3-4 times) using deionized 2x 

distilled H2O (DI- H2O). Once samples were at normal pH, 12 ml of 0.125 M NaOH was 

added to each sample for 16 hours. A sodium hydroxide (NaOH) soak has been 

suggested to remove humic acids, often followed by various filtration techniques to 

remove acid-insoluble components in solution (Ambrose 1990). Afterwards each sample 

was rinsed again to neutral pH using DI- H2O, 12 ml of 10-3 M HCl was added, and the 

entire solution was transferred to pre-weighed 20 ml glass scintillation vial and placed in 

a 95° C oven for 4-5 hours. To acidify each sample and completely dissolve the 

collagen, 30-40 µl of 1 M HCl was added and the samples were returned to the 95° C 

oven for another 4-5 hours. Each sample was then poured back into its respective 

‘cleaned’ 15 ml centrifuge tube and centrifuged at 2200 rpm for 20 minutes. The 

supernatant  was transferred back to its respective ‘cleaned’ scintillation vial and each 

vial was placed in a 65° C oven until the volume was reduced to approximately 2 ml. 

Samples were then frozen for 24 hours and lyophilized for 48-72 hours, and then loaded 

for isotope ratio mass spectrometry (IRMS).   
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In order to extract bone apatite, a modified Krueger protocol was used (Lee-

Thorp et al. 1989), which involved an oxidation step to remove exogenous organics 

(collagen and non-collagenous proteins) followed by pretreatment with dilute acetic acid 

(CH3COOH). For both Round I and Round II, 50 mg of the bone apatite fraction was 

placed in a 15 ml centrifuge tube and 12 ml 50:50 bleach (2.5% sodium hypochlorite, 

NaOHCl) was added and allowed to react for 16 hours. Samples were then rinsed 3-4 

times to neutral pH with DI-H2O. After each sample was neutralized, 12 ml of 0.2 M 

acetic acid was added and allowed to react for another 16 hours. Following this, each 

sample was then rinsed to neutral pH 3-4 times, frozen for 24 hours, lyophilized for 48-

72 hours, and then loaded for IRMS.  

Stable isotopes were measured using a continuous-flow isotope ratio mass 

spectrometer (CF-IRMS) which converts samples to pure CO2, H2O or N2 gases 

(Hobson and Wassenaar 2008). Powdered samples were combusted to convert them to 

their ultrapure gaseous components and their isotopic ratios were measured in relation 

to a reference gas sample of the same type (Fry et al. 1992). Bone apatite samples 

were loaded into stainless steel boats and placed into a Kiel device coupled with a 

Finnigan MAT 252 IRMS. All isotope results were reported in standard delta notation 

relative to Vienna Pee Dee Belemnite (VPDB). The standard used was NBS-19. For 

bone collagen samples, a Thermo Scientific Delta V IRMS with a ConFlo IV interface 

linked to a Carlo Erba NA1500 Costech ECS elemental analyzer (to determine atomic 

C:N was used. All carbon isotopic results were expressed in standard delta notation 

relative to VPDB, and all nitrogen isotopic results were expressed in standard delta 

notation relative to atmospheric N2. Manatee ear bone samples were analyzed by Dr. 
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Jason Curtis at the Light Stable Isotope Mass Spectrometry Laboratory, Department of 

Geological Sciences at the University of Florida.   

Statistical Analyses 

Comparisons of δ13C and δ15N values across manatee bone samples, as well as 

in comparison to the δ13C and δ15N values of reference food sources, were tested using 

parametric and non-parametric analyses. Descriptive statistics (mean, standard 

deviation, range) were calculated in Microsoft Excel 2010. One factor analysis of 

variance (ANOVA), and tests for normality, homogeneity of variances, and equality of 

means were conducted using IBM SPSS software v 21 (SPSS Inc., New York).  The 

Shapiro-Wilk test was used to determine normality of datasets, and a Levene statistic 

was used to homogeneity of variances. Robust tests for equality of means included 

Welch’s test and Brown-Forsythe tests. The statistical significance of differences in 

mean values between sampled groups were assessed using (ANOVA), followed by the 

nonparametric Mann-Whitney U test to test for equal distributions between groups. 

Preliminary analysis to estimate sources that potentially contributed to manatee 

diet was conducted using scatterplots in Microsoft Excel. Once food sources were 

plotted, a trophic correction box assuming manatee diet-tissue enrichment values of 

+4‰ for δ13C and +3‰ for δ15N was placed in the scatterplot for each country (Figures 

4-3 and 4-4). These enrichment factors fall within the published range for mammals 

(Schoeninger and DeNiro 1984). Potential food sources were incorporated into the 

mixing model. Bayesian mixing model analysis software Stable Isotope Analysis in R 

(SIAR) v 4 (Parnell et al. 2010) was used to estimate the proportional contribution of 

potential food sources. The SIAR model can incorporate multiple dietary sources and 

the associated variance in isotopic values and uncertainties in trophic enrichment 
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factors (TEF; Parnell et al. 2010). Output from Bayesian mixing models are more robust 

than previous models because they allow for multiple dietary sources and generate 

potential dietary compositions as true probability distributions (Parnell et al. 2010). This 

analysis estimated the proportion of reference food sources that contributed to the 

entire diet of sampled manatees.   

Alves-Stanley and Worthy (2009) studied Florida manatees and determined that 

skin samples from coastal manatees had a δ13C mean enrichment of +13.8 ± 1.2‰ and 

a δ15N mean enrichment of +3.2 ± 1.0‰. The same study determined that riverine 

manatees had a δ13C mean enrichment of +4.3 ± 3.0‰ and a δ15N mean enrichment of 

+6.3 ± 1.6‰ (Alves-Stanley and Worthy 2009). Clementz (2002) determined δ13C mean 

enrichment value of 4.2 ± 3.1‰ and δ15N mean enrichment of 2.7 ± 1.7‰ for bone. For 

our study, TEF values for bone collagen were assumed to be +4.0 ± 2.0‰ for δ13C 

based upon the published range of 2 - 6‰ for animals in freshwater systems, and +3.0 

± 0.0‰ for δ15N based upon a stepwise enrichment of 3.0‰ per trophic level 

(Schoeninger and DeNiro 1984, Peterson and Fry 1987). Although the accuracy of the 

3.0‰ per trophic level δ15N enrichment value has been recently been called into 

question (McCue and Pollock 2008, O’Connell et al. 2012), it was used in this study due 

to the similarity of the value published by Clementz (2002) and the absence of any 

previous data for African manatees in Gabon and Senegal.  

Manatee samples were analyzed by SIAR for location (Senegal River, Senegal 

coastal, Senegal unknown location, and Gabon), periotic bone layer (GLG, interior 

vascular bone), age of the manatee (less than 15 years old, greater than 15 years, age 

unknown), and for Senegal recent versus historic samples (recent samples collected for 
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this study between 2009-2013, and museum samples collected >70 years ago in the 

same locations). Trophic level for manatees at each location was estimated by adding 

the TEF (3‰) to δ15N values of all baseline plants, until the mean δ15N values for 

sampled manatees was reached. Due to wide variation in δ15N baseline plant values in 

Gabon and the Senegal River, multiple trophic levels were estimated for each of these 

locations. In this way, manatees were determined to be either primary (trophic level=2), 

secondary (trophic level=3), or tertiary consumers (trophic level=4).   

Results 

Food Source Isotope Analysis 

Mean δ13C values for potential plant food sources from Gabon ranged from -30.3 

± 0.0 to -10.9 ± 0.6‰ (range = -31.7 to -10.2‰), and mean δ15N ranged from -0.5 ± 1.0 

to 9.1 ± 2.3‰ (range = -2.5 to 12.4‰, Table 4-1). In Gabon, individuals of only one 

potential prey was collected, a hermit crab species which had a mean δ13C value of -

26.7 ± 1.9‰ (range = -29.8 to -24.1‰) and a mean δ15N value of 0.3 ± 1.6‰ (range = -

2.4 to 3.0‰, Table 4-2).  

Mean δ13C values for potential plant food sources from Senegal ranged from -

28.5 ± 0.7 to -12.6 ± 0.4 (range = -29.3 to -11.38‰) and mean δ15N ranged from -0.1 ± 

1.9‰ to 10.4 ± 3.0‰ (range = -2.5 to 12.5‰, Table 4-1). For potential prey species 

(mollusks and fish) from Senegal, mean δ13C values for potential sources ranged from -

26.7 ± 1.9 to -17.5 ± 0.5‰ (range = -26.3 to -16.9‰), and δ15N ranged from 9.2 ± 0.9 to 

12.4 ± 0.3‰ (range = 7.5 to 12.7‰, Table 4-2).  

Three aquatic plant species which occurred in both Gabon and Senegal (Crinum 

natans, Jussiaea repens, and Nymphea lotus) were tested for significant δ13C and δ15N 

differences between countries (Figure 4-5). Crinum natans was significantly enriched in 
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both 13C (ANOVA, df= 10, F= 22.0, P<0.05) and in 15N in Senegal (ANOVA, df= 10, F= 

19.1, P>0.05) compared to Gabon. Jussiaea repens was not significantly different in 13C 

between Gabon and Senegal, but 15N was significantly higher in Gabon (ANOVA, df= 9, 

F= 20.8, P<0.05). Nymphea lotus in Gabon was significantly depleted in 13C compared 

to Senegal (ANOVA, df= 8, F= 41.2, P<0.05), but there was no significant difference in 

15N between Gabon and Senegal. 

