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ABSTRACT: Reproductive hormone profiles were described against physical characteristics dur-
ing growth and development in male and female botos (Amazon River dolphins Inia geoffrensis)
and during pregnancy. We determined hormone concentrations in 226 wild botos located in Mami-
raua Reserve, Amazonas State, Brazil, as a part of the long-term population monitoring program
known as Projeto Boto. Additionally, we applied receiver operator characteristic (ROC) analysis to
compare diagnostic probabilities of using ultrasound, hormones, or combinations of these to detect
pregnancy. Based on single-point analysis of serum testosterone (T), males with <2.5ng ml~' T and
a mean 163 cm total body length were classified as immature, 2.5 to <4.9 ng ml~! T and 183 cm as
pubescent, and >5 ng ml~! T and 227 cm as adult botos. For females, only progesterone (P4), T,
relaxin (Rlx), and the combination of P4 x T? were significantly different between non-pregnant
and pregnant females, but androstenedione (A4) and the P4:T ratio were not. ROC analysis indi-
cated that ultrasound and P4 x T? were considered excellent as pregnancy diagnostic tests, and P4,
T, and Rlx were classified as good predictors. Results indicated that negative and positive predic-
tive probabilities from each diagnostic test could be used to accurately predict a pregnancy and
calf loss rate of 13% for this population. Application of these methods for evaluating wild popula-
tion reproductive success from a single serum sample can now be used for health evaluations of
wild populations of boto and provide timely information for the development or evaluation of any
conservation initiatives.
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Testosterone - Androstenedione - Androgens - Relaxin * Progesterone - Amazon river dolphin

1. INTRODUCTION listed on the International Union for Conservation of

Nature (IUCN) Red List as Vulnerable in 1996. In

The Amazon River dolphin Inia geoffrensis, or boto, 2008, this classification was changed to Data Defi-
from the suborder of odontocetes of Cetacea, was cient due to limited available information on threats,
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ecology, and population numbers and trends. This
classification is a broad category that encompasses
species considered critically endangered, endan-
gered, and vulnerable. Thereafter, our knowledge in
these areas grew, and in 2018, the species was listed
on the IUCN Red List as Endangered (da Silva et al.
2018a,b). Recent evidence suggests that threats to the
population are increasing (Martin & da Silva 2022).
These threats should incentivize wildlife managers
and governmental agencies to develop management
plans and regulations designed to decrease the mor-
tality of individuals. However, in addition to decrea-
sing mortalities, population recruitment, and external
factors that effect its success, should not be over-
looked as primary drivers for sustaining long-lived
endangered species (Manlik 2019). Therefore, to pro-
vide conservation biologists with the tools necessary
to develop management programs for the Endan-
gered boto, additional studies are required to further
our understanding of their basic reproductive physi-
ology and to develop tools for evaluating the repro-
ductive health of individual botos.

Botos are confined to freshwater regions of the
Amazon and Orinoco River basins of South America
(da Silva et al. 2018a). In 1994, Projeto Boto began as
a long-term study of river dolphins in the Mamiraua
Reserve of Brazil. Since then, approximately 650 in-
dividually identifiable botos have been examined by
routine observations and periodic physical examina-
tions, resulting in numerous publications that have
encompassed habitat (da Silva & Martin 2000, Martin
& da Silva 2004, Martin et al. 2004, da Silva et al.
2018a) and general biological characteristics (Martin
& da Silva 2006, 2018, de Mello & da Silva 2019,
Robeck et al. 2019). More recent studies involving
the same population of boto have characterized var-
ious reproductive parameters (e.g. pregnancy rates,
gestation length, calf birth weight) in adult females
and calves (Martin & da Silva 2018) as well as cir-
culating concentrations of thyroid hormones in asso-
ciation with sex, age, and pregnancy status (Robeck
et al. 2019). Notably, the latter has provided a com-
prehensive set of thyroid hormone data from a
healthy population of wild boto to establish refer-
ence intervals. These data will contribute to future
research directed at assessing thyroid function and
evaluating the health status of individuals or pop-
ulations. Given that basic knowledge and under-
standing of reproductive endocrinology in the boto
is limited, additional studies are required to develop
corresponding reference intervals as an addition-
al aid to assess reproductive function in this wild
population.

Knowledge of basic endocrinology of various repro-
ductive states in adult female boto can also provide
alternative methods for pregnancy diagnosis in these
free-ranging animals. Although real-time ultrasonog-
raphy is currently the most definitive tool to diagnose
pregnancy in non-domestic or wildlife species (Hilde-
brandt et al. 2003), there can be logistical and techni-
cal limitations, especially when working under re-
mote field conditions in an aquatic environment.
Immuno-analysis of circulating concentrations of
progesterone (P4) is generally considered the ‘gold
standard' for hormonal detection of pregnancy in
cetaceans (O'Brien & Robeck 2012). As applied in
common bottlenose dolphins Tursiops truncatus,
relatively high P4 concentrations can be diagnostic
of pregnancy status; however, because an elevation
in P4 in a single sample may not necessarily be
pregnancy-specific, repeated blood samples with
consistently high P4 are needed for confirmation.
Although this approach is possible for aquarium-
based animals, repeated collection of blood samples
in free-ranging animals is not readily feasible (Trego
et al. 2013). Through a series of recent studies of bot-
tlenose dolphins (Bergfelt et al. 2011, Bergfelt et al.
2017) and killer whales Orcinus orca (Robeck et al.
2018), circulating concentrations of relaxin (Rlx) have
been characterized in relation to reproductive status.
In general, relatively high concentrations during the
second and third trimesters of pregnancy compared
to low concentrations associated with the estrous
cycle, pregnancy loss, and during the early post-
partum period are indicative of Rlx as pregnancy-
specific. In this regard, the use of increased Rlx con-
centrations as a diagnostic indicator of pregnancy has
been evaluated in free-ranging bottlenose dolphins
(Bergfelt et al. 2014). Correspondingly, the concor-
dance between hormone-diagnosed pregnancies and
known pregnancies based on 9 observed cow—calf
pairs was 78 % for Rlx and 100 9% for P4 (Bergfelt et al.
2014). Hence, the combination of Rlx with P4 in a
single-sample analysis is more informative and can
potentially enhance the accuracy of hormonal dia-
gnosis of pregnancy in free-ranging bottlenose dol-
phins and, perhaps, other wild cetaceans.

Recent longitudinal studies in aquarium-based
female bottlenose dolphins and killer whales have
characterized circulating concentrations of testoster-
one (T) and androstenedione (A4) throughout preg-
nancy (Steinman et al. 2016, Robeck et al. 2017). In
general, both androgens progressively increase by
about the second trimester, reach maximum concen-
trations during the third trimester, and dramatically
decline at parturition. Recent evidence suggests that
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in these odontocete species, P4 is primarily produced
by the corpus luteum and androgens primarily from
the placenta (Robeck et al. 2017, 2018, 2021, Legacki
et al. 2020, Conley et al. 2021), and RIx likely from
both corpora luteal and placenta (Bergfelt et al. 2011,
Robeck et al. 2018). Given that the secretion of pro-
gestagens, androgens, and Rlx primarily relies on the
placenta, a combination of these hormones in single-
sample analysis may not only be diagnostic of preg-
nancy but prognostic of fetal and placental health
and, therefore, predictive of pregnancy outcomes
(Robeck et al. 2018).

Receiver operating characteristic (ROC) curve ana-
lysis is a statistical approach based on sensitivity and
specificity (positive and false positive) of continuous
data against a binary outcome (e.g. non-pregnant or
pregnant) that can be used to develop cutoff points
within continuous data from which diagnostic prob-
abilities for a binary outcome can then be assessed
(Faustini et al. 2007, Hart 2016). In clinical practice,
diagnostic probabilities for the presence or absence
of disease are used within a decision tree to determine
the need for future tests or treatments (Saeed et al.
2015, Choe et al. 2023). For reproductive exams, cut-
off or threshold values of various hormones allow for
the development of probabilities that an individual is
either pregnant or not pregnant or, within a preg-
nancy, are used to assess the probabilities of carrying
the fetus to term (Al-Sebai et al. 1995, Faustini et al.
2007, Abdullah et al. 2014). However, a potential
application of this technique has yet to be used to
evaluate or compare the relative predictive ability of
various hormone concentrations for pregnancy de-
tection in cetaceans.

