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Although previous studies have described progesterone profiles during pregnancy in the
bottlenose dolphin (Tursiops truncatus), most of these focused on normal pregnancy
(NORM) or compared NORM to only one or two abnormal pregnancy types, such as
abortion (AB) or perinatal loss (PNL). Hormonal pregnancy biomarker analysis from
reproductive events with different outcomes may reveal differences in concentrations so
that we are able to identify high risk pregnancies. The aim of this study was to describe
longitudinal profiles of circulating progesterone and progestagens during reproductive
events in the female bottlenose dolphin, including NORM, failure to thrive, PNL, AB,
early loss (EL), and false pregnancy (FP). Progesterone differed from NORM during EL at
EARLY (month post conception [MPC] 1–4), AB at MID (MPC 5–8), and FP at LATE (MPC
9–12) stages. Progestagens differed from NORM during AB and FP at MID and LATE
stages and during MPC 12 in PNL and MPC 4 in EL. Progestagens may be better at
predicting poor reproductive outcome in the bottlenose dolphin and a suite of hormone
tests, including progesterone and progestagens, should be incorporated into existing
clinical diagnostic and management practices in this species. Furthermore, analysis of
multiple hormonal pregnancy biomarkers from a single sample may enable pregnancy
diagnosis for wild animals.

Keywords: steroids, progestagen, pregnancy loss, bottlenose dolphin, progesterone

INTRODUCTION

Characterization of hormones during normal pregnancy in the bottlenose dolphin (Tursiops
truncatus) has been previously described (O’Brien and Robeck, 2012; West et al., 2014; Steinman
et al., 2016; Bergfelt et al., 2017). These studies include analysis of progestagens (PG), estrogens,
androgens, glucocorticoids, relaxin, and thyroid hormones. However, direct comparisons between
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hormone concentrations in normal versus abnormal pregnancies
in the bottlenose dolphin have been limited to progesterone
(P4, O’Brien and Robeck, 2012), relaxin and P4 (Bergfelt et al.,
2011, 2013, 2017), and thyroid hormones (West et al., 2014).
Furthermore, hormonal investigation of differing subsets of
abnormal reproductive outcomes (e.g., perinatal loss, abortion,
and early embryonic loss) or pregnancy type compared to normal
pregnancy (live birth with calf survival of a minimum of 30 days)
is primarily limited to one study in the killer whale (Orcinus orca,
Robeck et al., 2018) and two studies in the bottlenose dolphin
(O’Brien and Robeck, 2012; Bergfelt et al., 2017), while two
other studies compared hormones during normal pregnancy and
perinatal loss (Bergfelt et al., 2011; West et al., 2014).

A study of longitudinal profiles of P4 in viable and non-viable
bottlenose dolphin pregnancies with known conception/breeding
dates has demonstrated that females with known fetal loss or
suspected early embryonic loss decrease P4 production during
mid-gestation (O’Brien and Robeck, 2012). In another study
in the bottlenose dolphin, analysis of serum samples collected
at irregular intervals across 28 pregnancies has shown that P4
concentrations during mid-gestation are higher in pregnancies
that result in a live birth compared to those that result in
a stillborn calf (Bergfelt et al., 2011). Although elevated P4
concentrations are not pregnancy specific, in bottlenose dolphins,
relaxin and P4 together appear to be useful for diagnosing
pregnancy from mid- to late-term and reduced concentrations
may be useful for detecting pregnancies destined for an abortion
(Bergfelt et al., 2011, 2013, 2017).

These previously mentioned studies in the bottlenose dolphin
relied on analysis of serum P4 using assays with antibodies
that have cross-reactivity primarily for P4 with limited cross-
reactivity with other PGs [Sorge et al., 2008 (Immuchem double
antibody P4 radioimmunoassay from MP Biomedicals, used by
Bergfelt et al., 2011, 2013); TOSOH Bioscience Corporation, 2017
(ST AIA-Pack Prog II directional insert used by O’Brien and
Robeck, 2012)]. However, recent analysis of bottlenose dolphin
serum using liquid chromatography tandem mass spectrometry
(LCMS) has revealed that P4, and hydroxylated and 5α-reduced
metabolites are the predominant pregnanes during the luteal
phase and pregnancy in this species (Legacki et al., 2020). Because
assays used in previous studies had little to no-cross-reactivity for
these PG metabolites, an antibody with a larger cross-reactivity
and broader specificity for these metabolites, and not just P4,
may be able to provide more information regarding PG-related
normal and abnormal pregnancy dynamics.

The ability to determine pregnancy from hormone
concentrations within a single time point sample continues
to be an important and yet unresolved component of wild annual
health assessment programs (Dalle Luche et al., 2020). For most
wild species, only single sample analysis is possible, and typically
these animals are assigned as pregnant or non-pregnant based
on progesterone or progestagen concentrations in blood, feces or
blubber (Kellar et al., 2013, 2014; Wasser et al., 2017; Pallin et al.,
2018). Once an animal has been assigned as pregnant based on
that single sample, pregnancy confirmation or progression from
a subsequent, second sample collection is rarely achieved. When
or if this animal is recaptured or re-sighted outside the window of

gestation, the presence or absence of a calf is then used to indicate
pregnancy success or failure, and perhaps more importantly,
when that failure may have occurred. The understanding of when
pregnancy loss is occurring and the frequency of loss within a
population is critical for identifying what and when potential
stressors are having an abnormal impact on the overall health
of the population.

Comparisons of P4 and PG hormone profiles in bottlenose
dolphin pregnancies with different reproductive outcomes may
be able to detect problematic pregnancies and lead to improved
pre-natal care in cetaceans. The overall goal of this study was to
describe profiles of circulating P4 and PGs during normal and
abnormal pregnancies in the bottlenose dolphin. The specific
objectives were to: (1) Determine if and at what stage of
pregnancy P4 and PG concentrations diverge from luteal phase
concentrations; (2) characterize profiles of circulating P4 and
PGs during months and stages of pregnancies with different
reproductive outcomes, including live birth, perinatal loss,
abortion, false pregnancy and failure to thrive; and (3) identify
if concentrations of either of these hormones can be used as
indicators of a successful pregnancy outcome and/or fetal health.

MATERIALS AND METHODS

All samples were collected as part of routine husbandry
procedures for the bottlenose dolphin. All procedures at Sea
World (SEA) parks were reviewed and approved by the
SeaWorld Parks and Entertainment Incorporated Research
Review Committee and were performed in accordance with
the United States Animal Welfare Act for the care of marine
mammals. Samples collected from animals at the United States
Navy Marine Mammal Program (MMP) were collected during
their routine care and under the authority of United States Code,
Title 10, USC 7524. MMP is accredited by AAALAC International
and adheres to the national standards of the United States Public
Health Service Policy on the Humane Care and Use of Laboratory
Animals and the Animal Welfare Act.

Study Animals
Stored samples (−80◦C) from 84 animals during the period from
1984 through 2017 were used for retrospective analysis. These
samples had been collected as part of routine monitoring of
animals for detection of reproductive events (n = 159, Table 1).
Reproductive events were defined as periods during which serum
progesterone concentrations were increased above 1 ng/ml for
longer than the normal luteal phase length of 21 days (O’Brien
and Robeck, 2012). Animals were housed at SeaWorld Parks
in Orlando, San Antonio and San Diego and the United States
Navy Marine Mammal Program (San Diego, CA, United States).
Animals were housed in enclosures containing≥850 m3 of either
natural processed or manufactured salt-water (at SEA) or open-
ocean netted enclosures (at MMP).

Data and Sample Collection
Blood samples (n = 1138 samples) were collected from
animals ranging from every other day for peri-post ovulatory
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TABLE 1 | Classification of and number (no.) of samples analyzed from females within each reproductive event (RE1) group, mean (± sd) age of animals and event length
(50th, 5th, and 95th percentile) within each group and from March 1984 until December 2019.

Classifications Description No. RE analyzed2 No. of samples Age (y)3 Event length4

Normal Live birth, calf alive >30 days. 67 (44) 506 17.6 ± 9.2
(16, 7, 36)

378.2 ± 2.6a

(380, 374, 382)

Failure to thrive Live calf that died between 1- and 30-days
post-partum.