Manatee Bone Isotope Analysis  

In order to examine overall dietary differences between Gabon and Senegal, all 

sampled manatees were compared together for δ13Ccollagen versus δ13Capatite (Figure 4-

6). The collagen and apatite portions of bone assimilate carbon from different 

components of the diet (Clementz et al. 2009a). The δ13Ccollagen values (reflecting 

protein) were plotted against δ13Capatite (bulk dietary carbon, including carbohydrates, 

lipids and proteins), which designates apatite-collagen spacing (∆13Cbioapatite-collagen = 

δ13Cbioapatite-δ
13Ccollagen, Clementz et al. 2009a).  This reflects the value of different 

nutrients (proteins, carbohydrates and lipids) in different diets, which also changes with 

trophic level (Lee-Thorp et al. 1989, Clementz et al. 2009a). Since significant 

differences were found in the δ13C and δ15N baseline values of the three plant species 

sampled from both Gabon and Senegal, data will  need to be normalized in order to 

compare manatee stable isotope data between Gabon and Senegal.  

Stable carbon isotope values of collagen (δ13Ccollagen) from Gabon manatees 

were at least 6.5‰ lower than δ13Ccollagen values for any location in Senegal, and 

δ13Capatite mean values for Gabon were at least 7.7‰ lower than Senegal samples 

(Table 4-3). Bone δ13Ccollagen values were significantly higher in Senegal than Gabon 

(ANOVA, df= 41, F= 88.36, P <0.05) . Bone δ13Capatite was also significantly higher in 
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Senegal than Gabon (ANOVA, df= 47, F= 112.41, P <0.05). Mean ∆13Capatite-collagen 

values varied by country but were not significantly different. Gabon ∆13Capatite-collagen 

mean was 6.5 ± 1.1 (range 4.9 - 9.2) and Senegal ∆13Capatite-collagen mean was 6.8 ± 1.8 

(range 4.7 – 9.5).  

Additionally, comparisons of overall δ15N median values for Gabon and Senegal 

were 9.74‰ and 11.57‰ respectively; and the distributions in the two groups differed 

significantly (ANOVA, df= 47, F= 17.33, P < 0.05, Mann–Whitney U = P < 0.05; Table 4-

4 and Figure 4-7). Differences for δ15N within bone layers were also significant (ANOVA, 

GLG: df= 23, F= 13.35, P <0.05; secondary vascular bone: df= 23, F= 5.13, P <0.05) 

when compared between countries. Differences for both δ13C and δ15N between bone 

layers (GLG and secondary vascular tissue, n= 8) were not significant (ANOVA, P 

>0.05) indicating that overall diet did not change throughout life for the sampled 

manatees. Differences for both δ13C and δ15N between differing age categories (<15 

years old, n= 4, and >15 years old, n= 12) were also not significant (ANOVA, P >0.05), 

indicating that diet values were similar between age groups. 

A comparison of bone layer groups by location for Senegal manatees (Figure 4-

8) did not indicate any significant trends. Senegal bone samples were not significantly 

different for either δ13C or δ15N between bone layers (GLG and secondary vascular 

tissue, n= 16), nor for δ13C and δ15N within bone layers between locations (Senegal 

coast, n= 4; Senegal River, n= 7; and Senegal unknown location, n=5). Neither δ13C nor 

δ15N were significantly different by location for historical samples (ANOVA, Senegal 

coast, n= 5; Senegal River, n= 2; and Senegal unknown location, n=2; Table 4-5). For 

recent samples collected from 2009-2013 (Senegal coast, n= 5; Senegal River, n= 11), 
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δ13C was not significantly different between locations. However, δ15N for recent samples 

was significantly higher for Senegal’s coastal manatees (ANOVA, df= 15, F= 5.66, 

P<0.05) than those in the Senegal River.   

Gabon Mixing Model Results  

Gabon plants that were included in the mixing model analysis included both C3 

plants (Crinum natans, Hybiscus tiliaceus, Jussiaea repens, Najas pectinata, Nymphea 

lotus, and Polygonum salicifolium) and C4 grasses (two Echinochloa species and 

Vossia cuspidata) (Figure 4-9). The C3 plants include both aquatic and emergent 

vegetation. Hermit crab was also included in the model. These potential diet sources 

were included based upon scatterplot results; they either fell within the box representing 

the range of stable isotope values expected for manatee food sources, or they were 

located just outside the border of the box (Figure 4-3). Based upon scatterplot results, 

the following Gabon plant species were determined as unlikely to have been consumed 

by manatees and were removed prior to SIAR analyses: Ceratophyllum demersum, 

Dissotis roundifolia, and Ruppia sp.  

Mean diet proportions were as follows: for manatees <15 years of age, plants 

made up 90% of diet (individual plant species ranged from 0 to 23%) and hermit crab 

10% (range 0 to 20%), regardless of ear bone sampling layer (Table 4-6). For manatees 

>15 years of age, all plant species combined in the model composed 93-94% of mean 

diet (individual plant species ranged from 0 to 25%) and hermit crab 6-7% (range 0 to 

16%), based upon ear bone sampling layer (GLG and secondary vascular tissue, 

respectively). Differences for both δ13C and δ15N between bone layers (GLG and 

secondary vascular tissue, n= 8) were not significant (ANOVA, P >0.05) indicating that 

overall diet did not change throughout life for the sampled manatees. Differences for 



 

196 

both δ13C and δ15N between differing age categories (<15 years old, n= 4, and >15 

years old, n= 12) were also not significant (ANOVA, P >0.05), indicating that diet values 

were similar between age groups.  

Trophic level for Gabon manatees, based upon the δ15N mean value of all plant 

species included in the mixing model (5.5‰, range 1.7 to 9.1‰), compared to the mean 

δ15N for manatees (9.6‰, range 9.4 to 9.9‰; Table 4-4), regardless of age, were 

above primary consumers but below secondary consumers. This indicates manatees 

fed on mixtures of higher and lower trophic level food resources. Additionally, the single 

manatee sample of unknown age from the Ogooue River system (δ15N 11.0 and 11.7‰ 

for two bone layers) was a secondary consumer. 

Senegal Mixing Model Results 

Senegal manatee samples collected seventy years ago (historic), regardless of 

collection location, indicated a more diverse diet than recent manatee samples collected 

in the past five years (Figure 4-10). Values for historic collagen samples ranged from -

20.2 to -7.6 for δ13C and 8.0 to 13.4 for δ15N, whereas recent collagen samples ranged 

from -15.9 to -11.2 for δ13C and 10.2 to 12.9 for δ15N. Although δ13C and δ15N means 

were not significantly different between recent and historical samples, F tests for two 

sample variances indicated that historic sample δ15N (df= 3, F= 34.5, P<0.05) variance 

for the Senegal River was significantly higher than recent sample values. F tests for two 

sample variances did not find significant differences for δ13C between recent and 

historical samples. 

Only two food source items were able to be collected and analyzed for coastal 

Senegal manatees: the seagrass Halodule wrightii and the estuarine clam Senilia 

senilis. In SIAR analyses of manatees by bone layer group (Figure 4-11), mean 
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proportions for Senilia senilis were estimated at 48% of total diet for GLG samples (SD= 

0.2, range 0.29 to 0.70), and 54% diet for the secondary vascular bone layer (SD= 0.2, 

range 0.37 to 0.72). The remaining proportions (51%, SD= 3.3, range 0.30 to 0.71; and 

46%, SD= 4.9, range 0.28 to 0.63respectively) were estimated to be Halodule wrightii 

(Figure 4-12). Trophic level for Senegal coastal manatees (δ15N values based upon age 

category and bone layer, range = 12.0 to 12.9‰) based upon δ15N mean value for 

Halodule wrightii (6.15‰) was secondary consumer. 

For Senegal River manatees, plants represented the highest proportional 

contribution to their diet for both recent and historic manatee samples. Sources which 

contributed to manatee diet for that location are shown in Figure 4-13. Based upon ear 

bone sampling layer, plants composed 46 – 57% of diet (Table 4-8). Fish and mollusks 

ranged from 24 – 27% and 19 – 24% respectively. Based upon the trophic correction 

plot (Figure 4-4), Senegal River plant species that were determined as unlikely to have 

been isotopically important diet sources and were removed prior to SIAR analyses 

included: Acacia sp., Azolla africana, Crinum natans, Jussiaea repens, Ludwigia 

leptocarpa, Nymphea lotus, Nymphea maculata, and Nymphoides indica Potamogeton 

coloratus, Salvinia nymphellula, Scirpus cubensis, Thypha australis, and five species of 

Echinochloa. The isotope data were also not consistent with manatees consuming 

snails as a significant food source.  

The trophic level for Senegal River manatees based upon δ15N values (mean = 

11.0, range = 10.7 to 11.2‰; Table 4-4) and δ15N mean values for all plant species 

included in the mixing model (4.6‰, range 0.9 to 7.2‰), was between secondary and 
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tertiary consumer, indicating a mixture of higher and lower trophic level food resources, 

and a definite contribution of animal food sources.   

Discussion 

The current results identify diet diversities between two different manatee 

populations and habitat types. Lifetime dietary differences were expected between the 

Gabon and Senegal populations because of the very different ecosystems in which 

manatees live within those two countries, over 2600 kilometers apart. Gabon is a 

Central African rainforest country, with thousands of aquatic and shoreline plant 

species, high rainfall (3050 mm annually), natural lagoon and lake systems, and low 

human density and development (human population is approximately 1.6 million). 

Senegal is a desert country, with less than 50 plant species available to manatees, low 

rainfall (340-1550 mm annually from north to south), with water flow in the Senegal 

River completely controlled by humans/dam structures, and a high human density with 

rapidly increasing development (human population is approximately 13.7 million). 

Therefore, not only are there habitat differences between these two countries, but 

distinct anthropogenic differences which may have differing influences on the ecology of 

African manatees. 