The objectives of the present study for a free-
ranging population of boto in Central Amazon were
to (1) analyze serum concentrations of P4, T, A4, and
Rlx in relation to sex, age, and reproductive status; (2)
develop reference ranges for each hormone relative
to sex, age, and stage of pregnancy; and (3) apply
ROC statistical methods to evaluate the application of
one or more hormones alone or in combination to be
diagnostic and prognostic of pregnancy status and,
based on subsequently observed cow—calf pairs, re-
productive failure rates.

2. MATERIALS AND METHODS
2.1. Animals and animal classifications

A total of 226 botos Inia geoffrensis were evaluated
for general health from 2003 through 2015 during

an annual Projeto Boto capture—release—recapture
campaign at the Mamiraua Sustainable Develop-
ment Reserve, Brazilian Amazon (da Silva & Martin
2000). Details of the animal capture and release
techniques have been previously described (da Silva
& Martin 2000). Briefly, the study area whereby the
capture and releases occur includes a channel with
an entrance to the Mamiraud Lake and channel
complexes known as the Mamiraud System. At the
end of the dry season, narrow channels connecting
the Mamiraua Lake to the river systems become
important routes for botos. The movements through
these channels peak near the end of the dry season,
and it is during this time that a field expedition
(usually 20 d in length) is conducted. All the ani-
mals that pass through the channel are captured,
examined, and then released (da Silva & Martin
2000). Subsequent to capture and physical restraint
as previously described (de Mello & da Silva 2019,
Robeck et al. 2019), blood samples were collected,
and total body length (TL; tip of rostrum to fluke
notch), sex, and pregnancy status were determined
prior to release. For females, classification of adult
and immature animals was based on pregnancy
status, body length (adults: >179 cm), and P4 serum
concentrations of >1 ng ml~!, the threshold concen-
tration that is presumptively indicative of ovulation
(Martin & da Silva 2018). For males, botos were ini-
tially classified based on TL into immature (calves
and juveniles: <188 cm TL) or adults (>187 cm TL)
as previously described (Robeck et al. 2019) and
then further refined based on serum T concentra-
tions as determined herein.

Pregnancy status (pregnant, non-pregnant) was
diagnosed using an ultrasound unit (Sonosite 180
Plus, Sonosite) in conjunction with a 2—5 MHz multi-
frequency transducer (Convex Array 180 Plus/ Elite-
C60, Sonosite). Pregnancy confirmation was based on
the imaging of intrauterine fluid and conceptus as
described for odontocetes (Lacave et al. 2004, Robeck
et al. 2015); non-pregnancy status was based on the
absence of imaging any of these aspects. Based on a
12 mo gestation period (Martin & da Silva 2018),
stages of pregnancy were classified as early (months
0—4 or days 0—112), mid (months 5—8 or days 113—
224), and late (months 9—12 or days 225—333). Deter-
mination of pregnancy stage at the time of sample
collection was done using 2 methods and based, in
part, on the assumption that gestation lengths and
periparturient calf sizes are similar between boto and
bottlenose dolphins (da Silva et al. 2023). The first
method was to apply bottlenose dolphin fetal growth
models (Lacave et al. 2004) based on thoracic or
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biparietal diameter (cm) towards comparable boto
ultrasonographically determined fetal measurements
to estimate fetal age and days until gestational term.
From these data, we then approximated the stage of
pregnancy of the animal at the time of ultrasonogra-
phic exam and sample collection. The second method
utilized for pregnancy stage estimation occurred
when a serum sample was collected without an ultra-
sound exam; the female was determined to be preg-
nant based on increased serum P4 and observation of
a neonatal calf during the subsequent surveys. By
estimating the age of the calf coupled with the esti-
mated gestation period, we could retrospectively esti-
mate the stage of pregnancy for that sample time
point. Non-pregnant, lactating adult females with or
without an accompanying calf were initially catego-
rized as lactating.

2.2. Photo-identification of cow—calf pairs

The techniques for photo-identification, boat-based
survey methods, and data collection have been pre-
viously described (Mazzoil et al. 2005, Speakman
2006, Urian et al. 2015). Although documentation of
reproductive success using photo-identification has
substantial methodological limitations, the calf of a
cow—calf pair is typically characterized by being 50—
75% the length of the cow and in close proximity
(Urian & Wells 1996, Gaona Calderon et al. 2018). For
the present study, photo-identification records were
searched for the sighting of cow—calf pairs that corre-
sponded to any of the adult female boto evaluated
herein. Sightings of cow—calf pairs were used conser-
vatively as an indication of observed or known preg-
nancies that may be in concordance with the hor-
monal diagnosis of pregnancies based on maternal
blood samples collected within 12 mo of a previous
health assessment. Females sighted without calves
were not used as non-pregnant because of the period-
icity of surveys, unrecognized pre- and post-natal
losses, predation of calves, and other events that may
occur prior to sightings, all of which preclude a defin-
itive diagnosis of non-pregnancy (Urian & Wells 1996,
Wells et al. 2014, Urian et al. 2015).

2.3. Collection of blood

Blood samples were collected from the ventral tail
fluke using a 19-gauge winged blood collection set.
Whole blood was collected into BD Vacutainers (Bec-
ton Dickenson) containing activated thrombin and

allowed to clot for 20 min at ambient temperature.
Then, samples were moved to a refrigerator at 4°C for
holding until centrifugation. Samples were centri-
fuged at 1000 x g for 15 min within 4 h of collection
and then stored at —20°C until analysis. Blood serum
samples were shipped frozen at —150°C in a dry
shipper from the National Institute of Amazonian
Research in Manaus, Brazil, to the SeaWorld & Busch
Gardens Species Preservation Laboratory located in
San Diego, California, USA. Upon arrival, samples
were stored at —80°C until hormone analysis.

2.4. Androgen analysis (serum extractions)

Solvent extraction of boto serum was conducted
prior to the analysis of T and A4 as previously de-
scribed (Robeck et al. 2017). Serum (0.15 ml) and ex-
traction buffer (0.15 ml, 0.2 M phosphate-buffered sa-
line, pH 7.5) were added to a 15 ml polypropylene tube
(Falcon, Becton Dickenson). Thereafter, 3 ml of diethyl
ether (Acros Organics, ThermoFisher) was added to all
tubes. The tubes were capped and placed on a multi-
tube vortexer for 5 min (1300 rpm; BenchMixer,
Benchmark Scientific). After vortexing, samples re-
mained on the benchtop for 10 min to allow for separa-
tion of the ether layer. Upon layer separation, samples
were placed in a —80°C freezer for 20 min to allow the
non-solvent layer to freeze. Under a fume hood, the su-
pernatant was rapidly poured off into 16 X 100 mm
glass tubes (ThermoFisher) before the non-solvent
layer was thawed and evaporated under a stream of
compressed nitrogen gas (20—30 min total drying
time). Dried extracts were reconstituted in 0.3 ml of
extraction buffer and stored at —20°C until analysis.

Due to an insufficient sample volume of boto sera,
evaluation of extraction efficiency was not conduc-
ted. However, based on previous research on killer
whales (Robeck et al. 2017), a single extraction step
was sufficient to recover ~90% of respective hor-
mones. Again, because of the insufficient volume of
boto sera, to approximate the efficiency of each sam-
ple's extraction batch, a pool of female bottlenose
dolphin sera was used to assess spike and recovery for
each sample extraction batch. An unspiked and
spiked sample of the extraction control was prepared
in the same manner as described above, and a second
sample containing 0.15 ml of extraction control and
0.15 ml of a spiked A4 standard (20 pg A4 per well
solution in extraction buffer) was combined and
extracted as described above. The reconstituted con-
trol and spiked control were then assayed, and the
recovery of the spiked A4 control was determined to
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yield the extraction efficiency for each batch. Any ex-
traction batch displaying a control recovery of <85%
was repeated to ensure adequate efficiency of the
procedure and uniformity across extraction batches.

