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1.  INTRODUCTION

Ovarian granulosa cells and testicular Sertoli cells
are the targets of follicle stimulating hormone (FSH)
activity (Braunstein 2011) in mammals, and produce
peptide hormones of the transforming growth factor
beta (TGF-b) superfamily. These hormones have been
extensively studied in humans (Hu et al. 2011, Suresh
et al. 2011), and to the extent they have been studied

in other mammals, their functions and modes of action
appear to be consistent among species (e.g. Myers &
Pangas 2010, Dow et al. 2011). The TGF-b superfam-
ily includes hormones that affect reproductive suc-
cess in both males and females, including inhibins,
activins, follistatin, and anti-Müllerian hormone (AMH;
Bilezikjian et al. 2006, Trombly et al. 2009). Of the
various TGF-b superfamily peptides listed above, the
3 that have shown particular promise as diagnostic
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ABSTRACT: The Florida manatee Trichechus manatus latirostris occupies coastal and riverine
habitats that may influence the species’ endogenous biological rhythms, including its reproduc-
tive potential. Inhibin B provides a biomarker of gonadal function and reproductive potential in
humans and other eutherian mammals. This study examined the influence of size, sex, and time of
year on inhibin B levels in manatees sampled among 3 habitats with varying degrees of environ-
mental stress in Florida. Inhibin B levels in 38 males averaged (±SE) 4.90 ± 0.23 pg ml−1; the aver-
age level in 31 females was 5.63 ± 0.46 pg ml−1. Elevated patterns in inhibin B were exhibited
between mid-March and mid-August corresponding to increased mating activity and testicular
function, with significant differences in inhibin B levels between male and female manatees (p =
0.03) throughout the year. No significant differences in inhibin B were detected between low- and
high-impacted sampling locations during winter, suggesting the potential influence of environ-
mental stress on manatee reproduction may be best examined between mid-March and mid-
August—the midpoint of the reproductively active, non-winter time period. Establishing temporal
baselines for inhibin B values may be useful in assessing manatee reproductive status and poten-
tial conservation threats, shedding light on fertility potential, and enabling future assessment of
the effects of stressors on reproduction in Florida manatees.
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tools for assessing reproductive potential are AMH
and inhibins A and B (Toulis et al. 2010, Karkanaki et
al. 2011).

Initially studied to understand their role in repro-
duction and development in humans (Welt et al.
1999, Knight & Glister 2006), these peptide hormones
have also been investigated in several terrestrial
mammalian taxa, such as rodents (Buzzard et al.
2004, Kevenaar et al. 2006), bovines (Ireland et al.
2008), ovines (Campbell & Baird 2001), 3 species of
marine mammals (Wilson et al. 2011, Schwierzke-
Wade 2011, Lehnert et al. 2019), and 2 different
echinoderms (Roudebush & Chosed 2019). The utility
of measuring these hormones in a comprehensive
evaluation of the conservation status of protected
mammalian species has been considered (Marsh et
al. 2011, Wilson et al. 2011), but seldom employed to
further promote understanding of expression and
function.

Levels of inhibin B reflect ovarian reserve and
function during folliculogenesis in most female mam-
mals (Roudebush et al. 2008), and levels in serum
increase dramatically during folliculogenesis and are
maximized just prior to ovulation. Inhibin B measure-
ment can be a useful endocrine marker for monitor-
ing male and female gonadal function (Meachem et
al. 2001, Luisi et al. 2005, Dow et al. 2011) as well as
a biomarker for overall health assessment (Lehnert et
al. 2019). These hormones (AMH and inhibins A and
B) are more sensitive markers of reproductive poten-
tial than other molecules (e.g. estradiol or testos-
terone; Roudebush et al. 2008).

The conservation status and reproductive biology
of the Florida manatee Trichechus manatus latirostris
have been considered (e.g. Hernandez et al. 1995,
Larkin et al. 2005, Marsh et al. 2011). However, there
have been only 2 TGF-b hormones examined to date
in Florida manatees (AMH, Wilson et al. 2011; in -
hibin B, present study). The subspecies occupies
coastal and riverine habitats, primarily in the south-
eastern United States. Although manatees are ex -
tremely adaptable, proximity to people has contri -
buted to their exposure to a range of anthropogenic
and environmental stressors that may influence endo -
genous biological rhythms, including but not limited
to winter cold, chemical contaminants, watercraft-
related noise, collisions with boats, harmful algal
blooms, habitat alteration, and physical disturbance.
The influences of anthropogenic stressors are diffi-
cult to assess in marine mammals, because of the
complex logistics and legal limitations imposed on
collecting tissue samples, and expressly prohibited
experimental studies for protected species.

The Florida manatee is listed as threatened under
the US Endangered Species Act. Thus, carefully
 validated diagnostic biomarkers, used to assess key
biological processes, can be proxies for more inva-
sive sampling to evaluate potential anthropogenic
impacts. Biomarker and bioassay responses are read-
ily quantifiable and can form a basis of long-term
observational series to determine change over time
(Langston et al. 2007). Among the possible sub-lethal
consequences to manatees of exposure to single or
cumulative stressors is reduced reproductive poten-
tial, which could impair population sustainability.
Reproductive effects of stressors can be assessed, in
part, by creating baselines for TGF-b peptide hor-
mones, using presumably normal animals sampled
throughout the year. This information could then be
used for future studies using inhibin B to compare
gonadal function and reproductive potential in indi-
viduals known to have been exposed to particular
insults or stressors.