19 (16) 110 18.8 ± 9.1
(16, 7, 37)

378.8 ± 6.6a

(376, 376, 399)

Perinatal loss5 Calf born dead (stillbirth) after a normal or
full-term gestation length (>352 days).

14 (12) 50 19.9 ± 8.6
(8, 21, 37)

376 ± 2.8a

(376, 367, 384)

Live calf that died prior to 24 h. 5 (3) 32

Early embryonic loss Animal with observed conceptus or uterine
fluid that was reabsorbed or expelled prior
to day 120 post conception.

12 (12) 60 21.8 ± 8.0
(22, 5, 31)

95.9 ± 17.0b

(105, 64, 115)

Abortion Dead fetus expelled between 121 days and
prior to the minimum known gestation
length of a normal pregnancy (352 days).

6 (6) 43 19.3 ± 11.2
(18, 6, 34)

270 ± 50.0c

(293, 205, 341)

False pregnancy Females with elevated progesterone
concentrations longer than what has been
described for a normal luteal phase length
(>21 days; O’Brien and Robeck, 2012).

16 (12) 100 22.3 ± 11.2
(22, 8, 43)

178 ± 83.2d

(161, 73, 317)

1Reproductive events were defined as periods during which serum progesterone concentrations were increased above 1 ng/ml for longer than the normal luteal phase
length of 21 days (O’Brien and Robeck, 2012).
2Number of animals that exhibited each reproductive events and that had enough stored samples and approximate known conception dates for retrospective analysis
are listed within parentheses. The total numbers were the combined contribution from both Navy and SEA populations and do not represent total numbers of each event
that occurred during the time period from 1984 until December 2019.
3No significant differences were detected between ages between each group.
4Difference between groups, as determined by post hoc marginal mean comparisons with Šidák corrections, have different superscripts (a,b,c,d).
5For hormone analysis, age, and event length, perinatal loss combined the subgroups, animals born dead (stillborn) or those that were born live and died within 24 h.

monitoring, to weekly for post artificial insemination monitoring
(Robeck et al., 2013) or monthly to quarterly as part of routine
husbandry management. If an animal was identified with
elevated progesterone during a routine exam or was observed
breeding with males, sample collection was increased to
every 2 weeks to establish if pregnancy may have occurred
and then monthly, once pregnancy had been confirmed via
ultrasonography. Samples were collected either voluntarily
or using manual restraint from the peripheral periarterial
venous rete (PAVR) on the ventral tail fluke using a 18 to 22
gauge winged blood collection set or attached to a vacutainer
collection system. Blood was collected by either the veterinary
technician or veterinarian on staff and into BD Vacutainers
(Becton Dickinson, Franklin Lakes, NJ, United States) containing
activated thrombin. The thrombin-coagulated blood was
centrifuged at 1,500 rpm for 10 min, and the serum was
decanted and frozen at −80◦C for further testing. Although
sampling time was not recorded for every sample, routine
blood samples were typically collected in the mornings
(before 12:00 h).

Hormone Assays
All hormone concentrations were expressed as ng hormone
per ml serum. While no quantitative evaluation of progestagen
stability over time when stored at −80◦C was conducted for this
study, it is generally accepted that steroids are extremely stable
during storage in temperatures as great as −20◦C with negligible
amounts of hormone being degraded over time (Key et al., 1991;
Holl et al., 2008).

Progesterone (P4) Assay
P4 was analyzed using an immunoenzymometric assay (TOSOH
Bioscience NV, Tessenderlo, Belgium) as previously described
(O’Brien and Robeck, 2012). Assay validations for this species
including sample parallelism and accuracy information are
described in detail in the aforementioned study. Inter-assay
coefficients of variation for three quality controls (low
[1.0 ng/ml], medium [8.9 ng/ml], high [23.3 ng/ml]) were
11.2, 7.4, and 4.9%, respectively (n= 8).

Progestagen (PG) Assay
PG concentrations were measured using an in-house, single
antibody, direct enzyme immunoassay (EIA) as described for
use in bottlenose dolphin urine in Robeck et al. (2005). While
the cross-reactivities of the PG antibody with corticosterone
and androstenedione is <0.1% (Graham et al., 2001), but,
to our knowledge, the cross-reactivities against cortisol and
testosterone have not been reported. Therefore, to determine
the cross-reactivity of each of these standards with our PG
antibody, two sets of serially diluted hormone standards (range:
2,500–1.22 ng/ml) in EIA buffer were created and analyzed
using the PG EIA. The hormone concentration observed (ng/ml)
for each standard at ∼50% antibody binding was then divided
by the known concentration of standard added (also at ∼50%
antibody binding) to determine the percent cross-reactivity for
each standard. The cross-reactivities for cortisol and testosterone
were <0.01 and <0.1%, respectively.

For sample analysis, serum, 0.002 to 0.05 ml, depending on
the concentration, was analyzed as described for urine in the
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aforementioned study. To test for intra-assay variation, a single
serum sample was tested at different locations (n = 10) across
the microtiter plate, and the coefficient of variation (CV) was
4.9%. Parallel displacement of serum compared to the standard
curve was demonstrated (r = 0.993) and the recovery of known
concentrations of standard to serum was 104.1 ± 16.7% (linear
regression, y = 1.15x − 0.4, r2

= 0.998). Inter-assay CVs for two
quality controls with antibody binding at 30% (45 pg/well) and
70% (10 pg/well) were 10.4 and 10.1%, respectively (n = 61).
A cetacean-specific biological control with antibody binding at
50% (12.5 pg/well) had an inter-assay CV of 9.0% (n= 61).

Effects of Stress on P4 and PG
Concentrations
To evaluate if stress of capture could influence progestagens
(P4 and PG) concentrations in delphinids, we analyzed serum
samples (n = 14 samples) which had previously been collected
during a stress test (Steinman et al., 2020) from a closely
related delphinid, the killer whale (Orcinus orca), for PG and P4
concentrations as described above. For collection methods and
animal descriptions see the previous publication (Steinman et al.,
2020) and Supplementary Table 1.

Data Partitioning
The date of ovulation, for animals with samples collected during
a reproductive event, was determined retrospectively to align
samples for analysis. For this process, ovulation was determined
by either knowing the date (n = 84) or by estimating the
date (n = 64). An ovulation date was considered “known”
when data had been previously collected which allowed for
the following conditions: when ovulation was determined by
taking the midpoint between when P4 concentrations were at
baseline and the first observation post ovulation when P4 was
elevated and then only relying on this estimation when the
maximum time between these two samples was 4 weeks or
less; or when based on observed estrus followed by elevated
progesterone, ultrasonographic detection of ovulation, or daily
urinary hormone analysis. Estimated ovulation dates were
determined for normal births only by subtracting the mean
gestation length for bottlenose dolphins (376 days, O’Brien
and Robeck, 2012) from the date of parturition. For hormone
concentrations during abnormal pregnancies, only samples with
known ovulation dates were included in the study (Table 1).
Once the ovulation date was determined, the reproductive event
period was divided based on stage or month post ovulation or
conception (MPC). For non-pregnant animals, the follicular
phase was considered to represent any sample collected between
one through 5 days before the day of ovulation, and luteal phase
samples were samples collected during peak progesterone which
occurs between 10 and 18 days post ovulation (O’Brien and
Robeck, 2012). For pregnant animals, “STAGE” time periods were
based on trimesters of a normal pregnancy and were thus divided
as follows: EARLY (days 1 to day 120 post ovulation), MID (days
121 to 240), or LATE (Days 241 until parturition). Reproductive
event categories (STATUS) were defined as follows: Normal
pregnancy (NORM) – a live calf that survived for longer than

30 days; Failure to thrive (FTT) – live calf that survived from 2 to
30 days; Perinatal loss (PNL) – calf born either dead or alive but
dies prior to 24 h post-partum (McDermott et al., 1992) and had
gestated for at least 352 days (the minimum gestational period in
a bottlenose dolphin that has resulted in a normal calf, E. Jensen
unpublished data); Early embryonic or fetal loss (EL) – a pregnant
female, confirmed via ultrasonography, that either reabsorbs or
expels the conceptus or fetal tissue prior to day 121; Abortion
(AB) – dead calf aborted after day 121 of gestation and prior
to a normal minimum successful gestation length of 352 days;
and False pregnancy (FP) – female with elevated progesterone
longer than a normal luteal phase without any ultrasonographic
evidence of pregnancy (uterine membranes, fluid, or conceptus)
or without access to a breeding age male at or around ovulation.