2.5. Testosterone (T) assay

T concentrations were measured using a single
antibody, direct enzyme immunoassay (EIA) on ali-
quots (0.010—0.025 ml, depending on the sample con-
centration) of the reconstituted extracts as previously
described in detail for use in the bottlenose dolphin
(Steinman et al. 2016).

Cross-reactivities of the T polyclonal (rabbit) anti-
body (R156/% C. Munro, UC Davis, CA, USA) are
100% T, 57% dihydrotestosterone, 0.37% A4, and
<0.05% with other tested analytes (Dloniak et al.
2004). Assay sensitivity was 46 pg ml~!, and intra-assay
variation was <10%. Additionally, standards were run
in triplicate on the microtiter plate, in duplicate at the
beginning of the plate, and in singlet at the end, and
the intra-assay CV was also <10% for all standards
within and between each assay. Parallel displacement
of serum compared to the standard curve was demon-
strated (r = 0.993, p <0.05), and the recovery of known
concentrations of standard to serum was 96.3 = 12.2%
(linear regression, y = 0.7x + 1.36, 1> = 0.992, F, ; =
851.06, p <0.05). Inter-assay CVs for 2 quality controls
with antibody binding at approximately 30 and 70%
were 4.0 and 4.9%, respectively (n = 9).

2.6. Androstenedione (A4) assay

A4 concentrations were measured using an EIA kit
(40-056-205044, GenWay Biotech) as previously de-
scribed for killer whales (Robeck et al. 2017). Aliquots
(0.010—0.025 ml, depending on the sample concen-
tration) of the reconstituted extracts were processed
according to the kit instructions. Cross-reactivities of
the A4 polyclonal antibody utilized are 100 % A4, 0.1%
dehydroepiandrosterone, and 0.1% T; all other ste-
roids tested were <0.01%. Parallel displacement of
serum compared to the standard curve was demon-
strated (r = 0.998, p < 0.05). The recovery of known
concentrations of standard to extracted serum was
113.9 = 3.7% (linear regression, y = 1.16x — 0.22, 2=
0.999, F; 3 = 4397.01, p < 0.05), thereby demonstrating
negligible matrix interference in the EIA. Assay sensi-
tivity was 19.0 pg ml~! and intra-assay CV was <10%.
The inter-assay CV for a high and low control with
antibody binding at approximately 20 and 65% were

4.1 and 8.3%, respectively (n = 7). The CV for a pool of
serum used as a control to measure the recovery and
efficiency of the extraction procedure was 4.1% and
the mean recovery rate was 91.3 = 3.7% (n = 12).

2.7 Progesterone (P4) assay

Immuno-analysis of serum P4 was measured on non-
extracted serum (0.050—0.0025 ml, depending on the
sample concentration) by a direct EIA (Munro & Las-
ley 1988, Graham et al. 2002) using the antibody
CL425 (1:8000) with the respective horseradish
peroxidase-conjugated hormone (C. Munro, UC
Davis, CA, USA). P4 cross reactivities with the anti-
body were 4-pregnen-3a-ol-20-one, 188 %; 4-pregnen-
3p-ol-20-one, 172%; 4-pregnen-11a-ol-3,20-dione,
147%; 4-pregnen-3,20-dione (P4), 100%; Sa-pregnen-
11-3p-0l-20-one, 94 %; Sa-pregnan-3a-ol-20-one, 64 %;
S5a-pregnane-3,20-dione, 55%; S5f-pregnane-3f3-o0l-20-
one, 12.5%; and other steroids, <0.1% (Graham et al.
2002). Parallel displacement of serum compared to the
standard curve was demonstrated (r = 0.995 [Graham
et al. 2001], p < 0.05). Assay sensitivity was 0.08 ng
ml~!and intra- and inter-assay CVs were <10%.

2.8. Relaxin (RIx) assay

Analysis of serum immunoreactive Rlx was con-
ducted using a validated radioimmunoassay (RIA)
developed for use in bottlenose dolphins and killer
whales as previously described (Bergfelt et al. 2011,
Robeck et al. 2018). The main components of the
assay consisted of H2 human Rlx as 125I-labeled
ligand (30 000 cpm tube™!), rabbit anti-porcine Rlx R6
as the primary antibody (working dilution, 1:40000),
and synthetic canine Rlx as a reference standard
(0.2—50 ng tube™!). Samples were analyzed in dupli-
cate, with results reported as average concentrations
(ng ml~!) relative to the Rlx standard curve. Assay
sensitivity was 14.1 ng ml~! and intra-assay CV was
10.1% with pooled serum from several pregnant bot-
tlenose dolphins.

2.9. Statistical analyses

Prior to any analysis, data were separated by sex.
All data were analyzed using STATA® (v.18; Stata
Corp.). For females, we analyzed the hormone data
using a mixed effect restricted maximum likelihood
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(REML) regression model (West et al. 2014) to quan-
tify the relationship between the dependent variables
(hormone concentrations) and fixed affect variables,
with animal ID as the random intercept variable with
an unstructured covariance. For all linear mixed mo-
dels (LMMs), degrees of freedom were estimated
using the Kenward-Roger approximation for small
sample sizes. The 2 fixed effect categorical variables
included reproductive status (non-pregnant, preg-
nant, non-pregnant lactating [NPL]) and age (adult,
immature). A separate analysis was performed with
both fixed effect variables for each dependent vari-
able hormone, P4, T, A4, and RIx. Additionally, the
ratio of P4:T, which has been demonstrated to change
significantly during different stages of pregnancy in
killer whales (Robeck et al. 2018), was used as a de-
pendent variable and analyzed as described above.

All final mixed models were checked for normality
using quantile plots of the standard residuals. If quan-
tile—quantile plots of standardized residuals exhib-
ited non-normal distribution, raw data were trans-
formed as indicated by the Shapiro-Wilk test until
model residuals were normalized. Pairwise compari-
sons of estimated marginal means were conducted
using the margins command with Sidak correction
(p < 0.05). Unless specified, data are expressed as
back-transformed means = SE. Unless stated, statisti-
cal significance was considered at p < 0.05.

For males, a 2-sample t-test with unequal variance
using Welch's approximation for degrees of freedom
was used for separate comparisons of mean T and A4
concentrations between ages (adult, immature). For
comparisons between immature, pubescent, and
adult concentrations of hormones, we used a 1-way
ANOVA and a post hoc multiple pairwise compari-
sons test using Sidék correction.

Finally, reference intervals were created for the cen-
tral 95% range (2.5th, 25th, 50th, 75th, and 97.5th per-
centiles) for each hormone concentration partitioned
within each sex, age group, and physiologic state (male:
immature, pubescent, adult; female: juvenile female,
adult female, pregnant female) and presented in tabular
form. Reference intervals were calculated based on the
recommendations from the Clinical and Laboratory
Standards Institute (Clinical and Laboratory Standards
Institute 2008) using a nonparametric bootstrap-based
procedure (Linnet 2000, Nabi et al. 2019). Using boot-
strap resampling techniques (1000 reps), the mean 2.5th
and 97.5th percentiles from the 1000 replicates of each
group were determined along with the 95% boot-
strapped confidence intervals (Cls) for each mean, re-
spectively. Bootstrapped 95 % ClIs were only determined
for groups with samples from a minimum of 20 individ-

uals. For analytes that had values that represented
fewer than 20 individuals, only the range of these values
was reported (Linnet 2000). Pearson pairwise correla-
tions analysis was used within each sex to evaluate rela-
tionships between hormone concentrations to charac-
terize potential physiologic connections.