The objective of this study was to determine
inhibin B levels in Florida manatees in order to char-
acterize the relationship of concentrations of inhibin
B to sex, body length (presumed maturity), winter
and non-winter seasons (seasons defined by con -
vention), and select representative environmentally
stressed locations during different seasons. Mana-
tees are generally considered sexually mature at a
body length of ³264 cm; individuals with a body
length <264 cm are classified as immature (Marmon-
tel 1995, Marmontel et al. 1996, Bonde et al. 2012).
Manatees with a range of body lengths were sam-
pled in this study to ensure that both mature and
immature reproductive statuses would be assessed
for both genders.

The gestation period for the Florida manatee is
approximately 1 yr, and there appears to be a peak
for breeding and calving in spring/summer, although
breeding may occur at any time during the year. The
division into winter (loosely identified for manatees
as November/December−February/March) versus
non-winter (mid-March−October) months is made
because winter is typically a time of reduced testicu-
lar activity, reduced mating activity, and fewer births
for Florida manatees than the collective non-winter
months (Hernandez et al. 1995, Wright et al. 2002,
Deutsch et al. 2003). In addition, large fetal manatees
are reported primarily in late winter, spring, and
early summer (Fig. 1). Thus, the most logical choice
for testing seasonality of manatee reproductive
potential as measured by inhibin B concentration
centers on refining definitions for winter versus
warmer breeding seasons.
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Manatees were sampled from 3 different Florida
locations representing a range of impacted environ-
ments (the low/non-impacted Crystal River; the mod-
erately impacted Everglades National Park; and the
highly impacted urban and agricultural Indian River
Lagoon) to investigate means to assess the potential
environmental impact effects on inhibin B levels (see
Fig. 2). By establishing temporal baselines in mana-
tees and documenting alterations associated with
various biological conditions, scientists may ulti-
mately be able to discern not only intra-annual pat-
terns, but also variances in concentrations that may
be due to possible influences of environmental stres-
sors (e.g. contaminants, noise, habitat loss, etc.) on
population-level reproductive potential and fitness.

2.  MATERIALS AND METHODS

2.1.  Animals

Florida manatee serum samples from 38 males and
31 females were obtained for analysis. The serum
samples were collected during routine health surveys
conducted by the US Geological Survey (USGS) Sire-
nia Project, and the Florida Fish and Wildlife Conser-
vation Commission (FWC) from 2005−2011 at 3 loca-
tions in Florida (Fig. 2). Samples were taken during
winter (defined here as 15 November−15 March) and
non-winter time periods at Crystal River in the north-
west (n = 32), during non-winter only for Everglades

National Park in the south (n = 26), and during winter
only in the Indian River Lagoon in Brevard County in
the east (n = 11). Blood was obtained from the brachial
vascular bundle of the medial pectoral flipper (Walsh
& Bossart 1999, Stamper & Bonde 2012). Following
collection, the whole blood was permitted to clot and
then was centrifuged; serum samples were removed
and subsequently stored at −80°C until analysis. Man-
atee demographic data collected for comparison with
inhibin B concentrations included sex, collection date,
total body length (cm), and geographic location of
sampling (see Tables 1 & 2). Chronological age cannot
be determined in living manatees.

Samples were taken from animals ranging in total
body length from 154−324 cm, which would include
both mature and immature reproductive status sam-
ples. The general health of each animal was evalu-
ated prior to inclusion in the study; all individuals
were considered to be healthy. Health status was
determined by proxy with the standard clinical
analysis of serum amyloid A (SAA) and is part of the
routine USGS manatee health assessment to monitor
for signs of inflammation, disease, and/or severe
injury. No animals were included in this study if they
did not have normal SAA values (Harr et al. 2006).
Reproductive status for the sampled female mana-
tees was not assessed via pregnancy test, and visual
detection is only evident during the last trimester of
pregnancy. However, none of the females appeared
to be pregnant nor were there any mother/calf pairs
observed.
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Fig. 1. Seasonal relationship of various reproductive measures in the Florida manatee. Horizontal line thickness corresponds to 
the degree to which a particular component occurs in specific seasons. Adapted with permission from Marsh et al. (2011)
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2.2.  Serum hormone analysis

Levels of inhibin B in the Florida manatee samples
were determined by an enzymatically amplified 2-
site immunoassay (GEN II ELISA; Beckman Coulter).
The assay was validated for cross-reactivity with the
Florida manatee by demonstrating parallelism be -
tween serial dilutions of manatee serum (neat, 1:2−
1:64) and the inhibin B calibration standards. The
dual monoclonal antibodies used were a highly char-
acterized antibody pair that are specific to, and bind
only to, the mature conserved region of inhibin B,
and when validated, measured 100% inhibin B in
human, monkey, and rat. Inhibin A, activins A and B,
AMH, follicle stimulating hormone, and luteinizing
hormone were tested as potential cross-reactants and
were found to be non-detectable. The limit of detec-
tion was 2.6 pg ml−1.

Samples were processed in duplicate on a Dynex
DS2 automated instrument (Dynex Technologies) fol-
lowing the manufacturer’s instructions. Absorbance
measured was directly proportional to the concentra-
tion of inhibin B. Standards were used to plot a log−
log linear regression calibration curve of absorbance
versus inhibin B concentration (r2 = 0.99). The sample
concentrations were calculated from the calibration
curve fit equation. The assay sensitivity was 3.18 pg
ml−1 and the intra- and inter-assay CVs were 1.71
and 1.81%, respectively.