Statistical Analyses
Unless stated otherwise, statistical analyses were performed
using STATA statistical software (version 1416; StataCorp LP,
College Station, TX, United States). The reproductive event
(RE) category (NORM, FTT, PNL, EL, AB, and FP) incident
rate from all females within the SEA population from 2000
through 2019 for each category (regardless of whether samples
for hormone analysis were included within this research) and the
proportion of each pregnancy related event (thus excluding FP)
that occurred was determined. Prior to 2000, all pregnancies in
bottlenose dolphins were from natural inseminations, therefore,
there was no intensive reproductive monitoring program in
place. Thus, the detection of all reproductive events, especially
ovulation dates, early pregnancies and false pregnancies within
the SEA population was incomplete and therefore not included
for the incident rate analysis. Likewise, the MMP population
was excluded from this analysis because only a small subset of
all potential reproductive events had been identified within the
population, and therefore, with only an incomplete picture of the
occurrence of each event, the overall percentage of events within
each category could not be determined.

Age of females at conception (age) within and length of
time (days) for each reproductive outcomes (NORM, FTT, PNL,
EL, AB, or FP) were compared using a two-level mixed effects
restricted maximum likelihood (REML) factorial model (West
et al., 2015; Robeck et al., 2017). Within this model, the dependent
variable (length of event, or age) and fixed effect factorial variable
(reproductive outcome, coded 0 to 5) were compared with animal
ID (level 2 or random effect). The random effect variable was
used to adjust for the variance associated with an unequal number
of repeated events per animal. Post hoc marginal means were
compared with Šidák corrections.

Hormone concentration comparisons were only made
between NORM and one of the other abnormal reproductive
events and the analysis repeated until each potential
paired comparison was completed. To compare hormone
concentrations during either different STAGES or MPC between
NORM and one of the other reproductive events, we used a two-
level or three level REML regression model (West et al., 2015;
Robeck et al., 2017). Within this model, the dependent variable
(hormone) and fixed effect variables were STATUS (NORM and
one of the other reproductive events), pregnancy time period

Frontiers in Marine Science | www.frontiersin.org 4 February 2021 | Volume 8 | Article 630563

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-630563 February 19, 2021 Time: 19:3 # 5

Robeck et al. Bottlenose Dolphin Abnormal Pregnancy Hormones

(either STAGE or MPC), animal age, and season and the random
intercept variable, animal ID (level 2), and pregnancy id (level
3). A two versus a three-level mixed model was determined by
comparing the full (3 level) versus a reduced (2 level) model
using the likelihood ratio (LR) test. The use of a mixed model (2
or 3) was confirmed by comparing the final mixed model versus a
simple linear regression using the LR Test. Season was defined as
samples collected during winter (December through February),
spring (March through May), summer (June through August) or
fall (September through November). Animal age and season were
included as covariates to control for the effect that these variables
may have on the different hormone concentrations evaluated
(Steinman et al., 2016; O’Brien et al., 2017; Robeck et al., 2017).
All final mixed effects models were checked for normality using
quantile plots of the standard residuals. If quantile–quantile plots
of standardized residuals exhibited non-normal distribution
then data was transformed as predicted by the Shapiro–Wilk
test (Ladder command, STATA) until residuals were normalized.
The significance of the final model was determined using a Wald
χ2 test. Paired comparisons of the dependent variable marginal
(predicted) means within each reproductive event against normal
for each time category were made at a significance of P < 0.05.
If appropriate, multiple comparisons of marginal means were
performed using Šidák corrections at P < 0.05. For text, tables,
and graphs any transformed data were first back-transformed,
and then all data were presented as marginal means with 95%
confidence intervals (CI) unless noted otherwise.

RESULTS

While numbers were too small for meaningful comparative
statistical analysis, no subjective differences were detected within
PG or P4 before during or after a stress event with both
hormone concentrations remaining at baseline throughout the
trial (Supplementary Table 1).

Demographic Data and Pregnancy
Characteristics
Across both facilities, serum samples representing 84 individual
females and a total of 159 reproductive events from 1984
through 2017 were identified and analyzed (Table 1). For these
reproductive events that had banked serum for hormone analysis,
no significant differences within this data set were detected for
the mean age of the females within each category of reproductive
events (P > 0.05, Table 1). Length of time for the reproductive
events, whereby ovulation dates were known or estimated within
2 weeks, were reduced for EL, AB, and FP compared to each of
the other reproductive events (P < 0.05, Table 1).

Within the SEA population, from January 2000 through
December 2019, a total of 174 pregnancies was diagnosed. The
total number of live calves born was 142 (81.6%) with a total
pregnancy loss rate of 11.5% and a stillbirth rate of 5.2% (Table 2).
Of the live calves, 88% lived beyond day 30 of age, and 85.2% were
alive after 1 year of age (Table 2).

TABLE 2 | Pregnancy characteristics for SEA animals from 2000 through
December 2019.

Classificationsa Description Total number Percent

Total pregnancies Diagnosed pregnancies
as confirmed by using
ultrasonography

174

Pregnancy loss Early loss <120 days
gestation

12 6.9

Mid (>120 days
gestation) to late term
abortion only

8 4.6

Total loss 20 11.5

Stillbirth Term calves born dead 12 5.2

Total live birth rate Live calves produced
from known pregnancies

142 81.6

Total live calves Number of calves that
lived >30 days from
pregnancies that reached
at least >120 days
gestation

125 77.2

Live calf success

Early death Neonates that died from
0 to 24 h

9 6.3

Failure to thrive Calves that died from 1
to <30 days

8 5.6

Live calves >30 days Total Live calves living
>30 days

125 88.0

Calf loss Total calf loss from
30 days to 1 year

4 2.8

Total live Calves living >1 year 121 85.2

aData partitioned in this format for comparison to Wells et al. (2014) data from
wild bottlenose dolphin populations. In that study no pregnancies <120 days were
diagnosed and at no time was the entire population evaluated during any 1 year.

Progesterone (P4)
Based on standardized residual analysis, all final models used the
square-root of P4 transformation for analysis.

Comparisons Between Non-pregnancy Reproductive
States and Pregnancy
For P4 analysis, a three-level mixed model with animal id
as level 2 random intercept and pregnancy id as level 3 was
significant (Table 3). Post hoc marginal mean comparisons of P4
concentrations between all time periods, pre- or post-pregnancy,
indicated that luteal phase concentrations (7.7 ng/ml, 95% CI
4.0–12.6 ng/ml) were greater (P ≤ 0.05) than follicular phase
(0.3 ng/ml, 95% CI 0.08–2.1 ng/ml), and ovulatory period
concentrations (0.91 ng/ml, 95% CI 0.09–2.6 ng/ml) were less
than MPC 2 through 5 (Figure 1).

Normal Pregnancies (NORM)
For P4 analysis, a two-level mixed model with animal id as
the random intercept was significant (Table 3). Both STAGE
(χ2
= 18.9, P = 0.0001) and MPC (χ2

= 107, P < 0.0001) were
significant within the separate analysis. No significant effect of
season or age was detected on model variance. Post hoc analysis
indicated P4 concentrations during EARLY were significantly
less than MID and LATE pregnancy (Table 4). For MPC, P4
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TABLE 3 | Model statistics from the restricted maximum likelihood linear mixed
model (LMM) analysis of hormone concentrations within each status and time
variable.