2.10. Diagnostic testing and ROC analysis

In order to determine the accuracy of using one or
more of the hormones (P4, T, A4, RIx) or a combination
of hormones (e.g. P4:T ratio) to predict whether an ani-
mal was pregnant or not, we used nonparametric ROC
analysis to determine the total area under the ROC
curves (tAUC) for each test as compared against a
gold standard of 'true pregnancy' (Pepe et al. 2009).
Additionally, we also determined partial AUC (pAUC)
fixed at <10% false positive rate (FPR). The use of
PAUC may provide an improved, clinically relevant
evaluation of the predictive value of these hormones
as a single-sample pregnancy test (Pepe et al. 2009).
To develop a gold standard for the ROC curve, we
relied on ultrasonography to indicate whether the ani-
mal was pregnant or not pregnant. An ultrasound
exam is considered the gold standard for confirming
pregnancy in cetaceans (Ivanci¢ et al. 2020). However,
for our gold standard development of true positive or
negative, we had to account for possible false negatives
that are most likely to occur during early gestation
when the conceptus is undetectable using transab-
dominal ultrasonography (Fricke 2002, Robeck et al.
2015). Therefore, any female that did not have an iden-
tified conceptus or calf on exam but was later deemed
to have been observed with a calf within less than 1 yr
of the ultrasound exam was considered to have been
pregnant. This combination (ultrasound + calf obser-
vation) was then used for the gold standard in sub-
sequent ROC analysis. We first determined which hor-
mones produced the greatest tAUC and pAUC (fixed
at 10% FPR) using a multiple comparison test with
Bonferroni correction. Thereafter, a Wald statistic
based on the differences in their bootstrapped stan-
dard errors was used to generate a p-value for compar-
isons of tAUC for the ROC curves and to indicate what
single hormone tests may provide value as a diagnostic
test of pregnancy (Pepe et al. 2009). Cross-validation
(CrV) with 10 random splits in the original data to gen-
erate an estimated mean CrV AUC was performed to
theoretically allow one to infer the applicability of the
ROC models toward larger or unknown data sets
(Luque-Fernandez et al. 2019). Finally, we wanted to
evaluate whether a regression model combining the
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top 3 hormones would result in an incremental in-
crease in ROC accuracy and then compare it against
those from the individual or combined hormones (T
and P4). This was accomplished by a simple logit re-
gression against the gold standard results with P4, and
then with T and RIx added incrementally as covariates
in 2 additional models (Janes et al. 2009, Moons et al.
2012). The models were as follows: (1) logit gold P4; (2)
logit gold P4 + T; and finally, (3) logit gold P4 + T +
RIx. Predicted values were produced after each regres-
sion and then used to compare ROC results from each
model as described above.

Optimum cutoff points for each hormone or hormone
combination were then determined using the ‘roctab’
command analysis (STATA). This analysis generated
tables of the sensitivity, specificity, and total percent
correct at each change in hormone concentration. The
‘optimum’ cutoff points were then chosen from this
table by identifying the minimum hormone concentra-
tion that resulted in the greatest percent correct (high-
est combination of true positive and true negatives) for
each hormone within this sample population. These
cutoff values were then used to classify all females as
non-pregnant or pregnant (0, 1), based on whether the
hormone values were at or above (1) or below (0) this
threshold. The diagnostic accuracy of these different
hormone models as compared to the gold standard
could then be determined. Diagnostic accuracy was
defined as the positive and negative predictive value
as determined from the sensitivity (proportion of preg-
nant females correctly identified) and specificity (pro-
portion of non-pregnant females correctly identified)
at each prevalence point within each animal grouping
(ultrasound examined, observed calf groups, or hor-
mone test) and was determined using the 'Diagt' com-
mand within STATA (Seed & Tobias 2004, Mandrekar
2010). We then used the results from the diagnostic
test analysis to predict the total calf loss (abortion +
stillbirths + neonatal and calf deaths prior to 1 yr of
age) for the total population as a demonstration of how
our results could be used to predict these values
within an unknown population.

3. RESULTS
3.1. Animal classifications

Out of a total of 226 botos, 126 were identified as
female and 92 were identified as male. Fifteen fe-
males were sampled more than once during different
seasons, with 2 of these individuals being sampled
3 times for a maximum number of 144 samples. Within

these sampling periods, 60 were non-pregnant, 61
pregnant, and 23 NPL. For pregnant and NPL, mean
body lengths were 196.3 cm (95% CI: 193.8—198.9 cm)
and 200.5 cm (95% CI: 198.1—-202.9 cm), respectively.
Although the shortest body length of either pregnant
or lactating females was 180 cm (range: 180—222 cm),
the range in body lengths of the other females classi-
fied as sexually mature or adults based on evidence of
ovulation (serum P4 >1 ng ml~!) was 162—178 cm.
Thus, of the 60 non-pregnant females, 19 were classi-
fied as adults, with body lengths of >162 cm but
<180 cm, and 14 were classified as immature, with
body lengths of <162 cm.

3.2. Stage of pregnancy

Ultrasound determination of fetal size using bottle-
nose dolphin fetal growth models was used to esti-
mate the stage of pregnancy in 61 pregnant animals
(Lacave et al. 2004). For 28 animals within this group,
we were able to estimate parturition dates based on
calf size, compared these estimates to the predicted
stage of pregnancy based on ultrasound data, and
found 100% agreement for placing animals within
respective stages of pregnancy: early, mid, or late.
Therefore, we classified all pregnancies with a high
degree of confidence within these 3 categories for
analysis. For the analysis, we identified 33 females in
the first stage, 19 in the second, and 9 in the third.

3.3. Males
3.3.1. Length at maturation

A 2-sample t-test comparison of log T concentra-
tions indicated differences (ts05 = 9.01, p < 0.0001)
between immature (<188 cm TL, 2.02 ng ml~!, 95% CI:
1.55—2.65 ng ml~!) and mature males (>187 cm TL,
9.18 ng ml~!, 95% CI: 7.47—11.28 ng ml™'). The scat-
terplot of serum T versus length provided subjective
support for further partitioning based on hormone
concentrations and length (Fig. 1). We observed the
following: (1) all males >219 cm in length had serum
T >5ngml™! (17.4ngml~!, 95% CI: 13.8—21.0, range:
5—52.5 ng ml~!, n = 39), which we then used as an
indicator of reproductive maturity (i.e. males with
serum T > 5 ng ml~! were reproductively mature);
(2) the shortest male with serum T > 5 ng ml~! was
174 cm, and multiple males between 174 and 219 cm
had serum T concentrations between 4 and 5 ng ml~'.
Therefore, based on these hormonal observations in
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Fig. 1. Scatterplot of serum testosterone and androstenedione versus length in male botos Inia geoffrensis. Visual distribution

provided subjective support for partitioning reproductive maturity into 3 groups rather than 2 (mature and immature), and

based on hormone concentrations at length, we subjectively proposed the following groups: immature (thin black line, total
length [TL] < 174 cm), pubescent (non-marked area, TL: 174—219 cm), and adult (thick black line, TL > 219 cm)

combination with body length, we further grouped
animals into the following categories: immature (TL <
174 cm), pubescent (TL = 174—219 cm), and adult
(TL > 219 cm; Fig. 1). One-way ANOVA analysis of
log T concentrations within these groups found dif-
ferences (Fyg = 140.0, p < 0.0001). Concentrations
within each group were as follows: immature, mean
1.73 ng ml~! (95% CI: 1.29—2.3 ng ml~!); pubescent,
mean 4.3 ng ml~! (95% CI: 3.5-5.3 ng ml™!); and
adult, mean 14.6 ng ml~! (95% CI: 12.0—17.9 ng m1™})
with Siddk post hoc inter-group analysis indicating
each were different (p <0.001) from the other.

3.3.2. Serum A4 concentrations by age group

As expected, 1-way ANOVA of the log A4 concen-
trations within age groups as defined by serum T was
significant (F, gy = 33.00, p < 0.0001). Sidak post hoc
comparisons indicated immature (2.33 ng ml~}, 95%
CI: 1.89—2.89 ng ml™!) was less (p < 0.003) than
pubescent (3.8 ng ml~!, 95% CI: 3.13—4.61 ng ml™!),
and both were less than adult concentrations (6.21 ng
ml~!, 95% CI: 4.48—7.05ng ml~}, p < 0.001).

