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A B S T R A C T

Serum collected across the lifespan of four managed rhino species: black (Diceros bicornis, n = 16), white
(Ceratotherium simum simum, n = 19), greater one-horned (GOH, Rhinoceros unicornis, n = 11) and Sumatran
(Dicerorhinus sumatrensis, n = 6) were validated and analyzed in an anti-Müllerian hormone (AMH) enzyme-
linked immunoassay. Concentrations of AMH were examined over time, between sexes and throughout different
reproductive states which included n = 3 female white rhinos immunocontracepted with porcine zona pellucida
(pZP). Across species, males produced higher AMH concentrations compared to females. Among males, AMH
concentrations varied by species aside from comparable values secreted between black and white rhinos. The
GOH and Sumatran rhino secreted the highest and lowest male AMH concentrations, respectively. However,
within each species, AMH concentrations were similar across male age categories. Preliminary insight into male
AMH changes from birth to sexual maturity suggest its potential as a marker for onset of testicular maturation.
Female black, GOH and Sumatran rhinos secreted comparable AMH concentrations which were higher than
those in white rhino. Within each species, inter-individual variation in AMH secretion occurred among females
of similar age. While AMH secretion did not differ across the ages sampled for female white (4-> 26 yr) and
GOH (4–26 yr) rhinos, black and Sumatran rhinos>26 and<4 yr, respectively secreted lower AMH compared
to conspecific females 7–26 yr of age. Two idiopathic infertility cases corresponded to low (outside species
range) AMH values. The establishment of normative AMH concentrations in managed African and Asian rhinos
provides an additional metric beyond traditional sex steroids to assess gonadal function. Further work is needed
to determine if AMH can predict fertility potential in rhinos.

1. Introduction

Rhinos are faced with extinction in the wild. Managed populations
of African white (Ceratotherium simum simum), black (Diceros bicornis),
greater one-horned (GOH, Rhinoceros unicornis) and Sumatran
(Dicerorhinus sumatrensis) rhinos exist, in part to help safeguard species
survival. As zoological and conservation organizations strive to main-
tain these populations as self-sustaining, developing biomarkers useful
for evaluating fertility potential is important to enhance natural and/or
assisted breeding efforts. The glycoprotein anti-Müllerian hormone
(AMH) has shown promise as a systemic measure to assess gonadal
function across a wide range of species. In females, AMH is produced in
recruited follicles prior to selection, and appears to be highly correlated
with antral follicle counts (AFC) in mice (Kevenaar et al., 2006), cattle

(Ireland et al., 2008), humans (Hansen et al., 2011) and horses (Claes
et al., 2015). Females who no longer have a sufficient stock of pri-
mordial follicles have fewer (if any) recruited follicles and therefore
lower AMH levels. In addition to its role in Müllerian duct regression in
the male fetus, AMH produced by Sertoli cells contribute to normal
testicular development and function (Lee et al., 2003). As AMH analysis
only requires a single blood sample or a series of blood samples spread
out over several years, if demonstrated to reflect fertility, it would be a
relatively easy diagnostic test to carry out with managed rhinos.

Difficulty has been encountered in trying to establish self-sustaining
managed rhino populations. The primary underlying causes for these
difficulties include issues related to health and reproduction. This is
particularly true for white rhinos in which a significant portion of in-
dividuals have never reproduced in managed settings. One contributing
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factor for the low reproductive rate in white rhinos is that many females
exhibit follicular waves without intervening ovulation as indicated by
basal progesterone profiles over time (Hermes et al., 2004; Pennington
et al., 2019; Roth et al., 2018; Stoops et al., 2017). Large variation exists
among the different rhino species in normative estrous cycle length,
follicular growth pattern and pre-ovulatory follicle size (Radcliffe et al.,
1997, 2001; Roth et al., 2001; Stoops et al., 2004). Given that AMH in
humans has been demonstrated to play a key role in regulating follicle
recruitment (Sirsikar et al., 2016), it could prove useful to explore its
secretion in relation to follicular dynamics and the ovarian aging pro-
cess in the different rhino species. Additionally, understanding how
AMH secretion in rhinos compares to its closest living domestic relative
the horse will provide a wider perspective of its biologic functions.