Independent variable

Analysis Serum progesterone (P4) Serum progestagens (PG)

P vs. Open 2 vs. 3 LR Test: χ2
= 205,

P < 0.0001
MM LR Test: χ2

= 78,
P < 0.0001
FM: Wald χ2

= 659,
P < 0.0001

2 vs. 3 LR Test: χ2
= 205,

P < 0.0001
MM LR Test: χ2

= 78,
P < 0.0001
FM: Wald χ2

= 569,
P < 0.0001

NP MM LR Test: χ2
= 21.4,

P = 0.001
FM: Wald χ2

= 40,
P < 0.0001

MM LR Test χ2
= 153,

P < 0.0001
Wald χ2

= 355.4, P < 0.0001

FTT MM LR Test: χ2
= 21.4,

P = 0.001
FM: Wald χ2

= 30,
P = 0.0005

MM LR Test: χ2
= 168,

P < 0.0001
FM: Wald χ2

= 167,
P < 0.0001

PL MM LR Test: χ2
= 136,

P = 0.0002
FM: Wald χ2

= 28,
P = 0.002

MM LR Test: χ2
= 151,

P < 0.0001
FM: Wald χ2

= 491,
P < 0.0001

EL 2 vs. 3 LR Test: χ2
= 20.3,

P < 0.0001
MM LR Test: χ2

= 36,
P < 0.0001
FM: Wald χ2

= 17,
P = 0.005

MM LR Test: χ2
= 31,

P < 0.0001
FM: Wald χ2

= 11.4, P = 0.04

AB MM LR Test: χ2
= 45,

P < 0.0001
FM: Wald χ2

= 29,
P = 0.0004

MM LR Test: χ2
= 115,

P < 0.0001
FM: Wald χ2

= 403,
P < 0.0001

FP MM LR Test χ2
= 32,

P = 0.0002
FM: Wald χ2

= 35,
P < 0.0001

2 vs. 3 LR Test: χ2
= 4.2,

P = 0.04
MM LR Test: χ2

= 115,
P < 0.0001
FM: Wald χ2

= 460,
P < 0.0001

A Likelihood ratio test (LR Test) was used to first determine if a 2- (animal id, random
intercept variable) or 3-level (pregnancy id) LMM was appropriate for use with the
model*. The final model was tested to confirm that a mixed model was improved
over a simple a linear regression using an LR Test (MM LR Test). The significance
of the final model was tested using a Wald χ2 Test. All final models were sqrt
transformed as indicated by residual analysis.
P, pregnancy; open, not pregnant; NP, normal pregnancy; FTT, failure to thrive; PL,
perinatal loss; EL, early loss; AB, abortion; FP, false pregnancy. *2 vs. 3 LR Test,
only results that indicated a 3-level model was significantly improved are presented.

concentrations during the first 15 days (MPC 0, 4.0 ng/ml, 95% CI
2.5–5.9) were reduced compared to all other MPCs, while MPC
1 (11.4 ng/ml, 95% CI 9–14) was reduced (P < 0.05) compared
to peaks observed in MPCs 5 (19 ng/ml, 95% CI 16–21 ng/ml),
6 (18 ng/ml, 95% CI 15–20 ng/ml), and 11 (20 ng/ml, 95% CI
16–24 ng/ml; Figure 2).

Failure to Thrive (FTT)
For comparison of P4 between NORM and live calves that did
not live beyond 30 days (FTT), a two-level mixed model with
animal id as the random intercept was significant (Table 3).
No significant effect of season, age, STATUS or the interaction

between STAGE by STATUS (FTT or NORM) on model variance
was detected. Additionally, and unlike NORM, no significant
increase in P4 was detected after EARLY, and concentrations
during all three stages were similar (Table 4). Similar to STAGE,
no significant effect of season, age, STATUS or MPC by STATUS
was found, but combined MPC exhibited effects (χ2

= 117,
P < 0.0001) on the model variance. Within FTT, MPCs 4,
5, and 7 through 9 were significantly increased over months
0 and 1. Bimodal peaks occurred in MPC 5 (25 ng/ml, 95%
CI 18–32 ng/ml) and 7 (24 ng/ml, 95% CI 15–34 ng/ml;
Figure 2).

Perinatal Loss (PNL)
For comparison of P4 between NORM and PNL, a two-level
mixed model with animal id as the random intercept was
significant (Table 3). Although combined STAGE had an effect
(χ2
= 19.8, P < 0.0001), no significant effect of season, age,

STATUS or the interaction between STAGE by STATUS on
model variance was detected. Within PNL, no difference in P4
concentrations between stages was observed (Table 4).

An effect of both MPC (χ2
= 109, P < 0.0001) and MPC

by STATUS (χ2
= 22.5, P = 0.032), with no effect of season,

age or STATUS, was observed. No post hoc paired marginal
mean comparisons within MPC between NORM and PNL were
detected (Figure 2). Within PNL, MPC 8 through 10 had
significantly increased P4 compared to MPC 0. Within this
group, P4 peaked in MPC 9 at 21 ng/ml (95% CI 16–27 ng/ml;
Figure 2).

Early Loss (EL)
For comparison of P4 between NORM and animals that lost
an embryo or fetus prior to day 120 of gestation (EL), a
three-level mixed model with animal id as level two random
intercept and the third level pregnancy id was significant
(Table 3). Because EL pregnancies did not extend beyond STAGE
EARLY, only this STAGE could be compared against NORM.
Differences (χ2

= 4.3, P = 0.039) in concentrations between
NORM and EL animals during EARLY and season (χ2

= 12.3,
P= 0.007) were detected, but none with age (Table 4). For season,
winter (19.3 ng/ml) was greater than spring (12.4 ng/ml) and
fall (12.6 ng/ml).

A significant effect of MPC (χ2
= 61, P < 0.0001) was

detected, but not with STATUS, MPC by STATUS, season or
age. No post hoc paired marginal mean comparisons within MPC
between NORM and EL were detected (Figure 2). Within EL,
significant increases during MPC 1 through 3 were detected
with a peak of 25 ng/ml (95% CI 19–34 ng/ml) during MPC
2 (Figure 2).

Abortion (AB)
For P4 comparison between NORM and animals that aborted a
fetus between days 121 and 352 days of gestation (AB) a two-
level mixed model with animal id as the random intercept was
significant (Table 3). Both STAGE (χ2

= 19.6, P < 0.0001)
and STAGE by STATUS (χ2

= 6, P = 0.049) influenced model
variance, while STATUS, season nor age had no detectable effect.
Post hoc paired marginal mean comparisons within each stage
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FIGURE 1 | Progesterone and progestagens during the luteal phase and normal pregnancy. Marginal predicted 95% confidence interval (CI) for serum progesterone
(P4, Upper) and progestagens (PG, Lower) from normal pregnancies. The shaded curves (dark gray) represent the 95% CI for each month post conception (MPC)
for each hormone, respectively. Month 0 – represents samples collected from day 1 to day 15 post conception (pc). Month 1 – from day 16 to day 45 pc, Month 2 –
from day 46 to 75 pc, etc. The 95% CI for each hormone during the luteal phase is represented by light gray. Overlapping CIs represent non-significant differences
between the MPC and luteal phase concentrations.

indicated that P4 during AB MID was significantly reduced
compared to NORM (Table 4). Within AB, no differences
between STAGEs were observed (Table 4).

An effect was observed for MPC (χ2
= 117, P < 0.0001),

while no effect for STATUS, MPC by STATUS, season or age
was detected. Post hoc paired marginal mean comparisons within
MPC between NORM and AB did not detect any significant

differences (Figure 2). Within AB, no significant differences in
P4 concentrations during any MPC were detected (Figure 2).

False Pregnancy (FP)
For comparison of P4 between NORM and non-pregnant
animals with increased progesterone >21 days (FP), a two-
level mixed model with animal id as the random intercept was
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TABLE 4 | Marginal mean (95% confidence interval) progesterone (P4) concentration (ng/ml) during each stage of normal and abnormal bottlenose dolphin pregnancies.

Gestational stage

Status Early (1) Mid (2) Late (3) Šidák Groups1

Normal 12.6 (11.2–14.2), n = 199 16.1 (14.7–17.5), n = 147 17.1 (15.6–18.7), n = 126 1 < 2 and 3

Failure to thrive 13.9 (10.3–17.9), n = 35 20.1 (16.3–24.1), n = 23 18.0 (13.8–22.6), n = 17 NSD

Perinatal loss 12.8 (9.4–16.8), n = 32 18.2 (13.7–23.2), n = 13 14.1 (10.9–17.7), n = 24 1 < 3

Abortion 12.1 (6.2–19.9), n = 9 11.4* (7.6–15.8), n = 16 22.5 (15.1–31.3), n = 5 NSD

Early loss(<121 days) 18.7* (13.7–24.6), n = 60 NS NS NA

False pregnancy 15.6 (12.6–18.9), n = 73 13.9 (10.1–18.4), n = 17 4.0* (0.64–10.20), n = 3 3 < 1 and 2

Early, day 1 through 120 post-ovulation; Mid, day 121 through day 240; Late, day 241 until parturition; NSD, no significant differences; NS, no samples; NA, not applicable;
n, number of samples.
1Šidák correction factor used for comparisons of marginal means at a significance of P < 0.05. Only stages that were significantly different from other stages are listed.
*Significantly different (P < 0.05) marginal means as compared against normal values.