3.3.3. Hormone reference ranges for male botos

Bootstrapped percentiles (2.5", 50", 97.5") for T
and A4 by TL are shown in Table 1. Due to the large
overlap between T and A4 concentrations, it was clear
and unsurprising that TL is an imperfect classifier of
reproductive maturity, but these body length guide-
lines corresponded well to previous work and will
help classify animals in the field that could otherwise
not be handled for the length of time to collect serum
samples or to perform ultrasonographic testicular
exams.

3.4. Females
3.4.1. Reproductive hormone concentrations

For some animals, inadequate serum volume was
banked, which precluded our ability to analyze all
hormones; therefore, some minor differences in total
numbers of animals, samples collected, and hormone
examined are evident in the results (Table 2). For
analysis, all hormones within females were log trans-
formed for the final LMM REML analysis. Compari-
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Table 1. Reference intervals (2.5th, 50th, and 97.5th percentiles) and their associated 95% bootstrap (1000 reps) confidence

intervals (CI). Serum testosterone and androstenedione reference concentrations within immature (IM; n = 19), pubescent

(PM; n = 34), or adult (AD; n = 39) male classes of boto Inia geoffrensis in samples collected from 2003 through 2015. For sam-

ple sizes of <20, only minimum and maximum analyte values are provided, and thus CIs could not be determined
(ND). Total body length (TL; in cm) classes —IM: < 174 cm; PM: 174—219 cm; AD: >219 cm

Hormone (ng ml™!) Age class 2.5 (95% CI) 50" (95% CI) 97.5"™ (95% CI)
Testosterone ™ 0.3 (ND) 2.0 + 0.42 (1.3-2.7) 5.4 (ND)
PM 1.3 +0.3(0.8—1.8) 3.9+ 0.7 (2.8-5.0) 25.4 = 7.0 (13.8—3%7.0)
AD 5.0 0.3 (4.5-5.9) 14.4 = 1.6 (11.7—17.0) 53.5 = 5.3 (43.7—61.3)
Androstenedione ™ 0.9 (ND) 1.9 + 0.4 (1.2—2.5) 7.6 (ND)
PM 1.5+0.3(1.1-2.0) 5.1 £0.29 (4.6-5.5) 10.0 £ 0.7 (8.8—11.1)
AD 2.6 £0.5(1.8—3.4) 6.2 0.5 (5.4-6.9) 129 = 0.7 (11.7—14.0

son of hormone concentrations between adult preg-
nant and non-pregnant, sexually mature females
revealed that only models for P4, T, Rlx, and P4 x T2
were significant, and the P4:T ratio and A4 were not,
with only P4 having significant random effects
(Table 2, Table S1 in the Supplement at www.int-
res.com/articles/suppl/n054p409_supp.pdf). Post hoc
analysis found that P4, T, Rlx, and P4 x T? were signif-
icantly different compared with non-pregnancy, and
A4 and the P4.T ratio were not different (Table 2,
Table S1).

LMM REML comparisons of hormones during
stages of pregnancy against juvenile and adult non-
pregnant females found that all models were signifi-

cant, with only A4 having significant random effects
(Table S2). Post hoc marginal mean comparison found
that only A4 was different (p < 0.05) for early and non-
pregnancy compared to late stage (Table 2). For P4,
all pregnancy stages were greater than in non-preg-
nant females (p < 0.05), but not different when com-
pared to each other within pregnancy (Table 2). For
both T and P4 x T? mid- and late-stage pregnancies
were greater than early, which in turn was greater
than non-pregnancy. Finally, it should be noted that
the concentration of Rlx from one animal was 1710 ng
ml~'—twice that of the next highest sample and
greater than the upper 2 SDs above the late-stage
arithmetic mean (1457.5 ng ml~!). Based on ultraso-

Table 2. Serum marginal mean (95% CI) concentrations of progesterone (P4), testosterone (T), androstenedione, relaxin, and

P4 x T? combination during pregnancy stages and non-pregnant sexually mature (SM; >161 cm in length) boto females.

Number (n) of samples for each group represents the minimum number of samples available for hormone analysis. Not all ani-

mals had enough serum volume to run all the hormones. Hormone concentrations were back-transformed after analysis. Sidak

correction factor was used for comparisons of marginal means. Only stages that were significantly different (p < 0.05) from

other groups are listed. *significant difference (p < 0.001) between adult females with a calf (pregnant) compared to non-
pregnant SM females (2-tailed Student's t-test)

Group Hormone (ng ml™!)
P4 T P4 x T? Androstenedione Relaxin
(n = 126) (n = 126) (n = 126) (n = 126) (n=117%)
Early stage (A) 8.7 2.41 51.7 8.0 106.7
(n=33) (5.9—12.9) (1.8—3.2) (24.6—108.5) (6.4—9.9) (78.8—144.4)
Mid stage (B) 10.6 5.5 326.8 11.9 194.0
(n=1% (6.3—1%7.8) (3.7-8.2) (119.4—894.7) (8.9—15.8) (129.9—389.8)
Late stage (C) 9.9 12.0 1433.8 17.7 298.9
(n=28) (4.5—21.6) (6.7—21.5) (329.4—6240.0) (11.6—2%7.2) (163.4—546.8)
Non-pregnant SM (D) 1.4 0.55 0.41 8.8 18.7
(n =695) (1.0—1.8) (0.45—0.68) (0.24—0.69) (7.6—10.2) (15.0—23.3)
Sidék group D<ABC D<A<B.C D<A<B,.C AD<C D<ABC A<C
Pregnant (n = 61) 9.68* 3.59* 128.1* 10.05 137.8*
(7.42—12.61) (2.82—4.55) (72.2—227.3) (8.55—11.81) (108.4—175.3)
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nography, this animal was estimated to be in late ges-
tational stage and, based on Rlx concentrations for
bottlenose dolphins (Bergfelt et al. 2017), was likely
close to term. This animal was observed swimming
with a calf 48 d after its health assessment.

3.4.2. ROC analysis for pregnancy prediction
and pregnancy outcome

True positive rates (sensitivity) were plotted (ROC
curves) versus FPRs (1 — specificity) for serum, P4, T,
A4, Rlx, and P4 x T? against female pregnancy or non-
pregnancy using the gold standard (Fig. 2). The tAUC
comparisons indicated that serum P4 (AUC: 0.919)
was increased (p < 0.0001) compared with the P4:T
ratio (AUC: 0.575) and A4 (AUC: 0.582) and was
reduced (p = 0.0029) when compared against P4 x T2
(AUC: 0.977). No significant differences were detec-
ted in AUC between P4 and Rlx (AUC: 0.925) or T
(AUC: 0.934; Table 3). The ROC analysis for the P4:T
ratio indicated that it had no predictive value (AUC
approaching 0.5) for pregnancy detection and was
dropped from further analysis. Although A4 was also
of limited value, it was kept in the modeling for
context with the other hormones. The mean CrV ROC
scores (Table 3) were similar across all hormones and
provided some evidence that the predictive value of
the results using this assay system could be general-
ized toward females not used for model development
(Luque-Fernandez et al. 2019). Post hoc comparisons
of the ROC analysis with the FPR (specificity) held at
10% indicated that no significant differences between
any of the hormones were detected, while the combi-
nation of P4 x T2 was significant (p = 0.05; Table 3).
Cutoff values, sensitivity, specificity, and percent cor-
rect are listed in Table 3. Although the hormone com-
binations of P4 x T? provided the largest AUC, we also
tested whether a linear combination of the 3 top hor-
mones provided incremental improvements in AUC
coverage. Results indicated that a significant incre-
mental increase was observed from the lowest AUC of
P4 (AUC:0.915), to the highest with P4 + T + Rlx (p =
0.013, AUC: 0.983), with P4 x T2 (AUC: 0.977) provid-
ing similar probability estimates (Fig. S1).