2.3.  Statistical analysis

Statistical analyses were performed
using R (R Core Team 2017); results
were considered statistically signifi-
cant at p £ 0.05. Serum inhibin B levels
from manatees were analyzed to
establish temporal baselines, based on
3 different factors: (1) sex; (2) body
length (used as a proxy for designat-
ing maturity status); and (3) date of
sample collection. Intra-annual pat-
terns in manatee inhibin B concentra-
tions were examined with a general-
ized additive model (GAM):

Yij = µ + g(day) + ai + b(Xj − X) + eij (1)

where Yij is the inhibin B concentra-
tion of individual j of gender i (male or
female); µ is the intercept term; g(day)
is a nonparametric smoothing function
for the day of the year; αi represents
the effect of gender i; b is the slope of

the regression of inhibin B concentrations on mana-
tee body length centered around the overall mean
size of 265.71 cm (Xj − X); and εij is the random unex-
plained error, which is assumed to be independent
and normally distributed. Although model residu-
als exhibited minor heteroscedasticity, the inverse
square-root transformations required to address this
assumption were not applied to allow for model inter-
pretability. To fit the smoothing function, the associ-
ated degrees of freedom (k = 4) were identified as the
model yielding the minimum generalized cross-
 validation score. Preliminary data analyses did not
de tect differences in inhibin B levels among years, so
year of sample collection was not included in the
model. We considered incorporating the location of
sample collection; however, as the limited temporal
overlap of samples among locations produced spuri-
ous model results, we excluded location from the
model to focus on temporal patterns.

Spatial differences in inhibin B concentrations
were able to be tested between samples collected
from the low/non-impacted Crystal River and the
highly impacted Indian River Lagoon locations dur-
ing winter using the general linear model:

Yhij = µ + gh + ai + b(Xj − X) + ehij (2)

where model terms were as before, but with γh repre-
senting the effect of sampling location h. Again,
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inverse square-root transformations were not applied
to address minor heteroscedasticity in model residu-
als to allow for model interpretability.

3.  RESULTS

Measured inhibin B levels ranged from 3.13−
9.27 pg ml−1 (mean ± SE = 4.90 ± 0.23 pg ml−1) in
males and 3.18−15.63 pg ml−1 (5.63 ± 0.46 pg ml−1) in
females (Tables 1 & 2). Model-based mean values of
inhibin B for males (4.78 pg ml−1) were 0.99 ± 0.46 pg
ml−1 lower than for females (5.77 pg ml−1; p = 0.03)
after adjusting for inter-annual patterns and the
effect of body length, albeit length did not exhibit a
significant influence on inhibin B concentrations (p =
0.85). However, it is interesting to note that males in
the lowest quartile of observed inhibin B values
(<3.87 pg ml−1) averaged 252 cm in length (below the
commonly used 264 cm cutoff for identifying mature
individuals), but were as long as 308 cm, whereas
females in the lowest quartile of observed inhibin B
values (<4.31 pg ml−1), averaged 282 cm in length
but were as long as 320 cm. Individuals in the highest
quartile of observed inhibin B values (>5.58 pg ml−1

for both sexes) averaged 272 cm in total body length
for males and 268 cm for females, but included indi-
viduals as small as a 203 cm male and a 246 cm
female. These data highlight the importance of iden-
tifying the time period during which reproductive
potential is best assessed, as size-based measures
may not properly reflect maturity status.

Generally, mean inhibin B values were elevated
from mid-March to mid-August (Fig. 3). Concentra-
tions returned to overall mean levels by October, and
were reduced in individuals sampled during Decem-
ber and January (Table 1). Based on the mid-March
to mid-August time frame identified in this study, the
highest quartile of observed inhibin B values was

>6.76 pg ml−1 for males and >8.11 pg ml−1 for females.
Overall inhibin B levels were not elevated during
October, given that the highest quartile observed for
samples collected in October was only >4.62 pg ml−1

for males and >5.59 pg ml−1 for females. Notably,
mean inhibin B concentrations measured in samples
collected from females in October were almost 2 pg
ml−1 lower than females collected between mid-March
and mid-August, even though the females from the
October sampling were among the largest individu-
als (5 ind. averaging 288 cm).

Manatees included in this study were sampled in
environments representing a range of anthropogenic
and environmental stressors: low/non-impacted Crys-
tal River; moderately impacted Everglades National
Park; and highly impacted Indian River Lagoon. The
mean inhibin B levels within particular demographic
groups were not significantly different between Crys-
tal River and Indian River Lagoon during winter (p =

287

Season Sex No. of Mean 1st quartile Mean 3rd quartile Range
samples length inhibin B inhibin B inhibin B inhibin B

Winter F 19 271 ± 9 4.04 4.99 ± 0.42 5.25 3.18−11.77
M 21 259 ± 7 3.50 4.25 ± 0.20 4.76 3.13−6.53

Mid-March to F 7 268 ± 10 5.17 7.45 ± 1.54 8.11 4.22−15.63
mid-August M 14 272 ± 11 4.51 5.96 ± 0.41 6.76 4.17−9.27

October F 5 288 ± 6 4.97 5.50 ± 0.49 5.59 4.45−7.30
M 3 205 ± 47 4.48 4.54 ± 0.09 4.62 4.37−4.65

Table 1. Mean (±SE), quartile, and range for inhibin B levels (pg ml−1), and mean (±SE) body lengths (cm) of all manatees sam-
pled, by sex and the proposed periods for winter, peak reproductive activity (mid-March to mid-August), and transitional state 

(October; normally defined as a non-winter month) timeframes to distinguish peak inhibin B levels

