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Abstract

Species feeding habits can be accessed in a variety of ways,
such as fecal samples and stomach contents. However, these
methods reflect only the individual's recent diet, disregarding a
broader perspective of feeding habits along a temporal scale.
Such differences can be evaluated by analyzing inert biological
samples, like hair and skin tissues, which absorb and preserve
isotopic signatures over time. In this study we analyzed hair
samples from nine stranded manatee calves, in order to trace
their mothers' diet during gestation, an innovative attempt for this
species which is currently classified as Critically Endangered of
extinction in Brazil. Our sample, however small, contained data
distributed along four Brazilian states, covering half of the current
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occurrence area of the species in the Brazilian coast. 8'°C values
showed variability among calves, particularly in individuals aged
0.9 - 1.5 months. In contrast 8'°N values, carbon and nitrogen
concentrations presented very similar values, regardless of calf
age. 8'°C values had a strong positive correlation with size at
stranding even when controlled by age, suggesting that enriched
0'°C signatures correspond to the production of larger calves.
Despite our small sample size, here we present a substantial
contribution to the knowledge of the diet of free-ranging females,
use of habitat during pregnancy and how it varies according
to resource availability. Furthermore, our findings support the
hypothesis that nutritional intake during gestation periods might
have a long-term impact on calf growth and development.

Introduction

The Greater Caribbean manatee (Trichechus manatus manatus
Linnaeus, 1758) is an aquatic mammal from the order Sirenia,
which is currently classified as Critically Endangered of extinction
in Brazil (Attademo et al., 2024). Its occurrence area in the country
ranges from the coastal and estuarine areas from Amapa to
Alagoas states, where the species inhabits shallow waters and
feeds on seagrasses and freshwater vegetation (Borges et al.,
2008; Alves et al.,, 2013; Normande et al., 2016). Studies in the last
decade have indicated that female manatees use estuaries and
mangrove ecosystems to give birth and care for their calves during
their first stages of life, as those function as shelter habitats from
the tidal waves and marine currents (Balensiefer et al., 2017).

Feeding habits of wild manatees can be analyzed in a variety of
ways, from direct to indirect observations, such as faecal samples
and stomach contents (e.g. Allen et al., 2022; Arévalo-Gonzalez et
al., 2026). However, these methods capture only a ‘snapshot’ of
an individual's recent dietary intake, generally covering a period
of approximately three days, disregarding a broader perspective
of feeding habits and how it can change over months (Boecklen
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et al.,, 2011). Contrasting to other traditional methodologies,
the isotopic approach uses stable isotope signatures of non-
radioactive elements (e.g. carbon, nitrogen, and other elements)
that are fixed in biological tissues, such as blood (Jenkins et al.,
2001), hair (Stegall et al., 2008; Magioli et al., 2019), skin (Gelippi
et al., 2020), and bones (York et al., 2008, Bacalan et al., 2018) to
yield information on diet, use of habitat, and even movement of
individuals (Smith et al., 2021). The most used elements, carbon
and nitrogen, are related to the type of vegetation source (e.g.
seagrass, algae, freshwater plants) (Seminoff et al., 2006) and
trophic level and enrichment (Duarte et al., 2018), respectively
allowing researchers to observe how feeding habits can vary
within populations of the same species (Navarro et al., 2021).
Researchers have used stable isotopes analysis to evaluate
diet of individuals both directly and indirectly. The first occurs
when the samples are derived from the studied individual (Ben-
David & Flaherty 2012; Bacalan et al., 2018; Magioli et al., 2023),
while the indirect happens when attempting to track one’s diet
using another individual's sample, such as milk and via placental
relationship between mother and the offspring (Gelippi et al.,
2020; Cherney et al., 2021; Ruiz-Sagalés et al., 2025). Although
stable isotopic analysis has become popular among the scientific
community in the last decades and spreading through different
taxa (Newsome et al., 2010; Niella et al., 2021; Jaromérska et al.,
2023), such an approach is still poorly explored to study manatees.
Studies based on stable isotope analysis have been conducted
for sirenian species such as dugong (Dugong dugong) (Thibault
et al., 2024), Amazonian manatee (T. inunguis) (Carvalho et al.,
2022), and the Greater Caribbean manatee (7. manatus manatus)
(Garcés-Cuartas et al., 2025). In Brazil, studies with the Greater
Caribbean manatee are restricted to bone and tooth samples
(Ciotti, 2012; Carvalho et al., 2026) to analyze isotopic signature
from deceased free ranging adults. To the best of our knowledge,
there has been no attempt so far to investigate gestational diet
by rescued calves' hair isotope signature. However, fetal 3'°N
and &'3C values in keratin structures closely align with maternal
signatures, suggesting that the isotopic decomposition might
occur simultaneously between individuals in baleen whales
(Ruiz-Sagalés et al., 2025), and maximum maternal-fetus isotopic
difference is estimated at ~1.4% for 8'°C and between 1 and
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1.5% for 8'5N values for epidermal tissues in whales (Gelippi
et al., 2020).