By determining cutoff values, we transformed con-
tinuous data into binary values for predicting
whether an animal was pregnant or not, and we
could then apply diagnostics statistics to determine
the accuracy of each of the tests (Table 4). Diagnostic
tests with an ROC AUC of greater than 0.90 can be
considered excellent and would include an ultra-
sound exam (AUC: 0.992), observation of a calf

True-positive rate (ROC)

T T T T T T T T T
02 03 04 05 06 07 08 09 10
False-positive rate

T T
0.0 0.1

== P4 (AUC: 0.957)
nm T (AUC: 0.926)
ummn - relaxin (AUC: 0.942)

— P4 x T2 (AUC: 0.982)
=111 P4:T ratio (AUC: 0.572)

Fig. 2. Comparison of area under the curve (AUC) as calcu-
lated by receiver operator characteristic analysis (ROC) for
serum progesterone (P4), testosterone (T), relaxin, and P4 X
T? against pregnant or non-pregnant boto females using the
gold standard. True positive rates (sensitivity) are plotted
(ROC curves) versus false positive rates (1 — specificity).
Solid black diagonal line: AUC of 0.50, representing a 50:50
chance of accurately predicting pregnancy. Hormones or
hormone combinations with the highest AUC are consid-
ered to have the most accurate diagnostic potential. P4:T
ratio appears only slightly better than chance and would not
be of value. The gold standard represents a combination of
positive pregnancy as determined by ultrasonography cor-
rected for any false negative females that had been dia-
gnosed as non-pregnant but were later observed with a calf
of an age indicating that she had been pregnant during the
preceding exam

(AUC: 0.934), and P4 x T? (AUC: 0.944), while tests
with AUCs between 0.80 and 0.90 can be classified as
good (Table 4) (Li & He 2018, Choe et al. 2023). Of
all the hormone tests, P4 x T? had the highest posi-
tive predictive value (PPV) and negative predictive
value (NPV) of 93.1 and 96.4%, respectively. This
level of accuracy was only surpassed by ultrasound
exam (PPV: 100%; NPV: 96.9%). For illustrative pur-
poses, we then applied these predictions to the pop-
ulation they were developed from (with the knowl-
edge that they may overestimate their accuracy
compared to a novel population) to demonstrate
how the results could be used to predict pregnancy
and calving rates (Table S3). Large variations in the
number of adult females examined each year (from 3
to 42) and possible sampling bias made year-to-year
comparisons of reproductive rates inappropriate
(Table S4). Therefore, to provide an estimate of the
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Table 3. Receiver operator characteristic (ROC) area under the curve (AUC) values, comparisons, and ‘cutoff’ hormone

concentrations (ng ml™!) and the sensitivity (%), specificity (%), and correctly identified (% correct) values for detecting preg-

nancy compared to the ‘gold standard' of pregnancy detection in boto (n = 126). Gold standard: ultrasound-diagnosed females

with results corrected for false negatives if the female was later observed with a newborn calf (this occurred in only one case).

P4: progesterone; T: testosterone; A4: androstenedione. BS: bootstrapped (1000 iterations); BC: bias-corrected; FPR: false
positive rate

Analysis Hormone

P4 T A4 Relaxin P x T?
ROC AUC 0.9185 0.9337 0.5816 0.9252 0.9770
BSSE 0.0258 0.0226 0.0546 0.0272 0.0111
BSBC95% CI 0.857—0.959 0.884—0.972 0.474—0.688 0.865—0.974 0.949—0.994
p-value® — 0.66 <0.0001 0.75 0.0029
Cross-validated mean SD, BS, BC AUC  0.9248 0.9225 0.6137 0.9469 0.9721
Cross-validated SD 0.1086 0.1447 0.2233 0.0603 0.0693
Cross-validated BS BC 95% CI 0.815—0.949 0.839—0.967 0.422—-0.656 0.832—-0.960 0.878—0.985
pAUC (<10% FPR) 0.6393 0.8525 0.4590 0.7966 0.9344
BS SE 0.1615 0.0511 0.0801 0.0852 0.0412
p-value® — 0.20 0.32 0.71 0.05
Cutoff 4.821 0.851 13.64 28.88 4.313
Sensitivity 91.8 88.5 45.9 93.2 93.4
Specificity 84.6 87.7 90.8 84.5 95.4
% Correct 88.1 88.1 69.05 88.9 94.4
“Probability value compared against the ROC AUC of P4
PProbablity value compared against the partial (pAUC <10% FPR) ROC pAUC of relaxin

Table 4. Diagnostic accuracy of survey observation, ultrasound exam, and serum markers for pregnancy in boto (n = 88) at a
prevalence of 48 % (CI: 39—58 %) positive rate. ROCa: ROC area = (sensitivity + specificity) / 2; PPV (positive predictive value)
= true positives / [true positives + false positives], NPV (negative predictive value) = true negatives / [true negatives + false

negatives]
Test Cutoff value ROCa  Sensitivity (%) Specificity (%) PPV (%) NPV (%)
Observations
Ultrasound exam - 0.992 98.4(91.2—100) 100 (94.5—100) 100 (94—100) 98.5 (91.8—100)
Calf observation - 0.934 86.9 (75.8—94.2) 100 (94.5—100) 100 (93.3—100) 89 (79.5—95.1)
Single hormone
Progesterone (P4) 4821 ngml~! 0.874 90.2(79.8—96.3) 84.6 (73.5—92.4) 84.6 (73.5—-92.4) 90.2 (79.8—96.3)
Androstenedione 13.64ngml~! 0.649 32.8 (21.3—46.0) 96.9 (89.3—99.6) 90.9 (70.8—98.9) 60.6 (70.8—98.9)
Testosterone (T) 0.853ngml~! 0.873 86.9 (75.8—94.2) 87.7 (77.2—94.5) 86.9 (75.8—94.2) 87.7 (77.2—94.5)
Relaxin 28.88ngml~! 0.844 93.4(84.1-98.2) 75.4(63.1—85.2) 78.1(66.9—86.9) 92.5(81.8—97.9)
Combinations
P4:T ratio 3.06 nmol  0.538 49.2(36.1—62.3) 58.5(45.6—70.6) 52.6 (39.0—66.0) 55.1 (42.6—66.0)
P4 x T? 4313ngml~! 0944 98.4(84.1-98.2) 95.4(87.1—99.0) 95.0 (86.1—99.0) 93.9 (85.2—98.3)
Logit P4, T, and relaxin ~ 0.502ng ml~' 0.898 95.1 (86.3—99.0) 84.6 (73.5—92.4) 85.3 (74.6—92.7) 94.8 (85.6—98.9)

population recruitment rate, we combined the data
across all years and determined a pregnancy rate of
48% and a total calf loss rate of 13%.

3.4.3. Hormone reference ranges for female botos

Bootstrapped percentiles (2.5th, 50th, 97.5th) for
P4, A4, T, Rlx, and P4 x T? within adult pregnant and
non-pregnant females are shown in Table 5. Despite
significant differences between pregnant and non-

pregnant adult females, A4, T, and P4 in pregnant
females overlapped with adult female concentrations;
thus, lower values potentially observed during preg-
nancy could also occur during the luteal phase of
non-pregnant females. Therefore, interpretation of
sample concentrations from one of these hormones
from a single time point may lead to an inaccurate or
false positive diagnosis. As demonstrated by the ROC
analysis, P4 x T? had the highest single-sample accu-
racy, with the least 95% CI overlap with non-pregnant
adult females occurring during the last stage of preg-
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Table 5. Reference intervals (2.5th, 50th and 97.5th percentiles) and the associated 95% bootstrap (1000 reps) confidence inter-

vals (CI) for serum androstenedione (A4), testosterone (T), progesterone (P4), relaxin, and P4 x T? adult pregnant (n = 61) and

non-pregnant (65) boto samples collected from 2003 through 2015. JF: juvenile female; AF: adult female (nonpregnant, nonlac-

tating); PF: pregnant female. *analytes that differ (p < 0.001, except for A4 where p = 0.015) between AF and PF as determined
by bootstrap t-test (1000 reps, p < 0.05) of 95% CI