Similarities in diet values between manatees at study locations within each 

country were also expected based upon limited movement patterns for the species 

(Deutsch et al. 1998, Deutsch et al. 2003, Keith Diagne et al. in prep.), and genetic 

isolation of populations in the Senegal River and possibly within specific waterways in 

Gabon (Chapter 2). 

Two species represented potential food resources for manatees for the first time 

by this study: Hybiscus tiliaceus and Najas guadelupensis. Although African manatees 
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throughout their large range have been observed and documented eating all the plant 

species which were removed from analyses, results of the present bone samples did 

not indicate that they were likely part of the diet of the individual manatees sampled in 

this study. Also, it is difficult to obtain samples of all possible plant food resources for 

such a generalist forager, and there are likely many other plants consumed by African 

manatees that were not sampled by this study. 

Clementz (2002) interpreted differences in δ13Ccollagen-apatite values for sirenians to 

be related to varying amounts of the fiber content of their diets. Higher δ13Ccollagen-apatite 

values corresponded to higher fiber content of diet. The study reported that for herbivores 

consuming low fiber content diets (such as aquatic plants), the lack of 13C-depleted 

methane production causes bone apatite fractionation to be similar to carnivores 

(Clementz 2002). For African manatees in this study, both Gabon and Senegal 

manatees had similar proportions of aquatic and terrestrial plants in overall mean diets. 

Therefore, the variation between Gabon manatee diet (with depleted values for both 

δ13Ccollagen and δ13Capatite compared to Senegal manatee diet) may indicate the 

difference between a primarily plant-based diet (Gabon) and an omnivorous diet 

(Senegal) (Figure 4-6). Both Gabon and Senegal manatee bone were depleted in 

13Ccollagen compared to δ13Capatite. This is likely due to the carbohydrate and lipid 

components of apatite.  

Comparison of δ13C values of manatee bone between Gabon and Senegal 

placed Gabon samples primarily in the range of C3 plants, and most Senegal samples in 

the C4 range (Figure 4-4). For δ15N, however, both Gabon and Senegal manatee values 

fell within similar ranges: mean δ15N for Gabon was 9.4 – 9.9‰ and Senegal was 10.7 – 
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12.4‰ (Table 4-4, Figure 4-7). These δ15N values indicate that some manatees in both 

countries were secondary or tertiary consumers. Therefore, throughout their lives these 

individuals were likely consuming invertebrates and fish in addition to plants. In contrast, 

the results of the only previous bone stable isotope study to consider 15N for wild West 

Indian manatees indicated that the species is a primary consumer (Clementz 2002). 

However, due to previous reports of West Indian manatees feeding on fish and 

invertebrates (Powell 1978, Courbis and Worthy 2003), it would be of interest to 

investigate the potential contribution on animal sources in future studies of other 

sirenians.  The African manatee is not the first durophagous manatee (Clementz et al. 

2009b). Miosiren kocki, a Miocene Trichechid, is believed to have had a shellfish diet, 

based upon its denser palate and its low tooth enamel δ13C value (−6.3‰, as compared 

to other sirenians in the same study which had mean δ13C  enamel values of -1.0‰ ± 

2.3‰) detected in stable isotope analyses (Clementz et al. 2009b, Marsh et al. 2012). 

Gabon Manatee Diet 

Gabon manatees were documented eating both aquatic and shoreline plants 

(Reeves et al. 1988, Powell 1996, Ogogo et al. 2013, Keith et al. 2006, Keith and 

Collins 2007, Keith Diagne unpublished data). Hermit crabs, or other animal 

components with similar δ13C and δ15N values, contributed to diet in all age classes and 

ear bone layers sampled.  

Ruppia sp. is only available at the mouths of lagoons where there is high tidal 

influence from the Atlantic Ocean. The fact that it did not appear to be part of the Gabon 

manatee diets may mean that the individuals sampled in this study were feeding further 

inside lagoons. 
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Diet was not statistically significant between age groups for Gabon manatees 

based upon SIAR data. Not only does this indicate that manatee diet was similar 

between age groups, but for manatee samples from individuals <15 years old, the bone 

may be a reflection of maternal diet, since based on a study of Florida and Amazonian 

manatee ear bones, the bone may not have experienced tissue turnover until over 15 

years of age (Marmontel et al. 1996).  

One Gabon manatee (MGAO1302) was an outlier in all analyses (Figures 4-3, 4-

4, and 4-6). This sample was collected from a freshwater lake system in interior Gabon 

that had few aquatic plants but abundant shoreline vegetation (primarily C4 grasses) 

that overhung waterways, and which manatees can access. Therefore, it is unsurprising 

that this manatee sample fell in the C4 range for δ13C. All other Gabon manatee 

samples were collected from coastal lagoons which are primarily freshwater, but 

experience tidal fluctuations and saltwater intrusion during the annual dry season. The 

lagoons have abundant aquatic plants as well as shoreline vegetation (mangroves, 

grasses, tropical forest) primarily composed of C3 plants, therefore it is unsurprising that 

manatee diet had similar δ13C values as C3 plants.     

Future Gabon dietary studies should consider including mollusks and fish since 

these prey items are reported for manatees throughout Africa, including Central Africa, 

and were shown to constitute a high proportion of manatee diet in Senegal.  

Senegal Manatee Diet 

Estimated food resources for coastal Senegal manatees were likely artificially 

biased by incorporating only two food sources into the SIAR model. However, the 

sources used in the model yield the first indication of diet for African manatees in marine 

habitat. Additional sources would likely change dietary proportions of sources in this 
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study. Future collection efforts will include mangrove species, oysters, and additional 

seagrass samples.  

For Senegal River manatee samples, all four plant values that contributed to diet 

fell in the C4 range (δ13C = -18.47 to -11.38). This was unexpected for aquatic plants in 

a freshwater system, but the values for the two species identified (Crinum natans and 

Najas guadelupensis) fell within the range for aquatic plants (δ13C = -30 to -8‰ and 

δ15N = -2 to 17‰).  

The higher trophic level, approximated by δ15N values observed in Senegal 

manatees compared to Gabon manatees was expected, based upon previous reports 

that African manatees are frequently observed eating mollusks and fish, particularly in 

the dry season (Reeves et al. 1988, Powell 1996, Keith Diagne unpublished data). 

There are also two published reports of carnivory for West Indian manatees: Powell 

(1978) reported on manatees eating fish from nets in Jamaica, and Courbis and Worthy 

(2003) reported observing Florida manatees feeding on barnacles, bivalves, 

gastropods, crabs, tunicates, and possibly other invertebrates on dock pilings. In 

general, though, manatees are considered herbivores and have been thought to only 

choose other food resources such as fish and mollusks when plants are not available 

(Vélez-Juarbe 2014). However, this study indicates that African manatees in the 

Senegal River, and also possibly coastal Senegal, have high percentages of fish and 

mollusks in their average lifetime diets. This indicates that these food sources are 

regularly consumed and are an important component of the diet of these populations. 

These results are also notably different from all previous stable isotope studies for wild 
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West Indian manatees (Clementz 2002, MacFadden et al. 2004, Reich and Worthy 

2006, Clementz et al. 2007, Alves-Stanley et al. 2010). 

Although historic vs. recent diets were not found to be significantly different, the 

wider range of both δ13C and δ15N in average lifetime diet of the historic samples 

indicates manatees consumed a wider range of food resources 70 years ago than they 

do today. For Senegal coastal manatees, food resource changes over the past 70 years 

may be linked to destruction of seagrass and mangrove habitats in the region over that 

time period (Cunha and Araújo 2009, Conchedda et al. 2011, Sakho et al. 2011). Large 

scale reforestation of mangrove habitats in Senegal in the last 20 years have also been 

documented and may return availability of that food source to historic levels in some 

areas (Conchedda et al. 2011, Sakho et al. 2011, Sall and Durin 2012). Seagrass beds, 

however, continue to be subjected to destruction due to large scale trawling for fishing 

(Cunha and Araújo 2009), and there appears to be little if any current effort for 

protection and restoration of this resource. For the Senegal River manatee population, 

the reduction in values from historic to recent diet is likely due to a major anthropogenic 

change: the Diama dam was built near the mouth of the Senegal River in 1984. This 

permanently isolated the river manatee population from the Atlantic Ocean and 

removed the availability of coastal food resources such as seagrass, mangroves and 

marine mollusks from their diet.  

Knowledge of African manatee lifetime diet provides a baseline understanding of 

the foraging and habitat needs for the species in two very diverse ecosystems. This 

study provides a starting point for future studies of diet utilizing other tissues, such as 

skin and hair, which could identify seasonal and migratory differences in dietary and 
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habitat resources. The continued collection of present day samples and their 

comparison to historical data for Senegal will aid understanding of how manatees have 

adapted to changes in their environment from the past. Managers need to understand 

the differing habitat requirements of the African manatee across an extremely large 

range in Africa. Therefore the comparison of diet in a Central African rainforest country 

versus a West African Sahelian system, and freshwater versus marine habitats will 

establish a baseline which will be can inform managers of the best habitats to protect 

within larger eco-regions. 
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Table 4-1.  Mean values of δ15N and δ13C ±SD of plant species analyzed in this study. 
Species are listed by collection location within each country, then ranked by 
mean δ13C values. 