FIGURE 2 | Progesterone during normal, abnormal, and false pregnancy. The marginal predicted 95% confidence interval (CI) for progesterone during each month
post conception (MPC) of normal pregnancies as represented by the dark gray shaded portion of the graph. Each line graph with different symbols (see legend
embedded in graph) represent the marginal mean MPC concentration of progesterone (95% CI were not included for readability) during each abnormal pregnancy
type. MPC of abnormal pregnancies that had mean concentrations that were significantly different than normal are highlighted with an asterisk (*). The parallel lines
on the line graph for abortions represent the period prior to which two of the abortions occurred, and thus, the decrease in progesterone concentrations during MPC
7 was influenced by these events.

significant (Table 3). Both STAGE (χ2
= 18, P = 0.0001), and

STAGE by STATUS (χ2
= 16, P = 0.0003) influenced model

variance, while STATUS, season nor age had no detectable effect.
Post hoc paired marginal mean comparisons of P4 concentrations
between NORM and FP within each stage indicated that only FP
LATE was decreased (P < 0.05) compared to NORM (Table 4).

Within FP, P4 concentrations in LATE were significantly reduced
compared to MID and EARLY (Table 4).

A significant effect of both MPC (χ2
= 41, P < 0.0001) and

MPC by STATUS (χ2
= 23, P= 0.005) was found but no effect of

STATUS, season or age was observed. Post hoc paired marginal
mean comparisons of P4 concentrations between NORM and
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FP within each MPC did not detect any differences (Figure 2).
Within FP, P4 significantly increased and peaked in MPC 2
(21 ng/ml, 95% CI 16–27 ng/ml) then started decreasing in MPC
6 with a significant drop detected in the final MPC 9 (3 ng/ml,
95% CI 0.32–9 ng/ml; Figure 1).

Progestagens (PG)
Based on standardized residual analysis, all final models used the
square-root of PG transformation for analysis.

Comparisons Between Non-pregnancy Reproductive
States and Pregnancy
For PG analysis, a three-level mixed model with animal id
as level 2 random intercept and pregnancy id as level 3 was
significant (Table 3). Post hoc marginal mean comparisons of P4
concentrations between all time periods pre- or post-pregnancy
indicated that luteal phase (11.5 ng/ml, 95% CI 5.0–20.6) was
greater than the follicular phase (0.41 ng/ml, 95% CI 0.65–
4.4 ng/ml, P < 0.01), and concentrations during the ovulatory
period (0.34 ng/ml, 95% CI 0.65–4.0 ng/ml) were less than MPC
1 through 5 (Figure 1).

Normal Pregnancies (NORM)
A two-level mixed model with animal id as the random intercept
provided significant explanation of PG variance (Table 3). Both
STAGE (χ2

= 324, P < 0.0001) and MPC (χ2
= 740, P < 0.0001)

were significant, with no effect of season or age being detected.
Marginal effects indicated that all STAGEs were significantly
different between themselves with concentrations increasing
throughout pregnancy (Table 5).

The first 30 days (MPC 0, 8.9 ng/ml, 95% CI 4.8–14.2) and
MPC 1 (34.4 ng/ml, 95% CI 26.8–43.1) were different (P < 0.006)
than all other months, with PG increasing each month post
conception. A slow increase during the first 2 months resulted
in significant peak in MPCs 2–5 (53.9–66.7 ng/ml), and was
followed by a second significant peak during MPCs 6 to 9 (84.6–
110.5 ng/ml). Concentrations continued to significantly increase
during the final 3 months with a peak occurring in month 12 at
153 ng/ml (95% CI 132.1–177.0 ng/ml; Figure 3).

Failure to Thrive (FTT)
For comparison of PG between NORM and FTT, a two-level
mixed model with animal id as the random intercept was
significant (Table 3). No effect of STATUS, STAGE, season, or age
was detected (Table 4). Within FTT, PG concentrations during
EARLY stage were significantly reduced (P < 0.05) compared
to the MID and LATE stages, while MID and LATE were
similar (Table 5).

Like STAGE, no significant effect of season, age or MPC by
STATUS was observed, but combined MPC exhibited significant
effects on the model variance (χ2

= 702, P < 0.0001).
No post hoc paired marginal mean comparisons within MPC
between NORM and FTT were different (Figure 3). Within
FTT, significant increases during each MPC were detected in
a similar pattern to that observed for NORM, except peak
concentration occurred in month 11 (122 ng/ml, 95% CI 68.9–
188.1 ng/ml) versus MPC 12.

Perinatal Loss (PNL)
For comparison of PG between NORM and PNL, a three-level
mixed model with animal id as the level 2 random intercept and
pregnancy id as level 3 random variable was significant (Table 3).
STAGE had an effect (Wald χ2

= 346, P < 0.0001), but no
significant effect of season, age or the interaction between STAGE
by STATUS (PNL or NORM) on model variance was detected.
No post hoc paired marginal mean comparisons within each stage
were different (Table 4). Within PNL, each stage sequentially
significantly increased throughout pregnancy (Table 4).

An effect of both MPC (χ2
= 702, P < 0.0001) and MPC

by STATUS (χ2
= 21.2, P = 0.049), but no significant effect

of season or age, was observed. Post hoc paired marginal mean
comparisons within MPC between NORM and PNL indicated a
difference (P = 0.02) during month 12 post conception, whereby
concentrations were reduced compared to NORM (Figure 3).
Like FTT, significant increases during each MPC were detected in
a similar pattern to that which was observed with NORM, except
peak concentration occurred in month 11 (146 ng/ml, 95% CI
113–185 ng/ml) versus MPC 12.

Early Loss (EL)
For comparison of PG concentrations between NORM and
EL, a two-level mixed model with animal id as the random
intercept was significant (Table 3). Because EL pregnancies did
not extend beyond STAGE EARLY, only this STAGE could
be compared against NORM. No differences were detected in
PG concentrations between NORM and EL animals during
STAGE EARLY (Table 4). Age did not influence PG during EL,
however, season did have an effect (χ2

= 11.4, P = 0.01) with
winter (53.2 ng/ml) being greater than spring (33.7 ng/ml) and
summer (36 ng/ml).

A significant effect of both MPC (χ2
= 702, P < 0.0001)

and MPC by STATUS (χ2
= 21.2, P = 0.049) was detected

with no effect of season or age. Post hoc paired marginal mean
comparisons between MPC indicated a difference (P = 0.008)
between NORM and EL during MPC 4 (the final month for an
EL pregnancy, Figure 3), whereby concentrations for EL were
lower compared to NORM. Significant increases during each
MPC were only detected between MPCs 0 and 1, and thereafter
concentrations plateaued in MPCs 1 through 3 (47–43 ng/ml,
respectively) until significantly dropping in MPC 4 (the final
month, 18 ng/ml, 95% CI 4.6–41.0; Figure 3).

Abortion (AB)
Comparison of PG concentrations between NORM and AB
indicated a two-level mixed model with animal id as the
random intercept was significant (Table 3). Both STAGE
(χ2
= 367, P < 0.0001) and STAGE by STATUS (χ2

= 12.7,
P < 0.002) influenced model variance, while neither season
nor age had any detectable effect. Post hoc paired marginal
mean comparisons within each stage indicated that AB MID
and LATE were decreased (P < 0.05) compared to NORM
(Table 3). Within AB, no differences between STAGEs were
observed (Table 4).