Location Season Sex No. of Mean Mean
samples length inhibin B

Indian River Winter F 3 291 ± 17 5.39 ± 0.82
Lagoon M 8 262 ± 13 4.47 ± 0.29

Crystal Winter F 16 267 ± 11 4.92 ± 0.49
River M 13 257 ± 7 4.11 ± 0.27

October F 1 286a 4.45a

M 2 158 ± 4 4.48 ± 0.04

Everglades Peak F 7 268 ± 10 7.45 ± 1.54
National M 14 272 ± 11 5.96 ± 0.41
Park October F 4 289 ± 7 5.76 ± 0.53

M 1 298a 4.65a

aOnly 1 sample, no mean or SE calculated

Table 2. Mean (±SE) inhibin B levels (pg ml−1) and body
length (cm) of Florida manatees, by the proposed winter,
peak (mid-March to mid-August), and separate October
(normally defined as non-winter month) seasons and by 

sampling location
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0.39), despite slightly higher inhibin B concentrations
in individuals from Indian River Lagoon (Table 2). For
this model, body size did not have a significant influ-
ence on inhibin B concentrations (p = 0.48), and male
inhibin B concentrations were nearly significantly
different than those of females (p = 0.07). Model-
based means of males were 0.87 ± 0.46 pg ml−1 lower
than females, a difference that is similar to the 0.99 ±
0.46 pg ml−1 difference reported by the GAM model,
suggesting the number of sample sizes available dur-
ing winter limited the model’s ability to detect a sig-
nificant gender effect.

4.  DISCUSSION

In previous studies of the role of the inhibins in
humans and select other mammals, it has been
shown that inhibins primarily regulate gametogene-
sis by inhibiting the production and/or secretion of
FSH from the anterior pituitary. In males, inhibin B is
secreted by the prepubertal testis Sertoli cells during
maturation, and the serum level of inhibin B is con-
sidered to reflect Sertoli cell function. Post matura-
tion, production of inhibin B is dependent on FSH
and the spermatogenic status. Serum inhibin B level
may be an appropriate marker of the function and

maturation of Sertoli cells in males and, as such, an
indicator of maturity and an index of spermatogene-
sis (Meachem et al. 2001). In females, inhibin B is
regulated by FSH stimulation, which induces prolif-
eration and differentiation of granulosa cells from
mammalian follicles. It is produced in the gonads,
pituitary gland, placenta, and corpus luteum, and
increases during the luteal-follicular transition, with
peaks in the mid-follicular phase and again at ovula-
tion. As with males, concentrations of inhibin B in
females are low until maturation begins and then
peak at full maturation but decrease as a function of
senescence (Battistini et al. 2002, Crofton et al. 2002).
Ultimately, the ovarian reserves of female mammals
are expected to become depleted with age and as
reproductive senescence naturally ensues in older
individuals (Cohen 2004). Ovarian reserve can be
evaluated by measuring inhibin B levels in serum
(Welt et al. 1999).

While there are no studies validating that this hor-
mone plays the same roles in manatees, in order to
interpret the results from the present study, we infer
that this is the case for most (if not all) mammals,
including manatees (e.g. Hu et al. 2011). Data show
that mean inhibin B levels (all body lengths, repre-
senting mature and immature animals combined)
were 4.90 ± 0.23 pg ml−1 for males and 5.63 ± 0.46 pg
ml−1 for females; among the lowest averages reported
in mammals (e.g. Mann et al. 1997, Buzzard et al.
2004, Kumanov et al. 2006). Inhibin B levels were sig-
nificantly higher (p = 0.03) in female manatees than
in males, and linear models showed no significant
relationship between body length (presumed matu-
rity) and inhibin B levels for either sex (males: p =
0.46; females: p = 0.42). Schwierzke-Wade (2011)
provided the only other inhibin B levels available for
marine mammals; they were measured in bottlenose
dolphin Tursiops truncatus but did not include evalu-
ation of seasonal influences. In that study, levels of
inhibin B were higher in female dolphins sampled
from Florida and lower in those sampled in Georgia,
and no relationship of body length to inhibin B level
was observed (Schwierzke-Wade 2011). However,
for another TGF-b family member, significant differ-
ences (p < 0.01) were seen with body length and
AMH levels in male but not in female manatees (Wil-
son et al. 2011).

The levels of inhibin B were highest in both male
and female manatees sampled between mid-March
and mid-August (Tables 1 & 2), similar to the trend
observed with AMH in manatees (Wilson et al. 2011).
However, the generally accepted division into winter
(November/December−February/March) versus non-
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Fig. 3. Intra-annual patterns in inhibin B for Florida mana-
tees sampled from Indian River Lagoon, Crystal River, and
Everglades National Park, FL. Solid line: the smoothing
function fit with the generalized additive model; dark grey
shading: ±2 SE. Shaded box: the generally applied non-win-
ter season for assessing reproductive potential; dashed line
at 0: model-based mean inhibin B values for each sex
(males: 4.78 pg ml−1; females: 5.77 pg ml−1), thus, the y-axis
represents a deviation from that mean over time. Points: par-
tial residuals for males (squares) and females (circles), in -
dicating individual deviations from temporal patterns in
 inhibin B (without transformation) after adjusting for the 

effects of gender and body length
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winter (mid-March−October) seasons — character-
ized by levels of testicular activity, mating activity,
and births for Florida manatees — may not be appro-
priate for monitoring of inhibin B levels of peak and
non-peak identification for reproductive potential.
Results for the month of October suggest that this
period may be a transitional time for inhibin B levels
in manatees rather than a reflection of the average
values found in the other 2 seasons of winter and
non-winter (Tables 1 & 2, Fig. 3). Therefore, for pro-
jects aiming to test inhibin B levels against seasonal
baselines of manatee reproductive potential as meas-
ured by inhibin B concentration, the currently de -
fined winter and non-winter time periods should ex -
clude the month of October for sampling and analysis.