As AMH has been shown to help predict success of ovarian stimu-
lation and embryo retrieval in some livestock species (Ireland et al.,
2011; Lahoz et al., 2014; Monniaux et al., 2011; Rico et al., 2009; Rico
et al., 2012) it may prove similarly useful in managed rhinos. Within
the past two decades, assisted reproductive techniques (ART) have been
applied to rhinos to augment population management concurrent with
natural breeding. Exogenous hormone administration has proven useful
for inducing follicular growth and ovulation in females where oocyte
stock has not yet been depleted (Hildebrandt et al., 2007; Hermes et al.,
2004; Hermes et al., 2012; Stoops et al.,2017; Pennington et al., 2019).
Technologies for rhino oocyte-pick-up, in vitro fertilization and embryo
transfer (Hermes et al., 2007; Hermes et al., 2009, Hildebrandt et al.,
2018, Pennington and Durrant, 2018) are in their infancy. However,
advancements are being made quickly as their applications are deemed
necessary for survival of doomed populations, such as the Northern
white rhino (C. simum cottoni; Saragusty et al., 2016). Physiologic tests,
such as serum AMH concentrations, that help identify individuals with
highest potential for reproductive success from ART, could help de-
termine where such resources are best spent.

The reproductive management of animal populations not only in-
volves implementing methods to promote breeding but also developing
methods for suppressing reproduction in select individuals to meet
species viability and sustainability goals. This is especially challenging
in animals which do best in large social groupings, such as white rhino.

A porcine zona pellucida (pZP) vaccine has been used to control re-
production in wild horse, elephant and deer populations whilst keeping
the natural physiology and behavioral processes required for social/
herd structure intact (Kirkpatrick et al., 2011). Many zoo species, in-
cluding several white rhinos, have been contracepted using pZP. Nu-
merous studies have examined the clinical, endocrine, and histological
effects of pZP vaccination on equine ovarian function (Bechert et al.,
2013; Joone et al., 2017; Liu et al., 1989; Powell and Monfort, 2001),
but to date nothing has been reported regarding the application of pZP
to rhino. Recently, AMH concentrations were used as an endocrine
measure to assess ovarian function in mares during im-
munocontraception with the pZP vaccine (Joonè et al., 2018). Novel
approaches such as these are needed to further understand pZP me-
chanisms of action given there is considerable species-specific variation
in ovarian activity following immunization.

Objectives of this study were to 1) validate an AMH enzyme-linked
immunoassay (ELISA) for Asian and African rhinos 2) establish nor-
mative AMH concentrations for managed male and female white, black,
GOH and Sumatran rhinos 3) investigate whether AMH concentrations
change with respect to rhino age 4) compare AMH across the estrous
cycle of select females from each species and 5) document reproductive
parameters, including AMH, prior to and following contraceptive
treatment of white rhinos with porcine zona pellucida (pZP) vaccine.

2. Material and methods

2.1. Ethics of experimentation

The project was approved by the Cincinnati Zoo & Botanical
Garden's (CZBG) Institutional Care and Use Committee 14-118,
SeaWorld Parks and Entertainment RR2015-29 and by the individual
zoo facilities where rhinos were housed and/or owned.

2.2. Animals and blood sample collection

Blood samples were drawn (Metrione and Eyres, 2014) under ap-
proved animal use protocols at each rhino housing institution and

Table 1
Description of African (n = 35) and Asian (n = 17) rhinos used in the study.