Plant Species n Collection Location Mean δ13C (‰) Mean δ15N (‰) 

Ruppia sp. 3 Gabon, Corisco Bay -10.9 ± 0.6 -0.5 ± 1.0 

Echinochloa sp. 1 12 Gabon, Lac Oguemoué -11.3 ± 0.4 3.6 ± 1.7 

Echinochloa sp. 2 17 Gabon, Lac Oguemoué -11.8 ± 0.6 9.1 ± 2.3 

Polygonum salicifolium 10 Gabon, Lac Oguemoué -25.1 ± 7.9 5.5 ± 2.0 

Jussiaea repens 7 Gabon, Lac Ezanga -27.8 ± 1.0 6.2 ± 1.6 

Dissotis roundifolia 18 Gabon, Lac Oguemoué -29.1 ± 4.4 1.8 ± 2.1 

Hybiscus tiliaceus 8 Gabon, Lac Oguemoué -29.5 ± 0.4 6.5 ± 1.6 

Vossia cuspidata 7 Gabon, Ogooue River -12.3 ± 1.1 4.6 ± 1.2 

Crinum natans 6 Gabon, N'dogo Lagoon -22.9 ± 4.4 6.9 ± 3.4 

Nymphea lotus 3 Gabon, N'dogo Lagoon -27.6 ± 0.7 1.7 ± 1.8 

Najas pectinata 3 Gabon, N'dogo Lagoon -28.1 ± 0.3 5.2 ± 0.8 

Ceratophyllum 
demersum 

1 Gabon, N'dogo Lagoon -30.3 2.9 

Halodule wrightii 
2 

Senegal, Atlantic 
Ocean -12.6 ± 0.4 6.2 ± 0.6 

Echinochloa sp. 4 1 Senegal, Senegal River -11.4 6.4 

Echinochloa sp. 3 3 Senegal, Senegal River -12.5 ± 0.5 7.2 ± 0.3 

Crinum natans 6 Senegal, Senegal River -14.8 ± 0.5 3.9 ± 2.0 

Najas guadelupensis 6 Senegal, Senegal River -14.8 ± 2.7 0.9 ± 4.3 

Acacia sp. 2 Senegal, Senegal River -27.9 ± 0.2 10.4 ± 3.0 

Eclipta prostratra 1 Senegal, Senegal River -28.1 -0.0 

Scirpus cubensis  6 Senegal, Lac de Guiers -17.3 ± 7.4 0.9 ± 0.6 

Potamogeton coloratus 6 Senegal, Lac de Guiers -26.3 ± 0.5 1.7 ± 1.0 

Nymphea lotus 6 Senegal, Lac de Guiers -23.1 ± 1.1 0.9 ± 1.4 

Nymphea maculata 1 Senegal, Lac de Guiers -23.6 0.5 

Nymphoides indica 4 Senegal, Lac de Guiers -24.7 ± 1.3 -0.1 ± 1.9 

Salvinia nymphellula 2 Senegal, Lac de Guiers -26.9 ± 0.3 2.2 ± 1.2 

Thypha australis 4 Senegal, Lac de Guiers -27.8 ± 0.4 3.2 ± 1.1 

Azolla africana 1 Senegal, Lac de Guiers -27.9 1.2 

Jussiaea repens 3 Senegal, Lac de Guiers -28.5 ± 0.7 1.9 ± 0.5 

Ludwigia leptocarpa 1 Senegal, Lac de Guiers -28.4 0.5 

n, number of samples; SD, standard deviation 
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Table 4-2.  Mean values of δ15N and δ13C ± 1 standard deviation (SD) of animal prey 
species analyzed in the present study. Species are listed by collection 
location (country), then ranked by mean δ13C values. 

Animal Species n Collection Location Mean δ13C (‰) Mean δ15N (‰) 

Hermit crab sp. 11 Gabon, Banio Lagoon -26.7 ± 1.9 0.3 ± 1.6 

Senilia senilis (clam) 5 Senegal, Atlantic Ocean -17.5 ± 0.5 12.4 ± 0.3 

Synodontis sp. (catfish) 6 Senegal, Senegal River -20.1 ± 2.1 11.1 ± 0.9 

Alestes macrolepidotus 
(fish) 

5 Senegal, Senegal River -21.3 ± 0.5 11.2 ± 1.1 

Clarias anguillaris 
(catfish) 5 Senegal, Senegal River -22.7 ± 1.3 12.0 ± 0.4 

Mutela rostrata (mussel) 2 Senegal, Senegal River -25.0 ± 0.7 9.0 ± 1.4 

Coelatura aegyptiaca 
(mussel) 

7 Senegal, Senegal River -25.1 ± 0.4 9.2 ± 0.9 

Aspatharia 
dahomeyensis (mussel) 

9 Senegal, Senegal River -25.7 ± 0.5 9.9 ± 0.9 

Snail sp. 1 Senegal, Senegal River -26.2 9.3 

n, number of samples; SD, standard deviation 
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Table 4-3. Descriptive statistics of δ13C collagen and apatite values for study samples by location, and references from 
previous sirenian studies. 

          δ
13

Cco (‰)     δ
13

Cap (‰)   

Species  Location n Tissue Mean SD Range   Mean SD Range Reference 

T. 
senegalensis 

Gabon 8 Bone: 
       

this study 

 
          GLG -21.3 3.5 -23.1 to -12.8 

 
-14.1 2.9 -15.9 to -7.1 

 

  
     Internal -20.4 3.9 -23.4 to -11.6 

 
-14.6 3.4 -17.0 to -6.5 

 

 

Senegal River 7 Bone: 

        

   
   GLG -13.7 1.9 -16.3 to -11.3 

 
-6.4 1.3 -7.9 to -4.6 

 

  
     Internal -12.9 1.4 -14.6 to -11.2 

 
-6.2 1.0 -7.8 to -4.9 

 

 
Senegal, coastal 7 Bone: 

        

   
   GLG -13.2 3.6 -20.2 to -8.5 

 
-6.2 3.1 -11.5 to -1.6 

 

   
   Internal -12.9 3.6 -17.8 to -7.6 

 
-7.0 2.8 -10.1 to -2.0 

 

 
Senegal, unknown  2 Bone: 

        

   
   GLG -13.0 4.0 -15.8 to -10.1 

 
-4.9 2.8 -6.8 to -2.9 

 

   
   Internal -12.6 3.7 -15.2 to -10.0 

 
-4.4 1.9 -5.7 to -3.1 

 
            T. manatus Florida 17   Bone -14.5 5.0 

  
-8.0 4.7 

 
Clementz 2002 

D. dugong Australia 8   Bone -6.5 0.9 
  

-1.3 0.8 
  

H. gigas 
Museum collection 
(extinct) 

11   Bone 
    

-7.3 0.8 
 

 
H. gigas 

Museum collection 
(extinct) 

8   Bone -15.4 0.8 

      
T. manatus Florida (wild) 6   Bone -19.3 1.9 

  
-12.5 2.0 

 
Clementz et al. 
2007 

H. gigas  
Museum collection 
(extinct) 

10   Bone -15.2 1.0     -7.3 0.8 
    

n, sample number; SD, standard deviation; GLG, growth layer group / “C” layer; internal, secondary vascular bone / “B” 
layer.  
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Table 4-4.  Descriptive statistics of δ15N collagen values for study samples by location, 

and references from previous sirenian studies. 

 
        δ15N (‰)   

Species  Location n Tissue Mean SD Range Reference 

T. 
senegalensis 

Gabon 8   Bone collagen 
   

this study 

 
           GLG 9.4 1.7 7.1 to 11.7 

 

  
      Internal 9.9 1.8 6.9 to 12.4 

 

 

Senegal 
River 

7   Bone collagen 

    

   
    GLG 11.2 0.8 9.9 to 12.5 

 

  
      Internal 10.7 1.3 8.0 to 11.6 

 

 

Senegal, 
coastal 7   Bone collagen 

    

   
    GLG 12.1 0.9 11.1 to 13.4 

 

   
    Internal 12.4 0.7 11.6 to 13.4 

 

 

Senegal, 
unknown 
location 

2   Bone collagen 

    

   
    GLG 10.7 2.7 8.8 to 12.7 

 

   
    Internal 10.6 3.0 8.5 to 12.7 

 

        
T. manatus Florida 17   Bone collagen 8.1 2.0 

 
Clementz 
2002 

D. dugong Australia 8   Bone collagen 3.5 1.0 
  

H. gigas 

Museum 
collection 
(extinct) 8   Bone collagen 11.1 0.6     

n, sample number; SD, standard deviation; GLG, growth layer group / “C” layer; internal, 
secondary vascular bone / “B” layer. 
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Table 4-5. Descriptive statistics of δ13C and δ15N values for Senegal recent and historic 
samples by bone layer. Recent samples were collected from 2009-2013, 
historic samples were collected in the 1940’s. 

        δ 13C (‰)   δ 15N (‰) 

Location n 
Recent / 
Historic 

Bone 
Layer Mean SD Range   Mean SD Range 

Senegal 
River 

5 Recent  GLG -13.1 1.8 ±4.6 
 

11.1 0.2 ±0.5 

 
5 

 
Internal -12.7 1.4 ±3.4 

 
11.1 0.5 ±1.0 

 
2 Historic GLG -15.2 1.5 ±2.1 

 
11.2 1.9 ±2.7 

 
2 

 
Internal -13.2 1.9 ±2.7 

 
9.8 2.5 ±3.6 

           Senegal, 
coastal 

2 Recent  GLG -12.8 0.0 ±0.0 
 

11.6 0.8 ±1.1 

 
2 

 
Internal -12.6 1.6 ±2.3 

 
12.2 0.9 ±1.3 

 
5 Historic GLG -13.4 4.4 ±11.7 

 
12.3 0.9 ±2.0 

 
5 

 
Internal -13.0 4.3 ±10.1 

 
12.4 0.7 1.7 

           Senegal, 
unknown 
location 

2 Historic GLG -13.0 4.0 ±5.7 
 

10.7 2.7 ±3.9 

  2   Internal -12.6 3.7 ±5.2   10.6 3.0 ±4.2 

n, sample number; SD, standard deviation; GLG, growth layer group / “C” layer; internal, 
secondary vascular bone / “B” layer.  
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Table 4-6. Gabon manatee mean diet proportions by ear bone layer (GLG, internal) and age category (<15 years old, >15 
years old or age unknown) based on SIAR analysis. 