The present study aims to 1) evaluate pregnant female
manatees’ diet composition and use of habitat by analyzing the
isotope values of newborn manatee calves as a proxy for their
mothers' feeding habits throughout pregnancy and; 2) verify
potential relationships between mother feeding choice and calf
body size.

Materials and Methods

Data collection

The hair samples were collected from 2023 to 2026 by two
Brazilian institutions responsible for rescuing and rehabilitating
stranded Greater Caribbean manatees on the Brazilian coast:
Centro Nacional de Pesquisa e Conservagao de Mamiferos
Aquaticos (CMA/ICMBio) and Associagdo de Pesquisa e
Preservagao de Ecossistemas Aquaticos (Aquasis). The samples
were collected during calves’ aid and care after stranding, cutting
the bulk of calves’ hair along their body. Samples were cleaned
with alcohol and preserved on labeled eppendorf vials. Sample
size had a mean of 0.464 mg (range 0.228 - 0.698 mg).

Data analysis

Manatees are born with hair. Considering their early age, the
contamination with consumed vegetables in the hair tissue is
quite low, suggesting that isotopic values reflect their mothers'
feeding. The bulk analysis was performed following the procedures
of Magioli et al. (2023), which consisted of storing the samples
in tin capsules and combusting each capsule individually.
The gases originated by the combustion were separated in
a chromatographic column and loaded on a continuous flow
isotope ratio mass spectrometer (Delta Plus, Thermo Scientific,
Bremen, Germany), which provides the isotopic composition of
the samples for both carbon and nitrogen. The isotopic values
of those elements were indicated in delta notation (3'3C, 5'°N)
in parts per thousand (%) following the V-PDB (Vienna-Pee Dee
Belemnite) and atmospheric N? standards, respectively. Delta
values were calculated based on the standards using the adopted

Table 1. Data on sampled calves. Calf ID: identification code; Stranding site: specific site/Brazilian state abbreviation); Size strand.:
size at stranding, in cm; Est. age: estimated age at stranding, in months; sex: M:male/F:female; and stable isotopic values of §'3C
and "N (%), %C: percentage of carbon in the hair sample; C/N: carbon and nitrogen ratio in the sample. CE: Ceara, MA: Maranhao,