It seems likely that manatees breed rarely in winter
based on general observations of reduced mating be -
havior (O’Shea & Hartley 1995, Rathbun et al. 1995,
Reid et al. 1995). In males, reduced spermatogenesis
(Hernandez et al. 1995), smaller testicular mass (Rey -
nolds et al. 2004), and lower fecal testosterone levels
(Larkin et al. 2005) have been documented (see Fig. 1).
These results are consistent with the observation that
the inhibin B level acts as a marker for gonadal func-
tion in male mammals and phase of estrous cycle in
non-human female mammals (Knight & Glister 2006).
One Everglades Nat ional Park male, measuring only
220 cm in body length, had a relatively high inhibin B
value compared to its size (9.27 pg ml−1), suggesting,
perhaps, that this animal may have been precocious.
To date, the smallest male manatee documented to
have spermatogenic testes measured 237 cm long and
was 2 yr old (Hernandez et al. 1995). Interestingly, in
humans, inhibin B is a useful screening tool for diag-
nosing disorders of pubertal development, either de-
layed or precocious (Lahlou & Roger 2004).

Most births of wild manatees in Florida occur dur-
ing the non-winter months (O’Shea & Hartley 1995,
Rathbun et al. 1995, Reid et al. 1995). Inhibin B levels
rise during folliculogenesis and peak just prior to
ovulation in humans and some other mammals, sug-
gesting that the point in the estrous cycle when the
samples are collected may be an important consider-
ation. If that is also true in manatees, it could explain
the relatively high inhibin B levels (>10 pg ml−1) of 3
presumed mature females possibly suggestive of fol-
liculogenesis. However, although 2 were sampled
during the non-winter peak breeding season in Ever-
glades National Park, one was sampled in Crystal
River during the winter period — a time of minimal
breeding when many females undergo a seasonal de -
pression in their reproductive hormones and repro-
ductive capabilities (Fig. 1).

In human females, levels of inhibin A and B decline
with age and, by approximately 1 yr before onset of
menopause, neither inhibin can be detected (Øverlie
et al. 2005). With regard to inhibin B levels declining
in female manatees to undetectable levels if/as se -
nescence approaches (as in humans), the lowest con-
centration measured in this study was 3.18 pg ml−1 in
a 240 cm female (less than the conventional matura-
tion length threshold of 264 cm). Thus, it seems plau-
sible that no evidence of ovarian reserve decline was
noted, an observation that suggests reproductive se -
nescence may be unusual or non-existent in healthy
manatees.

Although we were unable to test the influence of
location on inhibin B levels throughout the year due
to limited sample availability, no significant differ-
ences in inhibin B were detected between samples
collected from the low/non-impacted Crystal River
and the highly impacted Indian River Lagoon sam-
pling locations during winter. Reproductive potential
(as measured by inhibin B levels) may be robust to
environmental disturbances, but we expect that
potential site-specific differences in inhibin B levels
associated with stressors such as toxicants and expo-
sure to cold would be measurable if larger sample
sizes were available from more locations during the
time period that inhibin B concentrations are ex -
pected to be elevated. Specifically, it is important to
consider whether exposure to endocrine-disrupting
compounds such as polychlorinated biphenyls (PCBs)
and organochlorine pesticide (OCP), common in
human waste and Florida coastal waterways (Atkin-
son et al. 2003, Cox et al. 2004, Fair et al. 2010), may
be causing some unusual circumstances with regard
to reproductive hormone levels in manatees of either
sex (e.g. Monsees et al. 2000, Fossi & Marsili 2003,
Uzumcu et al. 2006). In fact in humans, the inhibin B
level represents ‘a very fast marker of  testicular dam-
age’ and has been suggested as an important and
rapid marker of spermatogenic disorders in popula-
tions exposed to testicular toxicants (Meachem et al.
2001, p. 568).

While there have been a number of studies on the
links between contaminant exposure and adverse
effects on reproduction in marine mammals, few
have specifically evaluated the effects on sex hor-
mones. Prior research has assessed the effects of
stressors, including endocrine disruptors, on Sertoli
cells and found increased inhibin B production (Mon-
sees et al. 2000, Comhaire & Mahmoud 2003). A com-
parison of levels of known endocrine disruptors (i.e.
PCBs) analyzed in bottlenose dolphin blubber col-
lected from Florida sampling sites (Sarasota Bay and
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Indian River Lagoon; Fair et al. 2010, Schwierzke-
Wade 2011) were significantly lower than those sam-
pled in Georgia (Turtle/Brunswick River; Balmer et
al. 2011).

Knowing the status of potential reproduction im -
pairment in wild populations can be useful for envi-
ronmental health assessments and developing effec-
tive conservation strategies, especially for en dangered
and protected taxa. Baseline studies are becoming
in creasingly relevant with regards to evaluating
potential effects of environmental stressors on the
endocrine system of marine mammals. Since inhibin
B analyses can help to assess the reproductive poten-
tial of humans and other mammals, creation of base-
line values for this and related hormones in manatees
may allow scientists and managers to relate these
findings to a range of parameters including, but not
limited to, genetic fitness, geographic location, nutri-
tional status, exposure to biotoxins or contaminants,
exposure to cold, or influences of  disease. Policy
makers, regulators, and resource managers need
con vincing evidence to support the possible sub-
lethal effects of environmental and anthropogenic
stressors on fertility of wild populations so that effec-
tive steps can be taken towards mitigating these
stressors on critical biological functions where possi-
ble (O’Hara & O’Shea 2005). The capacity to evaluate
the reproductive quality of individuals comprising a
population allows scientists and managers to relate
effects of environmental or anthropogenic stressors
or other conservation risk factors to reproductive
potential.