A significant effect of MPC (χ2
= 645, P < 0.0001), STATUS

(χ2
= 55, P < 0.0001) and MPC by STATUS (χ2

= 68,
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TABLE 5 | Marginal mean (95% CI) progestagen concentration (ng/ml) during each stage of normal and abnormal bottlenose dolphin pregnancies.

Gestational stage

Status Early (1) Mid (2) Late (3) Šidák Groups1

Normal 42.9 (35.5–51.0), n = 209 86.8 (76.9–97.3), n = 158 130.6 (116.9–145.0), n = 139 1 < 2 < 3

Failure to thrive 38.5 (35.9–63.6), n = 49 74.8 (60.1–91.2), n = 36 97.4 (76.1–121.4), n = 25 1 < 2 and 3

Perinatal loss 43.0 (29.4–59.1), n = 39 95.0 (66.3–128.7), n = 13 98.7 (75.0–125.8), n = 25 1 < 2 < 3

Abortion 39.0 (15.6–72.9), n = 16 32.3* (15.1–55.9), n = 19 53.0* (21.9–97.6), n = 9 NSD

Early loss 40.6 (26.4–57.8), n = 60 NS NS

False pregnancy 37.5 (27.4–49.2), n = 74 32.1* (19.6–47.7), n = 21 6.0* (0.1–21.2), n = 5 NSD

Early, day 1 through 120 post-ovulation; Mid, day 121 through day 240; Late, day 241 until parturition; NSD, no significant differences; NS, no samples.
1Šidák correction factor used for comparisons of marginal means at a significance of P < 0.05. Only stages that are significantly different from other stages are listed.
*Significantly different (P < 0.05) marginal means as compared against normal values.

FIGURE 3 | Progestagens during normal, abnormal and false pregnancy. The marginal predicted 95% confidence interval (CI) for progestagens during each month
post conception (MPC) of normal pregnancies as represented by the dark gray shaded portion of the graph. Each line graph with different symbols (see legend
embedded in graph) represent the marginal mean MPC concentration of progestagens (95% CI were not included for readability) during each abnormal pregnancy
type. MPC of abnormal pregnancies that had mean concentrations that were significantly different than normal are highlighted with an asterisk (*). Parallel lines on the
line graph for abortions represent the period prior to which two of the abortions occurred, and thus, the decrease in progestagen concentrations during MPC 7 was
influenced by these events.

P < 0.0001), but no effect of season or age was observed. Post
hoc paired marginal mean comparisons between MPC indicated
a significant difference (P < 0.05) between NORM and AB
during MPCs 7 and 10 (Figure 3). Within AB, PG did not
significantly increase during each MPC. A non-significant peak in
concentrations occurred in MPC 9 at (83 ng/ml) with a significant
drop during MPC 10 (2.1 ng/ml, 95% CI 3.4–23 ng/ml).

False Pregnancy (FP)
For comparison of PG between NORM and FP, a three-level
mixed model with animal id as the second level random intercept
and third level pregnancy id was significant (Table 3). Both
STAGE (χ2

= 370, P< 0.0001) and STAGE by STATUS (χ2
= 70,

P < 0.0001) influenced model variance, while neither season
nor age had any detectable effect. Post hoc paired marginal
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mean comparisons within each stage indicated that both FP
MID and LATE were significantly decreased compared to NORM
(Table 4). Within FP, no differences between STAGES were
observed (Table 4).

An effect of both MPC (χ2
= 738, P < 0.0001) and MPC

by STATUS (χ2
= 118, P < 0.0001) was detected, but no effect

of season or age was observed. Post hoc paired marginal mean
comparisons between MPC indicated a significant difference
between NORM and FP in all months after MPC 2 (Figure 3).
Within FP, progestagens significantly increased and peaked in
MPC 3 (50 ng/ml, 95% CI 36–66 ng/ml), then significantly
decreased after MPC 5 until MPC 10 (Figure 3).

DISCUSSION

This study provides a retrospective analysis of progesterone
(P4) and progestagens (PGs) as well as direct comparisons of
bottlenose dolphin pregnancies with unsuccessful outcomes
or false pregnancies against normal, successful pregnancies.
Progestagens continued to increase throughout normal
pregnancy while P4 increased during the EARLY stage and
leveled off during MID and LATE gestational stages. Within
the abnormal pregnancies, P4 concentrations only varied from
normal during early loss (EL), abortion (AB), and false pregnancy
(FP), while PG concentrations varied from normal within
perinatal loss (PNL), EL, AB, and FP. Within known or estimated
ovulation dates, P4 and PGs can provide accurate diagnostic
confirmation of pregnancy; however, for samples collected from
animals with unknown conception dates or pregnancy status,
PGs have greater utility for differentiating between pregnancy
and luteal states. Additionally, PG concentrations appear to be
better than P4 for differentiating between normal and abnormal
pregnancies and false pregnancies, but its usefulness is somewhat
limited. The differing ability of these hormones to be relied on as
potential sentinels for gestational health can, in part, be inferred
from the physiologic role within the ovarian-placental-fetal
unit that each of these hormones play during these abnormal
reproductive outcomes.

No differences were detected in gestation lengths between
normal gestations, PNL, and FTT. However, conception dates for
almost half of the normal pregnancies were estimated, therefore,
our limited samples within each group may have precluded us
from detecting a relationship between total gestational length
and these reproductive outcomes. As more pregnancies with
known conception dates are added to the data set, the utility
or not of gestation length as a predictor of overall fetal health
may eventually be revealed. For example, in cattle, stillbirth
incidence rate is higher when gestations are shorter than the
mean length (Meyer et al., 2000). This emphasizes the importance
of routine endocrine monitoring in the bottlenose dolphin to
pinpoint conception. If gestation lengths could be a predictor of
reproductive outcome, reference ranges could be established and,
possibly, in combination with a suite of hormone tests, higher
risk pregnancies could be identified. Once labor has initiated, the
gestation length would be known and compared to the reference
ranges. If a gestation length identifies a possible FTT at risk calf,

animal care staff and management could then mobilize efforts to
increase monitoring and be prepared for intervention, if needed.

The live birth rate of 81.6% and an abortion rate (early
loss + abortions) of 11.5% observed within the SEA population
are in line with what has been previously described for other
cetaceans and domestic species. In killer whales, a 75% live
birth rate and 11% abortion rate has been reported (Robeck
et al., 2018), and abortion rates from 8 to 12% have also
been documented in cattle and horses (Forar et al., 1995).
Furthermore, calf survival of ≥30 days (88%) and 1 year (85.2%)
reported herein for captive bottlenose dolphins were similar
to rates of 85.1 and 80.7%, respectively, that were previously
reported by Sweeney et al. (2010).

To our knowledge this is the first report of perinatal mortality
rates based on known, total reproductive events for a captive
population of bottlenose dolphins. Although difficulty arises in
direct comparisons across species and research publications that
use differing criteria, our overall perinatal mortality rate of 11.5%,
which included term animals born dead or stillbirths (5.2%)
and live calves (6.3%) that did not live beyond 24 h, was less
than the 17% estimate that has been reported for one healthy
population of wild bottlenose dolphins (Wells et al., 2014). If we
included mid to late term abortions in our total, the loss (16.7%)
would be similar to estimates by Wells et al. (2014). In another
odontocete, the killer whale, estimates of perinatal loss in wild
populations have ranged from 37 to 42% (Bain, 1990; Olesiuk
et al., 1990). In compromised wild killer whale and bottlenose
dolphin populations, losses have been estimated from 66 to 80%,
respectively [Lane et al., 2015 (bottlenose dolphin); Wasser et al.,
2017 (killer whale)].