  
GLG, <15 years GLG, >15 years 

GLG, Unknown 
Age 

Internal, <15 
years 

Internal, >15 
years 

Internal, Unknown 
Age 

Diet Source 
Mean Range Mean Range Mean Range Mean Range Mean Range Mean Range 

Crinum natans 
0.10 

0.0 to 
0.20 0.12 

0.0 to 
0.23 0.10 

0.0 to 
0.20 0.10 

0.0 to 
0.20 0.12 

0.0 to 
0.24 0.10 

0.0 to 
0.20 

Echinochloa sp. 1 
0.08 

0.0 to 
0.18 0.07 

0.0 to 
0.17 0.10 

0.0 to 
0.20 0.09 

0.0 to 
0.18 0.06 

0.0 to 
0.15 0.10 

0.0 to 
0.20 

Echinochloa sp. 2 
0.08 

0.0 to 
0.19 0.12 

0.0 to 
0.22 0.09 

0.0 to 
0.20 0.09 

0.0 to 
0.19 0.10 

0.0 to 
0.20 0.10 

0.0 to 
0.20 

Hybiscus tiliaceus 
0.12 

0.0 to 
0.23 0.12 

0.0 to 
0.23 0.10 

0.0 to 
0.20 0.11 

0.0 to 
0.21 0.13 

0.0 to 
0.25 0.10 

0.0 to 
0.20 

Jussiaea repens 
0.11 

0.0 to 
0.22 0.12 

0.0 to 
0.23 0.10 

0.0 to 
0.20 0.11 

0.0 to 
0.21 0.13 

0.0 to 
0.24 0.10 

0.0 to 
0.20 

Najas pectinata 
0.11 

0.0 to 
0.22 0.10 

0.0 to 
0.21 0.10 

0.0 to 
0.20 0.11 

0.0 to 
0.21 0.11 

0.0 to 
0.22 0.10 

0.0 to 
0.20 

Nymphea lotus 
0.10 

0.0 to 
0.21 0.08 

0.0 to 
0.18 0.10 

0.0 to 
0.20 0.10 

0.0 to 
0.20 0.08 

0.0 to 
0.19 0.10 

0.0 to 
0.20 

Polygonum salicifolium 
0.12 

0.0 to 
0.23 0.12 

0.0 to 
0.23 0.10 

0.0 to 
0.20 0.11 

0.0 to 
0.21 0.13 

0.0 to 
0.24 0.10 

0.0 to 
0.20 

Vossia cuspidata 
0.08 

0.0 to 
0.18 0.09 

0.0 to 
0.19 0.10 

0.0 to 
0.20 0.09 

0.0 to 
0.19 0.07 

0.0 to 
0.17 0.10 

0.0 to 
0.20 

Plant total proportion 0.90 
 

0.94 
 

0.90 
 

0.90 
 

0.93 
 

0.90 
 

             
Hermit crab proportion 0.10 

0.0 to 
0.20 

0.06 
0.0 to 
0.16 

0.10 
0.0 to 
0.20 

0.10 
0.0 to 
0.20 

0.07 
0.0 to 
0.16 

0.10 
0.0 to 
0.20 

GLG, growth layer group / “C” layer; internal, secondary vascular bone / “B” layer. 
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Table 4-7.  Descriptive statistics of δ13C and δ15N values for study samples by location, 
manatee bone sampling layer, and age class. 

          δ13C (‰)   δ15N (‰) 

Location n 
Bone 
Layer Age Class Mean SD Range Mean SD Range 

Gabon 2 GLG <15 years -22.7 0.5 -22.3 to -23.0 8.8 1.2 7.9 to 9.6 

 
2 Internal <15 years -20.8 1.9 -22.2 to -19.5 8.8 2.7 6.9 to 10.6 

 
5 GLG >15 years -22.4 0.8 -23.1 to -21.0 9.2 1.7 7.1 to 11.7 

 
5 Internal >15 years -22.0 1.5 -23.4 to -19.8 10.1 1.7 8.0 to 12.4 

 
1 GLG Unk Age -12.8 

  
11.7 

  

 
1 Internal Unk Age -11.6 

  
11.0 

  

Senegal 
River 

2 GLG <15 years -15.0 1.8 -16.3 to -13.7 10.5 0.9 9.9 to 11.2 

 
2 Internal <15 years -14.6 0.0 -14.6 to -14.6 9.4 2.0 8.0 to 10.8 

 
5 GLG >15 years -13.2 1.9 -15.9 to -11.3 11.4 0.7 11.0 to 12.5 

 
5 Internal >15 years -12.2 0.9 -13.6 to -11.2 11.2 0.5 10.6 to 11.6 

Senegal, 
coastal 

0 
 

<15 years 
      

 
3 GLG >15 years -12.5 1.6 -13.9 to -10.7 12.0 1.1 11.1 to 13.2 

 
3 Internal >15 years -14.7 0.8 -15.3 to -13.7 12.2 0.6 11.6 to 12.7 

 
1 GLG Unk Age -12.7 

  
12.1 

  

 
1 Internal Unk Age -11.5 

  
12.9 

  
Senegal, 
unknown  

2 GLG <15 years -18.0 3.1 -16.3 to -13.7 10.3 2.1 9.9 to 11.2 

 
2 Internal <15 years -16.5 1.8 -17.8 to -15.2 10.3 2.6 8.5 to 12.1 

 
3 GLG >15 years -11.6 4.0 -13.7 to -8.5 12.5 1.0 11.3 to 13.4 

  3 Internal >15 years -9.1 1.3 -10.0 to -7.6 12.6 0.9 11.7 to 13.4 

n, sample number; SD, standard deviation; GLG, growth layer group / “C” layer; internal, 
secondary vascular bone / “B” layer. 
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Table 4-8.  Senegal River manatee mean diet proportions by ear bone layer (GLG, 
internal) and collection time (recent= 2009 – 2013, historic= 1940’s) based on 
SIAR analysis. 

Diet Source 
GLG, 

Recent 
GLG, Historic 

Internal, 
Recent 

Internal, 
Historic 

A. dahomeyensis (mussel) 0.06 0.09 0.08 0.09 

C. aegyptiaca (mussel) 0.06 0.09 0.09 0.09 

M. rostrata (mussel) 0.06 0.09 0.09 0.09 

     Mollusk total proportion 0.19 0.26 0.25 0.27 

     A. macrolepidotus (silverfish) 0.08 0.09 0.10 0.09 

C. anguillaris (catfish) 0.07 0.08 0.09 0.09 

Synodontis sp. (catfish) 0.09 0.09 0.10 0.09 

     Fish total proportion 0.24 0.26 0.29 0.27 

     C. natans 0.14 0.12 0.11 0.11 

Echinochloa sp. 3 0.15 0.12 0.12 0.12 

Echinochloa sp. 4 0.16 0.12 0.12 0.12 

N. guadelupensis 0.12 0.12 0.11 0.11 

     Plant total proportion 0.57 0.48 0.46 0.46 

 



 

213 

 

Figure 4-1.  Diagrams and caption courtesy of Marmontel et al. (1996). 
Photomicrograph (A) and line drawings (B) of whole section (original 
magnification 10×) and detail (original magnification 100×) from the central 
portion of the periotic dome of an age-class-8 Florida manatee. PV, primary 
vascular bone; SV, secondary vascular bone; CL, compact lamellar bone; 
WR, white rim. Numerals 1–8 mark the growth-layer groups. 
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Figure 4-2.  Sampling regions of African manatee ear bones, including the type of bone 

found in each sample. The first five bones were sampled at A, B and C layers, 
and the remainder (n= 21) were sampled at B and C layers only. 
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Figure 4-3.  Gabon manatee samples by bone layer and food resource species 

collected for this study. Plant species are represented by squares and 
diamonds, hermit crab samples are represented by circles, and manatee 
samples are represented by triangles. The black box represents the range of 
stable isotope values expected for manatee food sources. Food sources 
within the box were used in the SIAR mixing model.  
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Figure 4-4.  Senegal River manatee samples by bone layer and food resource species 

collected for this study. Plant species are represented by squares and 
diamonds, mollusks and fish are represented by circles, and manatee 
samples are represented by triangles. The black box represents the range of 
stable isotope values expected for manatee food sources. Food sources 
within the box were used in the SIAR mixing model.  
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Figure 4-5.  Comparison of δ13C and δ 15N values for three aquatic plant species 

collected in both Senegal and Gabon.  
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Figure 4-6.  Scatterplot of δ13Ccollagen values (reflecting protein) vs. δ13Capatite (reflecting 

total diet) for Gabon and Senegal manatees by periotic bone sampling layer. 
GLG, growth layer group / “C” layer; internal, secondary vascular bone / “B” 
layer.  

 

 
Figure 4-7.  Scatterplot of δ13C and δ

15N values for all Gabon and Senegal manatees by 
periotic bone sampling layer. GLG, growth layer group / “C” layer; internal, 
secondary vascular bone / “B” layer.  
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Figure 4-8.  Senegal manatees shown by location and ear bone sampling layer. GLG, 

growth layer group / “C” layer; internal, secondary vascular bone / “B” layer.  