PB: Paraiba; PI: Piaui

Calf ID Stranding site Size strand. Est. age Sex 6'5N %N &'3C %C C/N
01S0111/380 Praia de Santo Amaro/ MA 124.5 1.5 713 12.61 -14.89 41.45 3.28
01S0111/381 Praia da Pedra de Sal/ PI 126 1.0 6.66 13.84 -9.63 43.29 312
01S0112/382 Praia de Atalaia/ PI 17 0.9 F 6.24 13.49 -13.38 42.53 3.15
01S0111/385 Praia do Oiteiro/ PB 93 0.1 M 8.10 9.15 -20.63 36.52 3.99
02S0111/114 Praia de Canoa Quebrada/ CE 139 0.1 M 5.63 13.98 -10.47 47.38 3.38
02S0112/120 Praia de Melancias/ CE 124 0.1 F 6.19 13.61 -10.60 45.07 3.31
02S0111/123 Praia de Peroba/ CE 140 0.1 M 5.43 13.54 -10.00 44.34 3.27
02S0112/124 Praia de Carnaubinhas/ PI 123 0.1 F 5.10 13.98 -10.48 44.59 3.18
02S0111/125 Praia do Uruau/ CE 144 0.1 M 6.71 13.69 -10.09 41.15 3.00
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Figure 1. Map of the northeast Brazilian coast, indicating the Greater Caribbean manatee (Trichechus
manatus manatus) stranding sites in black dots and the species distribution in light blue (IUCN, 2023).

equation &X = [(Rsample/Rstandard) - 1] multiplied by 1000,
where X represents the stable carbon or nitrogen isotopes (3C
or "®*N), and R the isotopes ratio ('3C/'2C or "*N/'*N).

Age was estimated according to the evaluation of umbilical cord
fragments and how fresh tail wrinkles were, given that manatee
calves' tails stay bent in the uterus until birth. Size at stranding
correspond to the total length from nostrils to end of the tail.

After exploratory analysis, we performed two multiple regression
models using the Im()’ function from R software version 4.5.3 (R
Core Team, 2015), to verify how total body length (CT) is influenced
by 8'3C, 6'°N and estimated age, as follows: i) CT ~ 8'3C + Age
and ii) CT ~ 8"°N + Age. We also employed a Pearson's correlation
test to ensure association between body size and delta values,
removing the effect of a potential confounding variable.

Results

Hair samples from nine individuals distributed along four
Brazilian states were analysed in this study: one in Maranhao
(MA), one in Paraiba (PB), three in Piaui (PI) and four in Ceara
(CE) (Figure 1).

5'3C values showed variability among calves, particularly
in individuals aged 0.9 - 1.5 month. In contrast, 8'°N values,
carbon and nitrogen concentration presented very similar
values regardless of calf age. An outlier was observed and the
interpretation of those values compared to the whole sample
are thoroughly discussed. Table 1 presents calf's data as
identification, origin, biometry, and hair isotopic signature for
the nine individuals.

Regarding body size relationship with food isotopic signature,
the multiple regression analysis showed that although 6'°N has
no significant effect on stranding size (p = 0.10), a strong positive
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correlation was observed between 8'3C and size at stranding
(r=0.85, p = 0.0036). This relationship remained significant after
controlling for age in multiple regression (B = 3.61 + 0.92 SE,
p =0.0078), while age had no detectable effect (p = 0.995). Those
results suggest that body size is somehow related to enriched
(less negative) 8'3C signatures.

Discussion

Our results present a substantial contribution on the gestational
health profile of free ranging manatees, by showing data on
biochemical (%N and %C) and source level (6'°N and 5'°C), of a
quite elusive and difficult species to study in the wild. Six of the
nine neonates were nearly three days old when they stranded,
and so the obtained values mirrored the maternal late-term
pregnancy diet.