Acknowledgements. We are grateful to all the individuals
who assisted with wild manatee captures, handling and
sample processing. Samples were collected under US Fish
and Wildlife Service (USFWS) Wildlife Research Permit Nos.
MA773494-8 (FWC-FWRI) and MA791721 (USGS Sirenia
Project). Samples were archived at Mote Marine Laboratory
as authorized by Permit No. MA100361. Any use of trade,
product or firm names is for descriptive purposes only and
does not imply endorsement by the US Government. The
manuscript benefitted from comments provided prior to its
submission from staff of the Sirenia Project of the USGS,
Wetland and Aquatic Research Center and from Kerri Sco-
lardi in the Manatee Program at Mote Marine Laboratory
who also created the map of the sampling locations. We
appreciate permission from Helene Marsh to develop Fig. 1
as an adjustment to Fig. 6.6 in Marsh et al. (2011), and thank
Taryn Szalay for producing the figure.

LITERATURE CITED

Atkinson S, Atkinson MJ, Tarrant AM (2003) Estrogens from
sewage in coastal marine environments. Environ Health
Perspect 111: 531−535

Balmer BC, Schwacke LH, Wells RS, George RC and others
(2011) Relationship between persistent organic pollu-
tants (POPs) and ranging patterns in common bottlenose
dolphins (Tursiops truncatus) from coastal Georgia, USA.
Sci Total Environ 409: 2094−2101 

Battistini M, Freeman EW, Grisso JA, Sammel M, Hollander
L, Garcia-Espana B (2002) Pilot study of racial differ-
ences and longitudinal changes in inhibin B in the late
reproductive years. Fertil Steril 77: 193−195 

Bilezikjian LM, Blount AL, Donaldson CJ, Vale WW (2006)
Pituitary actions of ligands of the TGF-b family:  activins
and inhibins. Reproduction 132: 207−215 

Bonde R, Garrett A, Berlanger M, Askin N, Tan L, Wittnich
C (2012) Biomedical health assessments of the Florida
manatee in Crystal River—providing opportunities for
training during the capture, handling, and processing of
this endangered aquatic mammal. J Mar Anim Ecol 5: 
17−28

Braunstein GD (2011) Testes. In:  Gardne DG, Shoback D
(eds) Greenspan’s basic & clinical endocrinology, 10th

edn. McGraw Hill Lange, New York, NY, p 395−422
Buzzard JJ, Loveland KL, O’Bryan MK, O’Connor AE and

others (2004) Changes in circulating and testicular levels
of inhibin A and B and activin A during postnatal devel-
opment in the rat. Endocrinology 145: 3532−3541 

Campbell BK, Baird DT (2001) Inhibin A is a follicle stimu-
lating hormone-responsive marker of granulosa cell dif-
ferentiation, which has both autocrine and paracrine
actions in sheep. J Endocrinol 169: 333−345 

Cohen AA (2004) Female post-reproductive lifespan:  a gen-
eral mammalian trait. Biol Rev Camb Philos Soc 79: 
733−750 

Comhaire FH, Mahmoud A (2003) The role of food supple-
ments in the treatment of the infertile man. Reprod Bio-
med Online 7: 385−391 

Cox H, Mouzi S, Gelsleichter J (2004) Preliminary obser -
vations of estrogenic activity in surface waters of the
Myakka River, Florida. Fla Sci 69: 92−99

Crofton PM, Evans AEM, Groome NP, Taylor MRH, Hol-
land CV, Kelnar CJH (2002) Dimeric inhibins in girls
from birth to adulthood:  relationship with age, pubertal
stage, FSH and oestradiol. Clin Endocrinol (Oxf) 56: 
223−230 

Deutsch CJ, Reid JP, Bonde RK, Easton DE, Kochman HI,
O’Shea TJ (2003) Seasonal movements, migratory
behavior, and site fidelity of West Indian manatees along
the Atlantic coast of the United States. Wildl Monogr 151: 
1−77

Dow TL, Roudebush W, Parker FN, Brown JL (2011) Influ-
ence of age and gender on secretion of anti- Müllerian
hormone in Asian (Elephas maximus) and African (Lox-
odonta africana) elephants. Theriogenology 75: 620−627 

Fair PA, Adams J, Mitchum G, Hulsey TC and others (2010)
Contaminant blubber burdens in Atlantic bottlenose dol-
phins (Tursiops truncatus) from two southeastern US
estuarine areas:  concentrations and patterns of PCBs,
pesticides, PBDEs, PFCs, and PAHs. Sci Total Environ
408: 1577−1597 

Fossi MC, Marsili L (2003) Effects of endocrine disruptors in
aquatic mammals. Pure Appl Chem 75: 2235−2247 

Harr K, Harvey J, Bonde R, Murphy D, Lowe M, Menchaca
M, Francis-Floyd R (2006) Comparison of methods used
to diagnose generalized inflammatory disease in mana-
tees (Trichechus manatus latirostris). J Zoo Wildl Med 37: 
151−159 

290

https://doi.org/10.1289/ehp.5233
https://doi.org/10.1016/j.scitotenv.2011.01.052
https://doi.org/10.1016/S0015-0282(01)02946-6
https://doi.org/10.1530/rep.1.01073
https://doi.org/10.1210/en.2003-1036
https://doi.org/10.1677/joe.0.1690333
https://doi.org/10.1638/05-023.1
https://doi.org/10.1351/pac200375112235
https://doi.org/10.1016/j.scitotenv.2009.12.021
https://doi.org/10.1016/j.theriogenology.2010.10.002
https://doi.org/10.1046/j.0300-0664.2001.01449.x
https://doi.org/10.1016/S1472-6483(10)61881-0
https://doi.org/10.1017/S1464793103006432