 

 
Figure 4-9.  SIAR output of Gabon manatees by ear bone sampling layer (GLG, 

internal) and by age class (<15 years old, > 15 years old, or age unknown), 
shown in relation to food sources.  
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Figure 4-10.  Scatterplot of δ13C values compared to δ15N for Senegal manatees 

including both historic (1940’s) and recent (2009 - 2013) sample collection by 
location. Both GLG and internal bone layers are included, therefore each 
manatee is represented by two points. 
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Figure 4-11.  SIAR output of Senegal coast manatee samples by ear bone sampling 

layer shown in relation to food sources (colored cross hairs). Standard error 
for Senilia senilis: δ13C = 0.21, δ15N = 0.11. Standard error for Halodule 
wrightii: δ13C = 0.31, δ15N = 0.43. GLG, growth layer group / “C” layer. 

 

A B  
 
Figure 4-12.  Boxplots of Senegal coast manatee diet sources by ear bone sampling 

layer: A) growth layer group, and B) secondary vascular bone.  
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Figure 4-13.  SIAR output of Senegal River manatee samples by ear bone sampling 

layer shown in relation to food sources. GLG, growth layer group / “C” layer; 
internal, secondary vascular bone / “B” layer. 
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CHAPTER 5 
CONCLUSIONS  

Next Steps for African Manatee Genetics and Stable Isotope Research 

We are at the very beginning of our understanding of the population genetics and 

feeding ecology of the African manatee. The present study has identified manatee 

regional population structure across Africa, as well as local population structure within 

Gabon and Senegal, which will help inform management efforts for the species. My 

hope is that this preliminary work will inspire others across Africa to collect genetic 

samples and to collaborate with this ongoing work so that we can continue to add to our 

knowledge of manatee diversity in other African countries. Additionally, through stable 

isotope analyses this study has, for the first time, documented food resources that 

African manatees consume, and has identified diet diversity between Central African 

rainforest and West African Sahelian ecosystems.  Mollusks and fish play an important 

role in the diets of at least some African manatee populations, and as with the genetics, 

hopefully this study will inspire other African researchers to conduct additional dietary 

studies for the species. There is much more to discover regarding the feeding ecology 

of African manatees and these discoveries will also clarify critical food resource and 

habitat needs.  

Aside from including more genetic samples from additional locations across 

Africa, other mtDNA genes should be investigated, and the entire genome should be 

sequenced for the species. Determining the complete DNA sequence for the African 

manatee would provide further information on the origin and evolution of the species, 

frequency of mutations, and would allow more extensive comparisons with closely 

related species such as the West Indian manatee. The chromosome number is also still 
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unknown. Nuclear DNA and microsatellite analyses have yet to be conducted for the 

African manatee, and this is work I plan to begin soon in collaboration with genetics 

colleagues. These methodologies can estimate diversity and delineate fine-scale 

population structure, important parameters in conservation and natural resource 

decisions. There are many more recently developed genetic methodologies that could 

and should be applied to African manatees, including environmental DNA (eDNA) 

sampling, restriction site associated DNA (RAD) sequencing for use in identifying single 

nucleotide polymorphisms (SNPs) and genome-wide variation, exon-primed intron-

crossing (EPIC) primers, and more. A portion of each genetic sample collected for this 

study has been archived at the USGS Sirenia Project in Gainesville, FL, to be available 

for future analyses. Hopefully this will lead to continued collaboration with African 

researchers and will allow for more detailed analyses over the long-term.   

There are also many other techniques for addressing feeding ecology and habitat 

use of the African manatee using stable isotopes. Given that manatees replace their 

teeth throughout life, analysis of tooth enamel has the potential to show diet over time 

by taking samples from older and younger teeth. Manatee molars are replaced 

approximately every seven years (Domning 1982, Domning and Hayek 1984) and 

enamel is laid down in incremental layers that can be assessed seasonally or annually 

(Clementz 2002). Therefore, teeth could be used to examine shorter time frames than 

ear bones provide. African manatees also possess nails on their flippers, which may be 

a good tissue to analyze from carcasses, as it may provide information for time frames 

that span several months and could indicate seasonal differences in diet. Manatees 

throughout Africa are reported to migrate between wet and dry season habitats (Powell 

http://www.biomedcentral.com/1471-2148/10/90
http://www.biomedcentral.com/1471-2148/10/90
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1996, Keith et al. 2007), and dietary shifts are recorded in tissues with faster turnover 

rates. Skin samples are likely to have turnover rates similar to Florida manatees, and 

isotope signatures have been shown to vary between regions for manatees sampled in 

Florida (Reich and Worthy 2006). However, controlled studies with African manatees to 

verify turnover rates will be difficult to achieve in the near future, due to the small 

number of captive animals worldwide (almost all of which are in Asia).  

Manatee hair and vibrissae have not previously been analyzed for stable 

isotopes, but could provide an intermediate chronological record between the longer 

record of bone, and the shorter term record of skin. During this study, hair was collected 

from two manatees, including serial collection over three years from an orphan manatee 

calf raised in captivity in Gabon. The next step will be to analyze these hair samples to 

determine the length of time recorded and to try to identify seasonal diet shifts. 

Whenever possible, hair and skin samples will now be regularly collected from lived 

captured manatees in Africa by this project, and those tissues as well as bone and skin 

will be collected from carcasses. 

Other Research and Conservation Needs 

The African manatee is believed to be in decline throughout much of its range 

(Keith Diagne and Powell 2014), but without accurate baseline information it is 

impossible to know how to conserve these manatees, and conservation is also unlikely 

without capacity building within the African countries where the species exists. A lack of 

long-term, committed funding and trained researchers, as well as the difficulty of 

accessing the extremely remote regions where African manatees live, murky water 

habitat throughout their range, and the animals’ elusiveness, have severely limited past 

studies, and challenge future studies.   
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The most critical research need for the conservation of African manatees in the 

near future is the documentation of illegal hunting and the bushmeat trade. African 

manatee meat is openly sold in markets and consumed in villages across Africa, yet 

there are almost no records of the numbers of manatees hunted and sold, and therefore 

there is no documentation available to encourage and pressure African wildlife law 

enforcement agencies to enforce the laws that are supposed to protect the species. 

Genetic samples also need to be collected from manatee populations which are known 

to be heavily hunted, since genetic analyses are able to estimate population sizes as 

well as detect population decreases (and increases). These methodologies can inform 

researchers, managers, and law enforcement of population conservation priorities within 

countries and at regional scales.  

Additionally, other key threats to manatees need attention. Documentation and 

mitigation of rates of manatee bycatch are needed due to the huge number of artisanal 

fisheries and fishermen throughout coastal Africa which incidentally catch manatees. 

Many manatees drown in nets, but even those unintentionally caught alive are not 

released, usually because manatee meat can sell for a higher profit than fish. The 

implementation of Cameroon’s first marine mammal stranding network last year 

documented 13 stranded manatees in ten months during 2013 (Takoukam et al. 2013). 

Additional stranding networks need to be implemented in other countries, both to 

document manatee bycatch and to conduct educational and incentive campaigns in 

order to reduce it.  

Manatee population isolation due to the construction of dams is a major issue, 

particularly in the Niger and Senegal Rivers and Lake Volta. As more and more large 
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hydroelectric and smaller agricultural dams are built across Africa, the problem is 

intensifying. Studies of these populations are needed to assess levels of population 

genetic diversity and population sizes. Although sample size was small (n= 12), results 

of the current study for the Senegal River indicated that mtDNA genetic diversity of that 

population is low, therefore strong conservation measures are needed to preserve as 

many individuals as possible. The next step for this project is to increase sample sizes 

for the Senegal River population so that effective population size can be determined. 

We will also work directly with Senegal government agencies including the Senegal 

River Basin Authority, and ministries of Water and Forestry and the Environment to train 

their field staff in manatee research and conservation techniques. We will also work 

towards the same goals with project collaborators on the Niger River and Lake Volta. 

Many other species besides manatees are impacted by dams (economically valuable 

fish species, turtles, etc.) so there are good opportunities to join forces with other 

biologists, but solutions to will require long-term studies and a healthy amount of 

creativity. 

Emerging threats for manatees in Africa include increased habitat destruction 

and increasing levels of motorized watercraft. Increasing human population levels along 

Africa’s coast and rivers translates to increased hunting and loss of important habitat 

due to development and pollution. As human growth continues, baseline studies should 

be implemented to monitor changes in manatee habitat and populations. Baseline 

health and life history parameter studies on the African manatee are also needed. We 

currently have very little basic information about this species, and growth rates, age of 
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first reproduction, calving interval, longevity, and many other attributes are still 

unknown.  