Stillbirth rates are difficult to determine in wild populations
because the opportunity to observe birth events is extremely
rare, so it is unknown if calves were alive or dead at or within
24 h following parturition. Therefore, zoo based populations can
provide valuable birth rate information that can be extrapolated
to expectations in the wild. As such, our stillbirth rate of
5.2% was very similar to the only other (to our knowledge)
published rate for an odontocete, the killer whale at 6.7% for
PNL (Robeck et al., 2018). Stillbirth rates in cattle range from
5 to 13% (Meyer et al., 2001; Jonker, 2004), and dystocia, with
estimates of up to 50%, is the major cause (Meyer et al., 2000;
Mee et al., 2014). In cattle and horses, dystocia has a complex
multifactorial etiology with primary influences being parity or
age at first calf and genetics (i.e., calf size), as demonstrated by
a dystocia rate that is twice as common in primiparous females
compared to multiparous females (McDermott et al., 1992; Meyer
et al., 2000; Johanson and Berger, 2003). Although human
intervention during prolonged or dystocic labor is common for
dairy cattle and horses, this type of intervention is still rare with
bottlenose dolphins and calf size may be an important variable
that influences stillbirth rates in bottlenose dolphins (Robeck
et al., 2012). Furthermore, historically inaccurate identification
of conception dates or data collection at birth impedes evaluation
using obvious factors, such as gestation length, length of labor
and calf birth weight, as potential risk-increasing identifiers
of perinatal mortality in bottlenose dolphins. As techniques
for monitoring reproductive activity (Robeck et al., 2013),
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gestational development (Ivancić et al., 2020), and early calf
development (Sweeney et al., 2010) are integrated into bottlenose
dolphin reproductive management programs, and as more data
is collected under these conditions, future research should
be conducted to evaluate risk factors on bottlenose dolphin
neonatal mortality.

The FP rate of 6% reported herein is half or less than half of the
previously reported rate for bottlenose dolphins (12%, O’Brien
and Robeck, 2012) and killer whales, respectively (15%, Robeck
et al., 2018). Because the recent FP rate reported by O’Brien
and Robeck (2012) was derived from animals across multiple
facilities and only in animals that had been monitored closely
with combination of urinary and serum hormone analysis and
ultrasonography, it may represent a more accurate estimation
of its occurrence.

The potential use of a single sample for P4 or a combination
of hormone concentrations for pregnancy determination in
cetaceans is an important yet unanswered component of annual,
wild animal health assessment programs (Dalle Luche et al.,
2020). Our results provide some guidelines for the use of P4
and/or PGs for just such an assessment. We found that serum P4
concentrations greater than 14 ng/ml is indicative of pregnancy
with a 95% probability. This concentration would not be expected
to regularly occur until between 46 and 75 days post conception.
However, P4 concentrations from samples collected during MPC
4 can also potentially overlap with concentrations during the
luteal phase. Based on the 95% CI, PG concentrations greater
than 29 ng/ml from samples collected from day 16 to 45 (MPC
1) post conception are consistent with pregnancy. Additionally,
the mean PG from all other MPCs was significantly greater
than luteal phase concentrations. These results support other
recent research that indicates PGs appear to be more pregnancy
specific and better at detecting pregnancy than P4 (Legacki et al.,
2020). Therefore, the potential for P4 concentrations to overlap
with luteal phase concentrations at least until the 4th month
of pregnancy and the lack of known conception dates may
complicate using P4 or PG a sole metric for pregnancy diagnosis
in wild populations. Future efforts to combine PG analysis with
other placental or pregnancy specific hormones, for example
androgens (Steinman et al., 2016) or relaxin (Bergfelt et al., 2013;
Robeck et al., 2018) may provide a single point diagnostic result
with the sensitivity and specificity needed for field research where
typically only one sample can be collected.

In the present study, P4 exhibited a bimodal, longitudinal
profile like previous studies during normal pregnancy (Cornell
et al., 1987; Schroeder and Keller, 1990; O’Brien and Robeck,
2012) with some notable differences. Schroeder and Keller (1990)
has shown P4 increases significantly during the first 3 months
of gestation compared to estrus, decreases by ∼60% during
month 4, then undergoes a secondary increase that is maintained
through the end of pregnancy. We observed significant peaks in
P4 concentrations during MPCs 5, 6, and 11 when compared
to MPC 1. A decrease in P4 during MPC 4 was also observed
but was not significant. This bimodal pattern in the bottlenose
dolphin was only observed for P4, and not PG, in our study.
Progestagens increased in a relatively linear fashion compared to
P4, and peaked during MPC 12, the final month of pregnancy.

Analysis of pregnanes using liquid chromatography tandem
mass spectrometry (LC-MS/MS) has found that P4 decreases
by at least 50% from early to mid-gestation in the bottlenose
dolphin when measured as a percentage of the total pregnane
concentration, whereas, 3β, 20α dihydroprogesterone (DHP)
and 20α DHP increase linearly during pregnancy (Legacki
et al., 2020). This could explain the differences we observed
between the P4 and PG profiles for bottlenose dolphins. The
P4 antibody we used has little to no cross-reactivity to other
pregnanes and PGs (TOSOH Bioscience Corporation, 2017),
but the PG antibody has much broader antibody specificity for
pregnanes (see Graham et al., 2001). The predominant pregnane
in MID and LATE pregnancy is 3β, 20α DHP and represents
greater than 50 and 80% of the pregnanes during these stages,
respectively (Legacki et al., 2020). Thus, an antibody with a
greater cross-reactivity with pregnanes/PGs would be expected
to continue to increase throughout pregnancy, and the same
would not be expected with a P4 specific antibody. Moreover, the
observed 5-α reduced metabolites increase with a concomitant
P4 decrease during pregnancy (Legacki et al., 2020) suggests
that PGs, in combination with other hormones (i.e., androgens)
may be more appropriate indicators of placental, fetal function
by mid-gestation.

When analyzed by stage of pregnancy, in normal pregnancies,
we found P4 was higher in MID and LATE pregnancy compared
to EARLY, but MID and LATE were not different from one
another, similar to what has been reported in the killer whale
(Robeck et al., 2017). However, this is contrary to observations
by O’Brien and Robeck (2012) that show P4 concentrations
during EARLY and LATE are similar, and MID-gestational stage
P4 is higher than both EARLY and LATE stages. Bergfelt et al.
(2011) demonstrated that P4 concentrations are highest in the
EARLY and MID stages and lowest during LATE. Recently
with Indo Pacific bottlenose dolphins (Tursiops aduncus), Zhang
et al. (2020) did not detect any difference in P4 concentrations
between each stage of pregnancy but observed a non-significant
increase during the last month. These discrepancies of LATE
stage P4 concentrations may be due to absence of peri-parturient
serum data in the present study. No samples within the 2-week
period prior to parturition were analyzed in our study and,
thus, samples representative of the typical peri-parturient drop
in P4 in odontocetes that would have reduced the overall mean
for LATE stage were not included (O’Brien and Robeck, 2012;
Robeck et al., 2016).

For calves that failed to thrive (FTT), neither P4 nor
PG concentrations were adequate predictive indicators of a
potentially adverse reproductive outcome. Although reduced P4
concentrations have been previously linked to early fetal loss
and abnormal corpus luteum (CL) function in dolphins (O’Brien
and Robeck, 2012; Robeck et al., 2012), the etiology for the
poor outcome of these calves within the current study was not
due to ovarian-uterine progesterone deficiency. Prior published
evidence suggests that the majority (71%) of calf deaths after
the first 24 h are related to failure of passive transfer and
malnutrition, both of which are typically associated with poor
or no nursing (Sweeney et al., 2010). Therefore, it would have
been surprising for either P4 or PGs to have any correlation with
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these events. Because this phenomenon appears to be maternally
influenced, hormones associated with maternal care, such as
oxytocin, may be able to distinguish between post-natal calf
survival and FTT calves (Robinson et al., 2019).

Similar to FTT, for PNL, P4 concentrations did not differ from
NORM at any stage of gestation. However, PG concentrations
in PNL pregnancies were lower, compared to NORM, during
MPC 12. This provides support that PGs are of placental origin
and may be an indicator of reduced placental function. In the
bottlenose dolphin, the CL is the primary source of P4 during
pregnancy (O’Brien and Robeck, 2012). The source and role
of 5α-reduced pregnanes in dolphin pregnancy is unknown
(Legacki et al., 2020); it could be a result of synthesis and
metabolism of P4 by the placenta like the horse (Legacki et al.,
2018) or due to placental metabolism only, like cattle (Conley
et al., 2019). In the killer whale, the placenta is thought to be the
major source of 5α pregnane production during the last half of
pregnancy, while the CL, the major source of P4 in cetaceans,
is active throughout pregnancy and plays an important role in
the maintenance of pregnancy (Robeck et al., 2016). This is
supported by measurements of PGs in both cord blood and
maternal serum in this species, where PG concentrations in cord
blood are considerably higher compared to maternal serum and
provides evidence that the feto-placental unit is the major source
of pregnanes (Robeck et al., 2016). The differences we observed
for PG concentrations between NORM and other pregnancy
outcomes in our study, where PG was lower during certain stages
and MPCs for PNL, EL, AB, and FP, also provides support that
PGs may also be of placental origin in the bottlenose dolphin.
Furthermore, for P4, the only differences from NORM were
observed during stages for EL, AB and FP but not during any
MPC; this would be expected because the source of P4 in both
NORM, EL and FP is the CL, and the decrease in P4 during
EL and FP coincides with the increase in PG concentrations as
placenta production increases in NORM.