Hormone Percentile
(ng ml~) Female 2.5th 50th 97.5th
status (95% CI) (95% CI) (95% CI)
P4 AF 0.1 =0.03 (0.03t0 0.1) 1.2 +£0.21 (0.8to 1.5) 15.0 £ 2.4 (11.1to0 18.9)
PEF* 1.4 £ 0.7 (0.2 to 2.6) 9.72 £ 1.02 (8.05 to 11.40) 51.6 = 14.4 (27.9 to 75.3)
A4 AF 3.9+ 0.7 (2.710 5.0) 9.9 +0.5(9.1t0 10.7) 18.3 = 1.3 (16.1 to 20.5)
PF* 0.8 +0.4 (0.1to 1.6) 11.6 £ 1.6 (9.0 to 14.3) 32.0 = 3.5 (26.3 to 37.8)
T AF 0.1 =0.04 (0.1 =£0.2) 0.6 = 0.04 (0.6 to 0.7) 1.3+0.1(1.1t0 1.5)
PF* 0.4 = 0.1 (0.3t00.6) 3.8+1.5(1.3t06.2) 37.2 £ 5.6 (27.9 to 46.4)
Relaxin AF 2.3+ 3.2 (ND) 14.07 = 0.08 (13.9 to 14.3) 193.3 = 54.1 (104.4 to 282.3)
PF* 14.1 £ 4.7 (6.3t0 21.9) 158.4 = 27.4 (113.3 to 203.4) 1275.1 £ 373.0 (661.6 to 1888.7)
P4 x T? AF 0.01 £ 0.01 (ND) 0.4 0.2 (0.14 to 0.63) 9.1 = 1.7 (6.35t0 11.94)
PF* 1.0 £ 0.8 (—0.35t0 2.3) 125.1 = 161.7 (—140.9t0 391.1) 17447 + 2985 (12538 to 22356)

nancy. These values, however, provide references for
interpretation of the reproductive status of female
botos and can help guide future analysis or sample
collections.

3.4.4. Relationships between hormones

For males, as expected, Pearson pairwise correla-
tion analysis detected strong relations (r = 0.61, p <
0.0001) between the androgens T and A4. For females,
the strongest correlations existed between T and A4
(r =0.75 p <0.0001), and RlIx and T (r = 0.74, p <
0.0001). P4 was only moderately correlated with T
(r = 0.37, p = 0.0003), RIx (r = 0.37, p = 0.0004), and
A4 (r = 0.28, p = 0.006). Finally, Rlx had a moderate
correlation with A4 (r = 0.48, p < 0.0001).

4. DISCUSSION

This study is an extensive retrospective analysis of
serum reproductive hormones in Amazon River dol-
phins (botos). Specifically, for males, we describe
androgen concentration (T and A4) changes during
maturation and estimate at what length these hor-
monal changes occur. For females, we describe multi-
ple reproductive hormones, including P4, Rlx, T, and
A4, in immature, adult non-pregnant, and pregnant
botos. We also applied ROC techniques to evaluate
the diagnostic potential of using single-sample analy-
sis of each hormone, either individually or in com-

bination, to predict whether or not an animal was
pregnant.

Within males, we identified significant changes in
both serum T and A4 concentrations based on the
length and age class of the animals. Serum T has been
well documented as an indicator of reproductive ma-
turity and seasonal activity in cetaceans (Schroeder &
Keller 1989, Robeck & Monfort 2006, Hao et al. 2007,
O'Brien et al. 2008, 2017, Robeck et al. 2009). Within
river dolphins, serum T was used to estimate that
reproductive maturity occurs when male Yangtze
River dolphins reached TLs of >138 cm (Hao et al.
2007). In the Amazon River dolphin, based on the dis-
tribution of serum T across TL, we estimated that ani-
mals were immature at a TL < 174 cm with serum T <
2.5 ng ml~!, pubertal between 174 and 219 cm with
serum T < 5 ng ml~!, and adult at TBL > 219 cm with
serum T > 4.9 ng ml~'. Initial histologic analysis of
testes found that sperm production was first noted for
males from 190 to 198 cm in length (da Silva 1994, da
Silva & Martin 2000, Martin & da Silva 2004, 2006).
Additionally, previous work identified that the major-
ity of scars indicative of male conspecific aggression,
as typically noted in adult male boto, was observed in
males >218 cm in length; results that are in line with
our own (Martin & da Silva 2006).

Unlike serum T, A4 concentrations have only re-
cently been characterized in a few species of male
cetaceans, and evaluation of this hormone helps
increase our understanding of T production (O'Brien
et al. 2017). In both male and female botos, a strong
correlation was observed between A4 and serum T,
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supporting the premise that A4 is a precursor for T
production, similar to what has been described for
many domestic species and humans (Conley & Bird
1997). A4 has been documented to be formed within
the adrenal cortex in higher primates and humans,
whereas the testis are the primary source in the bull
(Lindner & Rowson 1961) and boar (Schuler et al.
2014). Although the primary source of A4 within the
male boto cannot be determined from these data, the
pattern of correlation between serum T and A4 within
male botos is like that observed in the bull and boar.

For females, the classification of sexually mature
or/adult using P4 levels corroborates with previous
studies for boto. In pregnant females, only A4 was
not significantly different when compared to non-
pregnant females. Nonetheless, a trend of increased
A4 was observed as gestation progressed and is simi-
lar to killer whales and bottlenose dolphins, with the
increase beginning by mid-gestation in the latter spe-
cies (Robeck et al. 2017, Legacki et al. 2020, Steinman
et al. 2021). Ultimately, the source of A4, whether a
direct product of fetal gonad, luteal, or placental
secretion is unknown (Legacki et al. 2020). However,
evidence from retained corpora lutea in bottlenose
dolphins suggests that androgens are not secreted
from luteal tissue in any significant quantities and,
therefore, a fetal and/or placental source is likely
(Steinman et al. 2021).

Although androgens increased during gestation,
our observation that the P4:T ratio was ineffective at
differentiating pregnancy was unexpected. For the
killer whale, this ratio was especially prominent and
useful during early pregnancy for differentiating
pregnant from non-pregnant females as well as iden-
tifying the stage of pregnancy (Robeck et al. 2017,
Wasser et al. 2017). The lack of any significantly
elevated P4:T ratio within the boto was due to lower
than expected increases in P4 during early gestation
combined with significantly increased T concentra-
tions. These differences, when compared to other ce-
taceans, may represent a sampling artefact whereby a
lack of early pregnancy samples (i.e. within 60 d of
conception) were collected from the boto. In other
cetaceans, P4 peaks and T slowly rises with placental
development toward the end of this 60 d window. As
we did not observe this trend, it may indicate that for
the boto, serum T during the first trimester is derived
primarily from luteal tissue. It is clear, however, that a
diversity of steroid production during pregnancy,
even within phylogenetically related species, is the
rule rather than the exception (Conley et al. 2021),
and only further research with the boto may help
answer this question.

Surprisingly, concentrations of P4 appeared to be
2- to 3-fold lower for the boto than what has been
observed in both the bottlenose dolphin (Robeck et
al. 2021) and killer whale (Robeck et al. 2016). These
may simply be due to different assay systems; how-
ever, P4 measurements across multiple platforms
within cetaceans have been shown to be relatively
consistent (O'Brien & Robeck 2012). Without further
investigations, the reason for these differences in P4
concentration is unknown.

Like P4, Rlx was significantly elevated at each stage
of pregnancy compared to non-pregnant adult fe-
males, but no differences between stages within preg-
nancy were observed. These observations are unlike
those found in bottlenose dolphins and killer whales,
whereby Rlx is significantly increased in each succes-
sive stage with a rapid 10-fold increase during the last
month prior to parturition (Bergfelt et al. 2017, Ro-
beck et al. 2018). These observed differences in the
boto may simply be due to infrequent or missing sam-
ples toward the end of gestation when this surge is
believed to occur, or it may be a true indication that
the pattern of Rlx secretion in this species varies from
other odontocetes. In support of the missing sample
hypothesis for our data, we had one sample that was
increased in RIx concentrations (1710 ng ml~!) well
above the late-stage mean concentrations (289 ng
ml™!) in a female that was believed to have been close
to parturition. This one sample lends support that like
other cetaceans, Rlx does surge toward parturition in
the boto.