Many new African manatee conservation initiatives have begun since 2008. From 

2007-2009 the Earthwatch Institute (UK) funded annual training workshops for African 

biologists interested to begin manatee research and conservation activities. The 

workshops were held at Lake Volta, Ghana and were led by P. Ofori-Dansen, C. Self-

Sullivan and myself. Over three years 33 participants from 17 African countries were 

trained, and equally importantly, a spirit of collaboration was born. When the Earthwatch 

funding ended, I continued the training workshops in other countries, and have built an 

African manatee researcher network to increase and sustain communication between 

researchers in different countries, increase data collection, conservation activities, and 

educational awareness programs. As of 2014 this project has trained over 72 African 

biologists from 18 countries, and year round manatee research now occurs in nine 

countries as a direct result. The long-term strategy is to create a sustainable and 

cohesive network of African researchers who will determine population sizes and status 

of African manatees in a majority of the 21 range countries, as well as develop and 

implement management plans for conservation of the species. As the network is set up 

and more collaborators are trained, detailed and more focused research efforts are 

beginning, such as the protection of specific habitats where manatee use is found to be 

high, and targeting anti-poaching enforcement to known hunting areas. Collaborators 

also share their knowledge and train others, further increasing the number of biologists 

working with the species.  
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For a long-term effort such as this, operating on a continental scale, there will 

always be challenges. Ivory Coast had one of the most important manatee conservation 

programs from 1989 – 2009 (Akoi 1992, Akoi 2004) but unfortunately it ended with the 

death of its leader, K. Akoi. Akoi’s staff were left with no support when his project’s 

funding was withdrawn after his death. This was a hard lesson that too often manatee 

programs in Africa are dependent upon the work of specific individuals. More people 

need to be trained and efforts need to be integrated into broader conservation programs 

so that manatee conservation initiatives do not end if one person is no longer able to 

continue the work. More university level students need to be involved, and more 

laboratories set up for sample analysis. Of course there will always be the need to 

secure funding to continue all of these efforts. Conservation of this elusive species over 

its enormous and mostly remote range will take the dedicated effort of as many 

researchers working on the ground as possible. This species is only likely to be 

conserved through a network of grassroots, localized efforts by African researchers 

dedicated to long-term conservation and education efforts in their countries, and 

through increased funding of research, management, and conservation activities. 
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APPENDIX 
AFRICAN MANATEE FOOD RESOURCES 

Table A-1.  Documented food resources of the African manatee.  

Scientific Name 
Common 
Name 

Known Countries of 
Occurrence within T. 
senegalensis range Manatee Reference 

PLANTS 
   

Acroceras 
zizanioides   

Angola, Cameroon, 
DRC, Republic of the 
Congo, Gabon, Ghana, 
Guinea, Guinea-Bissau, 
Ivory Coast, Nigeria, 
Senegal 

Ogogo et al. 2013 

Aeschynomene 
crassicaulis   

Angola, Benin, DRC, 
Mali, Nigeria, Senegal  

Kombo and Toko 1991 

Alternanthera 
sessilis  

Sessile 
Joyweed 

Ghana, Ivory Coast, 
Senegal 

Akoi 2004, Keith Diagne 

Avicennia 
germinans  

Black 
Mangrove 

Angola, Benin, 
Cameroon, DRC, 
Republic of the Congo, 
Equatorial Guinea, 
Gabon, Gambia, Ghana, 
Guinea, Guinea-Bissau, 
Ivory Coast, Liberia, 
Nigeria, Senegal, Sierra 
Leone 

Powell 1996 

Azolla africana  
 

Benin, Cameroon, 
Chad, Gabon, Ghana, 
Ivory Coast, Republic of 
the Congo, Senegal 

Powell 1996, Keith 
Diagne and Powell 2014 

Brachiaria 
mutica, Urochloa 
mutica   

Para grass Ghana 
Ofori-Dansen pers. 
comm. 

Brachiaria 
ramosa, Urochloa 
ramosa  

Browntop Millet Ivory Coast Akoi 2004 

Calamus 
deerratus  

Ivory Coast Akoi 2004 

Ceratophyllum 
demersum  

Coontail, 
Hornwort 

Gabon, Ghana, 
Republic of the Congo, 
Mali, Nigeria, Senegal, 
Sierra Leone, Togo 

Powell 1996, Keith 
Diagne and Powell 2014 

Ceratopteris 
cornuta 

Broad-leafed 
Water Sprite 

Ghana, Republic of the 
Congo 

Keith Diagne 
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Scientific Name 
Common 
Name 

Known Countries of 
Occurrence within T. 
senegalensis range Manatee Reference 

Chrysophyllum 
sp.   

Ivory Coast Akoi 2004 

Colocasia 
antiquorum  

Elephant Ear, 
Taro 

Gabon, Republic of the 
Congo, Nigeria 

Ogogo et al. 2013, Keith 
Diagne 

Crinum natans  African Onion  
Gabon, Republic of the 
Congo, Senegal 

Powell 1996, Keith 
Diagne 

Cryptosperma 
senegalensis   

Gabon, Republic of the 
Congo 

Powell 1996, Keith 
Diagne 

Cymodocea 
nodosa  

Slender 
Seagrass 

Angola, Gambia, 
Mauritania, Senegal, 
Sierra Leone 

Villiers and Bessac 1948, 
Husar 1978, Powell 1996 

Cyperus papyrus Papyrus 

Angola, Benin, 
Cameroon, DRC, 
Gabon, Guinea, Ivory 
Coast, Republic of the 
Congo, Senegal, Togo   

Keith Diagne 

Dalbergia 
ecastaphyllum  

Coin vine 

Cameroon, Gabon, 
Ghana, Ivory Coast, 
Liberia, Nigeria, 
Senegal 

Akoi 2004 

Dissotis 
roundifolia  

Pink Lady 
Angola, Cameroon, 
Congo, Gabon 

Akoi 2004 

Drepanocarpus 
lunatus  

Ivory Coast, Nigeria Powell 1996, Akoi 2004 

Eichhornia 
crassipes  

Water Hyacinth 

Angola, Cameroon, 
Gabon, Ghana, 
Republic of the Congo, 
Senegal 

Husar 1978, Powell 1996, 
Keith Diagne and Powell 
2014 

Echinochloa  
crus-pavonis  

Gulf Cockspur 
Grass 

Nigeria 
Ogogo et al. 2013, Keith 
Diagne and Powell 2014 

Echinochloa  
pyramidalis  

Antelope Grass 

Cameroon, Gabon, 
Gambia, Ghana, Ivory 
Coast, Mali, Niger, 
Nigeria, Senegal, Sierra 
Leone, Togo 

Powell 1996, Akoi 2004, 
Keith Diagne and Powell 
2014 

Echinochloa  
stagnina   

Cameroon, Nigeria 
Ogogo et al. 2013, Keith 
Diagne and Powell 2014 
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Scientific Name 
Common 
Name 

Known Countries of 
Occurrence within T. 
senegalensis range Manatee Reference 

Ficus asperifolia  Sandpaper tree 

Angola, Benin, 
Cameroon, Chad, 
Republic of the Congo, 
DRC, Equatorial 
Guinea, Gabon, 
Gambia, Ghana, 
Guinea, Guinea-Bissau, 
Ivory Coast, Liberia, 
Mali, Mauritania, Niger, 
Nigeria, Senegal, Sierra 
Leone, Togo 

Akoi 2004 

Ficus exasperata  

Brahma's 
Banyan, forest 
sandpaper fig, 
rough banyan, 
sand paper fig 

Angola, Benin, 
Cameroon, Chad, 
Republic of the Congo, 
DRC, Equatorial 
Guinea, Gabon, 
Gambia, Ghana, 
Guinea, Guinea-Bissau, 
Ivory Coast, Liberia, 
Mali, Mauritania, Niger, 
Nigeria, Senegal, Sierra 
Leone, Togo 

Ogogo et al. 2013 

Flagellaria 
guineensis  

Kanoti grass 
Benin, Gabon, Ivory 
Coast, Nigeria 

Akoi 2004 

Halodule wrightii  Shoal grass 

Angola, Benin, 
Cameroon, Equatorial 
Guinea, Gabon, Ghana, 
Guinea-Bissau, 
Mauritania, Nigeria, 
Senegal, Sierra Leone, 
Togo 

Green and Short 2003, 
Keith Diagne 

Hybiscus 
tiliaceus  

Sea Hibiscus, 
Beach 
Hibiscus, 
Coastal (or 
Coast) Hibiscus 

Gabon, Republic of the 
Congo 

Keith Diagne 

Ipomoea 
aquatica  

Water Morning 
Glory, Water 
Spinach 

Gabon, Ghana, Nigeria 
Ogogo et al. 2013, Keith 
Diagne 

Ipomoea reptans  Water Spinach Ivory Coast Akoi 2004 
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Scientific Name 
Common 
Name 

Known Countries of 
Occurrence within T. 
senegalensis range Manatee Reference 

Jussiaea repens 
(also known as 
Ludwigia 
stolonifera)  

Floating 
Primrose 
Willow 

Angola, Benin, 
Cameroon, Chad, 
Republic of the Congo, 
DRC, Equatorial 
Guinea, Gabon, 
Gambia, Ghana, 
Guinea, Guinea-Bissau, 
Ivory Coast, Liberia, 
Mali, Mauritania, Niger, 
Nigeria, Senegal, Sierra 
Leone, Togo 

Powell 1996 

Leersia hexandra  
 

Ghana, Senegal Powell 1996 

Lemna 
aequinoctialis, 
Spirodela 
polyrhiza 

Tropical 
Duckweed 

Gabon, Ghana, 
Republic of the Congo 

Powell 1996, Keith 
Diagne and Powell 2014 

Lemna 
paucicostata 

Duckweed Ghana 
Ogogo et al. 2013, Keith 
Diagne and Powell 2014 

Leptochloa 
caerulescens   

Ghana, Nigeria Ogogo et al. 2013 

Ludwigia 
leptocarpa  

Anglestem 
Primrose-willow 

Angola, Benin, 
Cameroon, Chad, 
Republic of the Congo, 
DRC, Equatorial 
Guinea, Gabon, 
Gambia, Ghana, 
Guinea, Guinea-Bissau, 
Ivory Coast, Liberia, 
Mali, Mauritania, Niger, 
Nigeria, Senegal, Sierra 
Leone, Togo 

Powell 1996, Keith 
Diagne and Powell 2014 

Macaranga sp.  
 