Interestingly, Bergfelt et al. (2011) showed a difference in P4
measures between NORM and PNL pregnancies during mid-
pregnancy (Bergfelt et al., 2011). However, that study used a
different P4 assay that may have a higher cross-reactivity to 20α

DHP (5.41%, Sorge et al., 2008) compared to the P4 antibody
used in our study (20α DHP cross-reactivity not reported,
TOSOH Bioscience Corporation, 2017). This pregnane increases
linearly throughout normal pregnancy (Legacki et al., 2020),
but changes in pregnane concentrations during non-normal
pregnancies, as observed via LCMS-MS analysis, is unknown. If
there are differences in pregnane abundance between pregnancy
types, then we may expect to see differences with antibodies
that have greater cross-reactivities to PGs. We only observed
a significant difference between NORM and PNL during MPC
12 in our PG analysis, which utilized an antibody with greater
cross-reactivity with 5-reduced pregnanes compared to both
the P4 antibody we used and the antibody in Bergfelt et al.
(2011). For females with calves that experienced perinatal loss,
both P4 and PG had significant interactions with month post
conception, however, a significant drop was only detected for
PG concentrations during MPC 12. As described earlier, for
the purposes of analysis, it was assumed that most females that

experienced perinatal loss were due to dystocia or prolonged
labor that resulted in a weak, compromised calf. Although this
may be true, the significantly reduced PG concentrations at
term may also have been the result of a subset of animals
that experienced fetal death and subsequent placental demise
prior to parturition due to some uterine-placental abnormality.
Research into causes of PNL in combination with endocrine
monitoring, especially during the peri-parturient window, with
a larger number of animals may be able to provide more insight
into this phenomenon.

Although differences from NORM in PG concentrations
were detected in AB pregnancies during MPC 7, this month
was when two (out of six) of the abortive events occurred.
Mean gestation length of aborted pregnancies was 270 days
(Table 1), approximately 7 months. Hence, the differences we
observed could be attributed to samples collected during or
around when abortions occurred and when a drop in PGs
would be expected. The other PG concentration difference
from NORM for AB was during MPC 10 (∼80% of normal
gestation length) just prior to onset of the late term abortion.
This drop could be an indicator of gestational complications.
When analyzed by stage of pregnancy, concentrations of
both P4 and PG were lower in MID pregnancy, while
PG was also lower during LATE compared to NORM.
Similarly, in the killer whale, PG during AB is also lower
compared to NORM during LATE stage and MPCs 14 and
15 (latest abortive event in MPC 15, Robeck et al., 2018),
which is also approximately ∼80% of normal gestation.
Regardless, for clinical management during pregnancy, if a
P4 or PG concentration is detected that is outside of the
95% CI reference ranges given here, a second sample for
re-testing should be collected immediately as well as fetal
evaluation with ultrasonography. If concentrations remain
low, the pregnancy should be identified as high risk and
enhanced monitoring activities of the fetus and dam should
be implemented. Furthermore, androgens and cortisol, which
increase in MID and LATE stages, respectively (Steinman et al.,
2016) may be better predictors of reproductive outcome; this also
emphasizes the need for consistent monthly or semi-monthly
endocrine monitoring for clinical management of pregnancy
in this species.

During pregnancies that resulted in EL, we found P4
concentrations were higher during early stage compared to
NORM, although when separated by MPC, these differences were
not significant. In instances of EL after maternal recognition
of pregnancy, it is suggested that for species that do not
experience embryonic diapause, prolonged maintenance of the
CL after EL occurrence may be reflected in increased P4
concentrations (Hinrichs, 1977; Ginther, 1990). The observation
of a histologically active CL along with a degenerated embryo on
post mortem analysis of a short-finned pilot whale supports the
theory of EL-induced prolonged CL maintenance in cetaceans
(Benirschke and Marsh, 1984). The lack of a difference from
NORM observed for PG concentrations during EARLY stage
may be a result of the proportion of pregnanes during this
stage. Legacki et al. (2020) has shown P4 constitutes >50%
of pregnane concentration and is the predominant metabolite
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during EARLY stage of pregnancy in the bottlenose dolphin.
Therefore, a P4 specific antibody may be better able to detect
any differences during this stage. Despite the lack of significant
differences in PG concentrations at the stage level, they became
significant when partitioned out by MPC, with concentrations
during MPC 4 lower for EL compared to NORM. This is probably
due to embryonic death and termination of the pregnancy.
Although concentrations of P4 are largely derived from the CL,
as mentioned above, PGs are most likely produced by the feto-
placental unit. Hence, following embryonic death, which occurs
<120 days post conception, we would expect PG production to
be significantly reduced. This is supported by our observations
of lower PG during MPC 4. Because androgens and cortisol
do not increase in normal bottlenose dolphin pregnancy until
MID and LATE stages, respectively (Steinman et al., 2016),
analysis of these hormones may not be useful as a predictor
of pregnancy outcome for EL, therefore, P4 and PG should be
considered as the only sentinels of EL currently identified in the
bottlenose dolphin.

False pregnancies are characterized by a retained CL and
elevated concentrations of P4 and/or PG for the duration
of retention. Differences in P4 concentrations from NORM
were significant during LATE after termination of the FP and
regression of the CL. This would be expected because, as
previously mentioned, the CL is presumed to be the primary
source of P4 production. Mean length of FP was 178 days
(approximately 6 months) and coincided with the decrease in
P4 concentrations that continued through MPC 9. Progestagen
concentrations were significantly lower during both MID and
LATE stages and from MPC 3 onwards. This is similar to the
killer whale, where PG concentrations during FP are also lower
during MID and LATE when compared to normal pregnancy
(Robeck et al., 2018). Although PG production is also observed
during the luteal phase indicating production by non-fetal-
placental sources occurs (Legacki et al., 2020), the significant
increase in PG we detected throughout bottlenose dolphin
pregnancy coincided with the increase in placental production
and points to the placenta as the major source of PGs. Our
observation of a decline in PG concentrations during FP in
the present study, as well as in the killer whale, also supports
this theory.

Presently P4, in combination with ultrasonography, is used
as a clinical diagnostic tool of pregnancy in bottlenose dolphins,
whereas PG analysis is typically only performed retrospectively.
Future diagnostics that use a suite of hormone tests, including
PG, relaxin, and potentially androgens conducted monthly
or semi-monthly may be better able to identify problematic
pregnancies that may benefit from improved monitoring during
pregnancy and at the time of parturition. Although LCMS-
MS may also be able to identify the exact pregnanes and
concentrations in samples, the availability of laboratories to
provide immediate clinical support for this is almost non-existent
and much of the research using this methodology is retrospective.
Laboratories that run EIAs using antibodies with a broad
specificity for pregnanes, in particular 5α-reduced pregnanes,
are more readily available and can provide quicker turnaround
for results and, as a result, can be easily incorporated into

existing clinical diagnostics. Longitudinal hormone monitoring
in a zoo or aquarium-based setting provides researchers with
the sufficient sample sizes necessary to establish reference ranges
for hormone pregnancy dynamics in this species and makes
the development of a single sample pregnancy diagnostic test a
possibility. Furthermore, while recognizing the potential effects
on certain hormone or analyte concentrations that may occur
do to the stress of capture during health assessments, the
development of a suite of hormone tests for pregnancy health
diagnostics using a single sample would have application to
in situ populations of bottlenose dolphins, especially where
the long-term reproductive potential and overall success of
a population may be compromised due to environmental or
anthropogenic causes.
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