Wetzel et al.: Inhibin B in the Florida manatee

Hernandez P, Reynolds JE III, Marsh H, Marmontel M (1995)
Age and seasonality in spermatogenesis of Florida man-
atees. In:  O’Shea TJ, Ackerman BB, Percival HF (eds)
Population biology of the Florida manatee. Information
and Technology Report 1. National Biological Service,
Washington, DC, p 84−97

Hu Y, Yu H, Shaw G, Renfree MB, Pask AJ (2011) Differen-
tial roles of TGIF family genes in mammalian reproduc-
tion. BMC Dev Biol 11: 58 

Ireland JLH, Scheetz D, Jimenez-Krassel F, Themmen APN
and others (2008) Antral follicle count reliably predicts
number of morphologically healthy oocytes and foll icles
in ovaries of young adult cattle. Biol Reprod 79: 1219−1225 

Karkanaki A, Vosnakis C, Panidis D (2011) The clinical sig-
nificance of anti-Müllerian hormone evaluation in gyne-
cological endocrinology. Hormones (Athens) 10: 95−103 

Kevenaar ME, Meerasahib MF, Kramer P, van de Lang-Born
BMN and others (2006) Serum anti-Müllerian hormone
levels reflect the size of the primordial follicle pool in
mice. Endocrinology 147: 3228−3234 

Knight PG, Glister C (2006) TGF-beta superfamily members
and ovarian follicle development. Reproduction 132: 
191−206 

Kumanov P, Nandipati K, Tomova A, Agarwal A (2006)
Inhibin B is a better marker of spermatogenesis than
other hormones in the evaluation of male factor infertil-
ity. Fertil Steril 86: 332−338 

Lahlou N, Roger M (2004) Inhibin B in pubertal development
and pubertal disorders. Semin Reprod Med 22: 165−175 

Langston WJ, Chesman BS, Burt GR (2007) Review of bio-
markers, bioassays and their potential use in monitoring
the Fal and Helford SAC. Project Report No. 1-62.  Marine
Biological Association, Plymouth

Larkin ILV, Gross TS, Reep RL (2005) Use of faecal testos-
terone concentrations to monitor male Florida manatee
(Trichechus manatus latirostris) reproductive status.
Aquat Mamm 31: 52−61 

Lehnert K, Siebert U, Reißmann K, Bruhn R and others
(2019) Cytokine expression and lymphocyte proliferative
capacity in diseased harbor porpoises (Phocoena phoco -
ena) — biomarkers for health assessment in wildlife
cetaceans. Environ Pollut 247: 783−791 

Luisi S, Florio P, Reis FM, Petraglia F (2005) Inhibins in
female and male reproductive physiology:  role in game-
togenesis, conception, implantation and early preg-
nancy. Hum Reprod Update 11: 123−135 

Mann DR, Akinbami MA, Wallen K, Gould KG and others
(1997) Inhibin-B in the male rhesus monkey:  impact of
neonatal gonadotropin-releasing hormone antagonist
treatment and sexual development. J Clin Endocrinol
Metab 82: 1928−1933

Marmontel M (1995) Age and reproduction in female
Florida manatees. In:  O’Shea TJ, Ackerman BB, Percival
HF (eds) Population biology of the Florida manatee.
Information and Technology Report 1. National Biologi-
cal Service, Washington, DC, p 98−119

Marmontel M, O’Shea TJ, Kochman HI, Humphrey SR
(1996) Age determination in manatees using growth-
layer-group counts in bone. Mar Mamm Sci 12: 54−88 

Marsh H, O’Shea TJ, Reynolds JE III (2011) Ecology and
conservation of the Sirenia:  dugongs and manatees.
Cambridge University Press, Cambridge

Meachem SJ, Nieschlag E, Simoni M (2001) Inhibin B in
male reproduction:  pathophysiology and clinical rele-
vance. Eur J Endocrinol 145: 561−571 

Monsees TK, Franz M, Gebhardt S, Winterstein U, Schill
WB, Hayatpour J (2000) Sertoli cells as a target for repro-
ductive hazards. Andrologia 32: 239−246 

Myers M, Pangas SA (2010) Regulatory roles of transforming
growth factor beta family members in folliculogenesis.
Wiley Interdiscip Rev Syst Biol Med 2: 117−125 

O’Hara TM, O’Shea TJ (2005) Assessing impacts of environ-
mental contaminants. In:  Reynolds JE III, Perrin WF,
Reeves RR, Montgomery S, Ragen TJ (eds) Marine mam-
mal research:  conservation beyond crisis. John Hopkins
University Press, Baltimore, MD, p 63−83

O’Shea TJ, Hartley WC (1995) Reproduction and early-age
survival of manatees at Blue Spring, Upper St. Johns
River, Florida. In:  O’Shea TJ, Ackerman BB, Percival HF
(eds) Population biology of the Florida manatee. Informa-
tion and Technology Report 1. National Biological Serv-
ice, Washington, DC, p 157−176

Øverlie I, Mørkrid L, Andersson AM, Skakkebæk NE, Moen
MH, Holte A (2005) Inhibin A and B as markers of
menopause:  a five-year prospective longitudinal study of
hormonal changes during the menopausal transition.
Acta Obstet Gynecol Scand 84: 281−285 