The most important result concerns an outlier (calf
01S0111/385), which in comparison with the other five individuals
of the same age, needed to be regarded carefully. While carbon
and nitrogen ratios provide information on food quality, the delta
values account for the source and its trophic level, as a chemical
fingerprint (Duarte et al., 2018). Considering the age of the six
individuals within 0.1 month (Table 1), it would be expected that
if all calves had the same nursing period before stranding and if
the environment was homogeneous, 3'°N would not have such
variation. The higher 8'°N (8.10%) compared to other calves
might be related to specific features of the aquatic environment
for this calf, such as anthropogenic waste (McClelland & Valiela
1997, 1998; Cole et al., 2004; Bertelli et al., 2020); inhibition of
nitrifying bacteria (Tino et al., 2025) nutritional stress (Kempster
et al.,, 2007; Loudon et al., 2007), and length of starvation (Doi
et al., 2017). In the latter context, 3'°N values can be applied to
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monitor not only dietary intake but also the nitrogen balance
within the individuals (Fuller et al., 2004). As for 8'3C, it yields
information on the type of plants that are being consumed by
the primary consumer (in this case, the mother) (Seminoff et
al., 2006). Seagrasses and marine algae generally have 3'*C
values ranging from -10.6% to -16.6%, respectively, contrasting
to values from mangroves, which are more carbon depleted,
around -28.6% (Garcés-Cuartas et al., 2021). Thus, the outlier
calf (-20.63) suggests a variability in the female's diet, including
resources from mangroves, probably while inhabiting canals,
instead of marine open waters (Alves-Stanley et al., 2010). In
the present study, due to the limited size of the hair samples (<
1 cm), we did not discriminate isotopic composition along hair
length, which could have resulted in a higher resolution of change
in female diet (Tucker et al., 2024).

Our data on both 8'3C and d'°N are also spatially corroborated
by Carvalho et al. (2026), who found similar delta values for
manatees living on the coast of Cear4, Piaui, and Paraiba states.
However, the 8'3C value found for the Paraiba outlier calf was still
extreme compared to the others. Data on distribution of seagrass
meadows from Deeks et al. (2024) show a large concentration of
seagrass resources in the State of Ceara (118 km2), compared
to Paraiba (13 km?2), which in turn had a higher proportion of
coral reefs. This data, along with our results on 8'3C, indicates
that female manatees might indeed rely on different substrates
given their occurrence and distribution on the Brazilian coast,
reflecting spatial heterogeneity in foraging habitats (Fry, 2006;
Newsome et al., 2010).

Furthermore, variation in 8'*C and the relationships with body
mass can be attributed to variability in carbon sourcing (Wolf et
al., 2024). Mangrove and freshwater vegetation has consistently
less crude protein than marine seagrass and algae (Rodrigues
et al,, 2021; Arévalo-Gonzalez et al., 2024). Recent studies on
livestock animals have demonstrated that protein-restricted
environments can have several impacts on offspring health, such
as on metabolism, immunity, reproduction, and gut health (Xiao
et al., 2025); fetal growth retardation and compromised glucose
regulation in early life (Maresca et al., 2018); and offspring birth
weight, weaning weight, and daily weight gain (Barcelos et al.,
2022). Also, this nutritional effect might have an extended impact
on calves’ body condition not only at birth, but probably in the
long-term. An empirical observation regarding the small size of
a manatee calf born in semi-captivity and its progenitor's diet
(mangrove plants) and calf 01S0111/385 are examples that
support such a hypothesis. The outlier calf (01S0111/385) was
the smallest one at stranding time (93 cm), far from the mean
size for neonates (100 - 120 cm) (Attademo et al., 2022); and, in
spite of diet and health assistance, its growth is slower compared
to other offspring of the same age (L.I.S. Melo, pers. obs.).

In conclusion, our study contributes to the knowledge of
the pregnancy diet, habitat use, and how resource availability
influences these behaviors in free-ranging Greater Caribbean
manatee females. However, we also acknowledge the remaining
important gaps such as the temporal scale of diet shifts and the
triggers of such change (e.g., water temperature and salinity,
pregnancy stages). As this was a pilot study, we present only
preliminary data and invite researchers to delve deeper into this
ecological approach, to improve our knowledge of this elusive
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and threatened species. Furthermore, our findings open the
hypothesis that nutritional intake during gestation periods might
impact long-term calf growth and development, thus being a good
source of information for rescuing and rehabilitating programs.
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