Ivory Coast Akoi 2004 

Manihot 
esculenta  

Manioc / 
Cassava 

Gabon, Republic of the 
Congo, Senegal 

Powell 1996, Keith 
Diagne 

Manihot palmata  
 

Nigeria Ogogo et al. 2013 

Merremia 
hederacea  

Gabon, Ghana, Ivory 
Coast, Senegal 

Akoi 2004 

Mimosa pigra  Sensitive Tree Gabon, Ghana 
Powell 1996, Keith 
Diagne 

Myriophyllum sp. Watermilfoil Senegal Keith Diagne 
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Scientific Name 
Common 
Name 

Known Countries of 
Occurrence within T. 
senegalensis range Manatee Reference 

Najas pectinata  
 

Gabon, Cameroon, 
Chad, Ghana, Guinea, 
Nigeria, Senegal, Sierra 
Leone 

Powell 1996, Keith 
Diagne 

Najas sp. 
(guadelupensis?)   

Senegal Keith Diagne 

Neptunia 
oleracea  

Water mimosa Ghana  Keith Diagne 

Nymphea lotus 
Egyptian White 
Water Lily 

Angola, Benin, 
Cameroon, Chad, 
Republic of the Congo, 
DRC, Equatorial 
Guinea, Gabon, 
Gambia, Ghana, 
Guinea, Guinea-Bissau, 
Ivory Coast, Liberia, 
Mali, Mauritania, Niger, 
Nigeria, Senegal, Sierra 
Leone, Togo 

Powell 1996, Keith 
Diagne 

Nymphea 
maculata  

Red African 
Tiger Lotus Lily 

Gabon, Republic of the 
Congo, Senegal 

Powell 1996, Keith 
Diagne 

Nymphoides 
indica  

Water 
Snowflake 

Gabon, Republic of the 
Congo, Senegal 

Powell 1996, Keith 
Diagne 

Oryza sp. Rice 
Ghana, Senegal, Sierra 
Leone 

Reeves et al. 1988, Keith 
Diagne 

Panicum 
subaldidum  

Bunchgrass, 
Buffalograss 

Angola, Cameroon, 
Ghana, Mali, Nigeria, 
Senegal 

Ogogo et al. 2013 

Paspalidium 
geminatum (also 
known as 
Echinochloa 
geminata)  

Egyptian 
Paspalidium 
(tall grass)  

Angola, Benin, 
Cameroon, Chad, 
Republic of the Congo, 
DRC, Equatorial 
Guinea, Gabon, 
Gambia, Ghana, 
Guinea, Guinea-Bissau, 
Ivory Coast, Liberia, 
Mali, Mauritania, Niger, 
Nigeria, Senegal, Sierra 
Leone, Togo 

Powell 1996, Akoi 2004, 
Keith Diagne 

Paspalum 
vaginatum 

Seashore 
Paspalum 
(short grass) 

Ivory Coast Powell 1996, Akoi 2004 
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Scientific Name 
Common 
Name 

Known Countries of 
Occurrence within T. 
senegalensis range Manatee Reference 

Pennisetum 
purpureum  

Elephant 
Grass, Napier 
Grass or 
Ugandan Grass 

Sierra Leone Reeves et al. 1988 

Phragmites karka  Common Reed 

Angola, Benin, 
Cameroon, Chad, 
Republic of the Congo, 
DRC, Equatorial 
Guinea, Gabon, 
Gambia, Ghana, 
Guinea, Guinea-Bissau, 
Ivory Coast, Liberia, 
Mali, Mauritania, Niger, 
Nigeria, Senegal, Sierra 
Leone, Togo 

Powell 1996, Keith 
Diagne and Powell 2014 

Pistia stratiotes Water Lettuce 

Angola, Benin, 
Cameroon, Chad, 
Republic of the Congo, 
DRC, Equatorial 
Guinea, Gabon, 
Gambia, Ghana, 
Guinea, Guinea-Bissau, 
Ivory Coast, Liberia, 
Mali, Mauritania, Niger, 
Nigeria, Senegal, Sierra 
Leone, Togo 

Powell 1996, Keith 
Diagne and Powell 2014 

Polygonum 
salicifolium / 
Polygonum 
persicaria (now 
reclassified as 
Persicaria 
maculosa)  

Redshank Gabon, Ivory Coast 
Husar 1978, Powell 1996, 
Akoi 2004, Keith Diagne 
and Powell 2014 

Polygonum 
senegalense  

Knotweed, 
Knotgrass 

Ghana, Senegal 
Villiers and Bessac 1948, 
Powell 1996, Keith 
Diagne and Powell 2014 

Potamogeton 
coloratus  

Fen Pondweed Senegal Keith Diagne  

Rhizphora 
harrisonii  

Red Mangrove 

Angola, Benin, 
Cameroon, Gabon, 
Gambia, Ghana, 
Guinea-Bissau, Guinea, 
Liberia, Nigeria, 
Senegal, Sierra Leone, 
Togo  

Husar 1978, Keith Diagne 
and Powell 2014 
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Scientific Name 
Common 
Name 

Known Countries of 
Occurrence within T. 
senegalensis range Manatee Reference 

Rhizophora 
mangle  

Red Mangrove 

Angola, Benin, 
Cameroon, DRC, 
Republic of the Congo, 
Equatorial Guinea, 
Gabon, Gambia, Ghana, 
Guinea, Guinea-Bissau, 
Ivory Coast, Liberia, 
Nigeria, Senegal, Sierra 
Leone 

Husar 1978 

Rhizophora 
racemosa  

Red Mangrove 

Angola, Benin, 
Cameroon, DRC, 
Republic of the Congo, 
Equatorial Guinea, 
Gabon, Ghana, Ivory 
Coast, Liberia, Nigeria, 
Sierra Leone 

Husar 1978, Powell 1996, 
Akoi 2004, Keith Diagne 

Rhynchospora 
corymbosa  

Golden Beak 
Sedge 

Angola, Benin, Chad, 
Congo, DRC, Gabon, 
Ghana, Nigeria, 
Senegal, Togo 

Powell 1996, Keith 
Diagne 

Ruppia sp. 
Beaked 
Tasselweed 

Angola, Gabon, Ghana 
Powell 1996, Green and 
Short 2003, Keith Diagne  

Salvinia molesta 
Water Fern, 
Giant salvinia 

DRC, Ghana, Nigeria, 
Senegal, Togo 

Keith Diagne 

Salvinia 
nymphellula   

Benin, Gabon, Ghana, 
Senegal 

Powell 1996, Keith 
Diagne  

Schoenoplectus 
senegalensis  

Club-rush Nigeria Ogogo et al. 2013 

Scirpus cubensis  Cuban Bulrush 
Cameroon, Ghana, 
Senegal 

Keith Diagne 

Thypha australis  Cattail 

Angola, Benin, 
Cameroon, Chad, 
Republic of the Congo, 
DRC, Equatorial 
Guinea, Gabon, 
Gambia, Ghana, 
Guinea, Guinea-Bissau, 
Ivory Coast, Liberia, 
Mali, Mauritania, Niger, 
Nigeria, Senegal, Sierra 
Leone, Togo 

Powell 1996, Keith 
Diagne  
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Scientific Name 
Common 
Name 

Known Countries of 
Occurrence within T. 
senegalensis range Manatee Reference 

Utricularia sp Bladderworts 
Angola, Cameroon, 
Chad, Congo, DRC, 
Gabon, Niger,  Nigeria 

Powell 1996 

Vossia cuspidata  Hippo Grass 

Angola, Benin, 
Cameroon, Chad, 
Republic of the Congo, 
DRC, Equatorial 
Guinea, Gabon, 
Gambia, Ghana, 
Guinea, Guinea-Bissau, 
Ivory Coast, Liberia, 
Mali, Mauritania, Niger, 
Nigeria, Senegal, Sierra 
Leone, Togo 

Husar 1978, Powell 1996, 
Keith Diagne 

    SHELLFISH 
   

Aspatharia 
dahomeyensis  

Freshwater 
Mussel 

Benin, Côte d'Ivoire, 
Gambia, Ghana, 
Guinea, Guinea-Bissau, 
Mali, Mauritania, Niger, 
Nigeria, Senegal, Togo 

Keith Diagne  

Coelatura 
aegyptiaca  

Freshwater 
Mussel 

Cameroon, Chad, DRC, 
Gambia, Guinea, Ivory 
Coast, Niger, Nigeria, 
Senegal 

Keith Diagne  

Egeria congica  
Freshwater and 
marine clam 

Angola, DRC only Keith Diagne  

Mutela rostrata  
Freshwater 
Mussel 

Benin, Cameroon, 
Chad, Republic of the 
Congo, DRC, Côte 
d'Ivoire, Gambia, 
Ghana, Guinea, Guinea-
Bissau, Mali, Mauritania, 
Niger, Nigeria, Senegal, 
Togo 

Keith Diagne  

Senilia senilis  
Heavy African 
Ark  

Gambia, Guinea-Bissau, 
Mauritania, Senegal, 
Sierra Leone 

Keith Diagne  
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Scientific Name 
Common 
Name 

Known Countries of 
Occurrence within T. 
senegalensis range Manatee Reference 

Tympanotonus 
fuscatus  

Mud-flat 
Periwinkle 

Angola, Benin, 
Cameroon, Congo, Côte 
d'Ivoire, Equatorial 
Guinea, Gabon, 
Gambia, Ghana, 
Guinea, Guinea-Bissau, 
Liberia, Nigeria, 
Senegal, Sierra Leone, 
Togo 

Perez-Rivera, pers. 
comm.  

    
FISH 

   

Alestes 
macrolepidotus 

Silver fish 
Cameroon, Ghana, 
Liberia, Niger, Senegal, 
Sierra Leone, Togo 

Keith Diagne  

Clarias anguillaris Mudfish Mali, Senegal Keith Diagne  

Synodontis sp. Catfish 
Ghana, Ivory Coast, 
Mali, Senegal 

Keith Diagne  
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