Ultrasound diagnosis of pregnancy is considered
the gold standard in multiple species, with FPRs dur-
ing most of gestation approaching zero; however,
during early pregnancy, detection is less accurate
(Robeck et al. 2013, Abdullah et al. 2014, Ivancic et al.
2020). The day post ovulation when pregnancy can
reliably be detected within each species is dependent
on the rate of embryonic development, timing and
development of placenta morphology, type of ultra-
sound equipment used, method (rectal versus trans-
abdominal), and operator. For small cetaceans, be-
tween 44 and 60 d post ovulation appears to be the
limit for consistent pregnancy detection using trans-
abdominal ultrasonography (O'Brien & Robeck 2012,
Robeck et al. 2013). For health assessments of wild
animals, ultrasonography should be the primary tool.
In seasonally breeding species, assessments can be
scheduled during periods when pregnant animals
would typically be near the end of the first stage or the
beginning of the mid stage, so a fetus is easily
detected (Wells et al. 2014, Lane et al. 2015). For spe-
cies with diffuse or non-seasonal breeding like the
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boto, a small percentage of animals will always be in
early pregnancy, and false negatives are more likely.
Ultimately, ultrasound assessment of ovaries (looking
for the presence of a corpus luteum or follicles) and
uterus (hypertrophy, atrophy, pregnancy) should be
considered the most critical tool for reproductive
exams during wild animal health assessments, and
despite its high cost and a requirement of constant
power source, every effort should be made to include
it during all exams.

P4 had relatively low sensitivity compared to ultra-
sound for detecting pregnancy but was similar to the
sensitivities of both T and Rlx. These hormones in-
crease at different rates and stages during gestation,
with a potential overlap with non-conceptive luteal
phases during early pregnancy for P4 (O'Brien &
Robeck 2012, Robeck et al. 2018). This overlap may,
in part, explain the increased FPR (1 — specificity) for
P4 (15%) which was almost 3 times that observed for
P4 x T? (5%) and ~15 times that observed for ultra-
sound (0%). However, early embryonic loss between
when maternal recognition of pregnancy (MRP)
occurs (~15 d post conception in bottlenose dolphins)
and prior to pregnancy detection by ultrasound may
also be a contributing factor (O'Brien & Robeck 2012,
Robeck et al. 2013, 2021). This period of embryo de-
velopment may be susceptible to both external effects
such as natural or anthropogenic environmental
stressors (e.g. exposure to heat stress, endocrine dis-
ruptors, pathogens) that can lead to internal physio-
logical disruption and is, therefore, an important
period to understand within wild populations suffer-
ing reduced fecundity (Diskin & Morris 2008, Hansen
2014, Bellows & Short 2021, McGraw & Daigneault
2022). However, until an early pregnancy-specific
factor can be identified, the normal or expected rate
of loss during the period after MRP and prior to con-
sistent ultrasound pregnancy detection remains
speculative.

Besides P4, Rlx and T also had high FPRs, while A4
was relatively low. However, the inverse was true
for their sensitivities. This is a reflection of the inverse
relationship between sensitivity and specificity,
whereby the FPR can be reduced with decreasing
sensitivity based on the needs of the analysis or con-
dition (pregnancy) being evaluated (Hart 2016). In
the case of A4, very poor sensitivity (32%) resulted in
a test with relatively low false positives (10%). In other
words, concentrations of A4 below this relatively high
concentration (13.64 ng ml~! cutoff value) would have
a 90% chance of not being pregnant. For population
biologists, again, it is important to understand the
rate of pregnancy loss and to therefore choose a test

with the highest positive and negative predictive
values. Test accuracy is important because pregnancy
loss may be an indicator of exposure to natural or
anthropogenic environmental stressors (Kight &
Swaddle 2011). For example, a decrease in prey could
cause pregnancy or calf loss due to inadequate mater-
nal milk supply, or an increase in human activity (e.g.
fishing) in critical nursery locations could influence
calf survival (Kight & Swaddle 2011, Habeeb et al.
2018). Although heat stress is usually associated with
land mammals, the exposure of boto to abnormally
high water temperatures (Gonzalez-Socoloske 2023)
should not be discounted or underestimated as to the
potential impact that this environmental stressor may
have on reproduction and calf survival.

We demonstrated the power of using the positive
and negative prediction probabilities from each
hormone to adjust the diagnostic results to improve
the prediction of pregnancy and calving rates for
this population of boto. This correction, based on
probabilities, adjusts for the limitations of each of
the hormone tests and was only able to be created
due to the use of a highly accurate gold standard
from which to develop these models. For individual
animals, one would still have to use probabilities to
estimate and differentiate between pregnant and
non-pregnant animals. Negative and positive pre-
dictive values can change with the prevalence of
the event that is being measured and can also be
adjusted for clinical applications (Mandrekar 2010).
For example, if one wants fewer false positives, the
sensitivity can be adjusted by changing the cutoff
point such that they only occur at an extremely low
percentage and are usually due to the animal being
in early pregnancy. However, by doing so, and
depending on the accuracy of the test, this may
cause an increase in false negatives.

The linear combination of T and P4 was extremely
successful for classifying animals as pregnant or non-
pregnant with high accuracy within the population.
Although elevated Rlx can be considered pathogno-
monic for pregnancy (Bergfelt et al. 2017, Robeck et
al. 2018), concentrations of RIx in cetaceans do not
reach these unequivocal levels until the end of the
mid or late stage of pregnancy. As a result, we found
relatively low specificity for Rlx, which translated into
a low positive predictive value despite having a high
NPV. In addition, limited availability of the Rlx RIA
assay used in this study encouraged us to look for
alternative hormone or hormone combinations, and
P4 x T? was the most accurate. Indeed, the P4 x T?
combination proved to be the most accurate hormone
combination for PPV (95%) and NPV (93.9%), and as a
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single-sample pregnancy test within the boto, it is
close to the accuracy of ultrasound alone. Further
evaluation of this combination for pregnancy predic-
tion in other cetaceans is worth pursuing. The current
results create a blueprint for developing reference
ranges and diagnostic tests of other wild cetaceans,
and using similar assay systems provides a means for
estimating pregnancy rates in situations whereby
ultrasound is not available.

Successful reproduction is often overlooked as an
important variable for the long-term sustainability
or recovery of long-lived, slow-growing mammalian
populations like cetaceans (Manlik 2019). However,
further analysis of survivability verses recruitment
indicates that reproductive success can be paramount
for population recovery and should be considered in
population modeling or during the development of
any wildlife conservation plans (Manlik 2019). The
results of this research point to an improved capabil-
ity to identify potential barriers toward successful
recruitment within boto. By understanding at what
stage reproductive failure occurs, further investiga-
tions can be devised to identify the etiology or etiol-
ogies of these failures and, when possible, implement
mitigation factors. For example, if recruitment rates
continue to decrease over time, increases in the fre-
quency of observations (Booth et al. 2020) would
improve resolution between primarily an increase
in abortions verses poor neonatal survival. These 2
events would both result in reduced recruitment but
would probably have divergent etiologies that would
motivate different strategies, such as epidemiologic
studies on potential environmental pathogens or
toxins verses creating protection zones which may
improve neonatal survival (Kellar et al. 2017, Cheney
et al. 2019). As with most wildlife population strate-
gies, increased surveillance will ultimately help with
the decision process necessary to protect and pre-
serve these and other endangered species.

In conclusion, our results demonstrate alternative
ways to assess and measure reproductive maturation
and pregnancy status in boto from a single blood sam-
ple. Hormonal analysis from a single time point using
a combination of a suite of hormones provided in-
creased accuracy for pregnancy diagnosis compared
to traditional methods that have relied solely on a sin-
gle hormone such as P4. As described within, ultraso-
nography was and will continue to be a valuable and
critical tool for further developing these hormonal
models for the application of diagnosing and predict-
ing pregnancy outcomes in support of the conserva-
tion efforts for boto and other threatened species of
cetaceans.
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