R Core Team (2017) R:  a language and environment for sta-
tistical computing. R Foundation for Statistical Comput-
ing, Vienna

Rathbun GB, Reid JP, Bonde RK, Powell JA (1995) Repro-
duction in free-ranging female manatees. In:  O’Shea TJ,
Ackerman BB, Percival HF (eds) Population biology of
the Florida manatee. Information and Technology Re -
port 1. National Biological Service, Washington, DC,
p 135−156

Reid JP, Bonde RK, O’Shea TJ (1995) Reproduction and mor-
tality of radio-tagged and recognizable manatees on the
Atlantic coast of Florida. In:  O’Shea TJ, Ackerman BB,
Percival HF (eds) Population biology of the Florida man-
atee. Information and Technology Report 1. National
Biological Service, Washington, DC, p 171−191

Reynolds JE III, Rommel SA, Pitchford ME (2004) The likeli-
hood of sperm competition in manatees — explaining an
apparent paradox. Mar Mamm Sci 20: 464−476 

Roudebush WE, Chosed RJ (2019) Differential expression of
inhibin B by gametes in different echinoderms:  sea
urchins (Lytechinus variegatus) and sand dollars (Den-
draster excentrus). Biomed Genet Genom 3: 1−4

Roudebush WE, Kivens WJ, Mattke JM (2008) Biomarkers of
ovarian reserve. Biomark Insights 3: 259−268 

Schwierzke-Wade L (2011) Assessment of fertility potential
in bottlenose dolphins (Tursiops truncatus):  an ELISA-
based biomarker analysis. MSc thesis, University of
South Florida, Tampa, FL

Stamper MA, Bonde RK (2012) Health assessment of captive
and wild-caught West Indian manatees. In:  Hines EM,
Reynolds JE III, Mignucci-Giannoni A, Aragones L, Mar-
montel M (eds) Sirenian conservation:  issues and strate-
gies in developing countries. University Press of Florida,
Gainesville, FL, p 139−147

Suresh PS, Rajan T, Tsutsumi R (2011) New targets for old
hormones:  inhibins clinical role revisited. Endocr J 58: 
223−235 

Toulis KA, Iliadou PK, Venetis CA, Tsametis C, Tarlatzis BC,
Papadimas I, Goulis DG (2010) Inhibin B and anti-Mül-
lerian hormone as markers of persistent spermatogenesis
in men with non-obstructive azoospermia:  a meta-analy-
sis of diagnostic accuracy studies. Hum Reprod Update
16: 713−724 

291

https://doi.org/10.1186/1471-213X-11-58
https://doi.org/10.1095/biolreprod.108.071670
https://doi.org/10.14310/horm.2002.1299
https://doi.org/10.1210/en.2005-1588
https://doi.org/10.1530/rep.1.01074
https://doi.org/10.1016/j.fertnstert.2006.01.022
https://doi.org/10.1055/s-2004-831892
https://doi.org/10.1578/AM.31.1.2005.52
https://doi.org/10.1016/j.envpol.2019.01.079
https://doi.org/10.1093/humupd/dmh057
https://doi.org/10.1093/humupd/dmq024
https://doi.org/10.1507/endocrj.K11E-098
https://doi.org/10.4137/BMI.S537
https://doi.org/10.1111/j.1748-7692.2004.tb01172.x
https://doi.org/10.1111/j.0001-6349.2005.00490.x
https://doi.org/10.1002/wsbm.21
https://doi.org/10.1046/j.1439-0272.2000.00391.x
https://doi.org/10.1530/eje.0.1450561
https://doi.org/10.1111/j.1748-7692.1996.tb00305.x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9177408&dopt=Abstract


Trombly D, Woodruff T, Mayo K (2009) Roles for transform-
ing growth factor beta superfamily proteins in early fol-
liculogenesis. Semin Reprod Med 27: 14−23

Uzumcu M, Kuhn PE, Marano JE, Armenti AE, Passantino L
(2006) Early postnatal methoxychlor exposure inhibits
folliculogenesis and stimulates anti-Müllerian hormone
production in the rat ovary. J Endocrinol 191: 549−558 

Walsh M, Bossart G (1999) Manatee medicine. In:  Fowler
ME, Miller RE (eds) Zoo & wild animal medicine:  cur-
rent therapy, 4th edn. WB Saunders, Philadelphia, PA,
p 507−516

Welt CK, McNicholl DJ, Taylor AE, Hall JE (1999) Female

reproductive aging is marked by decreased secretion of
dimeric inhibin. J Clin Endocrinol Metab 84: 105−111

Wilson RC, Reynolds JE III, Wetzel DL, Schwierzke-Wade L,
Bonde RK, Breuel KF, Roudebush WE (2011) Secretion of
anti-Müllerian hormone in the Florida manatee Triche -
chus manatus latirostris, with implications for assessing
conservation status. Endang Species Res 14: 107−112 

Wright IE, Reynolds JE III, Ackerman BB, Ward LI, Weigle
BL, Szelistowski WA (2002) Trends in manatee (Tri ch e -
chus manatus latirostris) counts and habitat use in
Tampa Bay, 1987–1994:  implications for conservation.
Mar Mamm Sci 18: 259−274

Endang Species Res 39: 283–292, 2019292

Editorial responsibility: Helene Marsh,
Townsville, Queensland, Australia 

Submitted: September 21, 2018; Accepted: June 23, 2019
Proofs received from author(s): August 9, 2019

https://doi.org/10.1677/joe.1.06592
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9920069&dopt=Abstract
https://doi.org/10.1111/j.1748-7692.2002.tb01032.x
https://doi.org/10.3354/esr00346