Animal ID Speciesa Sex Number of samples Collection age (yrs) range Animal ID Speciesa Sex Number of samples Collection age (yrs) range

1 Csi F 46 8.21–21.53 27 Dbi F 4 35.63–38.81
2* Csi F 26 2.46–10.7 28 Dbi F 23 17.81–18.89
3* Csi F 33 7.76–21.61 29 Dbi F 7 11.09–11.23
4* Csi F 25 4.19–9.49 30 Dbi F 71 12.65–23.48
5 Csi F 1 5.82 31 Dbi F 9 0.5–2.16
6 Csi F 1 10.29 32 Dbi F 26 2.29–8.25
7 Csi F 1 11.44 33 Dbi F 3 4.47–5.12
8 Csi F 34 8.0–21.01 34 Dbi F 15 20.86–29.86
9 Csi F 5 7.0–11 35 Dbi M 5 22.56–26.59
10 Csi F 7 30–37.26 36 Dbi M 3 28.45–31.98
11 Csi F 1 8 37 Dbi M 3 1.09–4.91
12 Csi F 2 32–33 38 Dbi M 1 18.34
13 Csi F 1 18 39 Dbi M 91 9.58–31.51
14 Csi M 12 8.32–21.38 40 Dbi M 5 1.62–1.88
15 Csi M 5 7.0–11 41 Dbi M 8 1.05–2.97
16 Csi M 8 19–26 42 Run F 12 4.05–22.5
17 Csi M 1 29.87 43 Run F 26 5.28–11.37
18 Csi M 1 10 44 Run F 1 7.62
19 Csi M 2 0.5–4 45 Run F 1 5
20 Dsu F 24 7.11–19.12 46 Run M 4 11.98–15.27
21 Dsu F 8 2.04–9.67 47 Run M 16 23–34
22 Dsu F 5 14.12–17.52 48 Run M 4 7.07–7.27
23 Dsu M 17 13.02–31.37 49 Run M 2 7.28–8.05
24 Dsu M 1 5.22 50 Run M 2 34.87–35.94
25 Dsu M 6 0.19–8.22 51 Run M 1 34.05
26 Dbi F 1 5.17 52 Run M 1 10.63

aCsi, Ceratotherium simum simum (white rhino); Dsu, Dicerorhinus sumatrensis (Sumatran rhino); Dbi, Diceros bicornis michaeli or minor (black rhino); Run, Rhinoceros
unicornis (greater one-horned rhino). *administered immunocontraceptive porcine zona pellucida (pZP).
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serum fractions were briefly stored at −20 °C and/or −80 °C there-
after. As samples were banked for other purposes their use in this study
were opportunistic with appropriate approval obtained by each rhino
owning institution. Samples not originating from CZBG's collection
were shipped frozen to the CREW lab for analysis. Serum samples
(n = 618; 1–91 samples/rhino) were collected during 1994–2016 from
52 individual (n = 29 female, n = 23 male) rhinos representing four
species maintained at 10 US zoological institutions (Table 1).

2.3. Age categories

Females were classified by age into one of five categories:< 4 yrs
(n = 3), 4–6 yrs (n = 8), 7–15 yrs (n = 15), 16–26 yrs (n = 9)
and > 26 yrs (n = 4). Males were similarly classified:< 7 yrs (n = 6),
7–9 yrs (n = 6), 10–19 yrs (n = 7), 20–30 yrs (n = 8) and > 30 yrs
(n = 6). Age categories were based on breeding management re-
commendations (Metrione and Eyres, 2014).

2.4. Contraceptive treatment

Three female white rhinos maintained at a single facility were
treated with the immunocontraceptive porcine zona pellucida (pZP).
Two females aged 6.09 yr (#2) and 17.01 yr (#3) had conceived and
given birth to one and four calves, respectively prior to treatment. The
third female (#4) did not have any conceptions/pregnancies prior to
treatment at age 4.94 yr. The primary vaccination (V1) incorporated
Freund's Modified Complete Adjuvant and two booster (V2, V3) injec-
tions with Freund's Incomplete Adjuvant were administered 21 and
46 days after V1, respectively. Two females (#2, #4) received a yearly
booster (V4) 388 days after V3. Thereafter, no additional treatments
were given. Longitudinal serum samples collected prior to pZP differed
among females ranging from 152 days up to 9 yr 9 months prior to V1.
All females had serum samples collected up to 4 yr 4 months after V1.
Also located at the same facility was a female (#1) of proven fertility
not treated with contraceptive that served as a control. An adult
breeding bull (#14; Table 2) of proven fertility was maintained on
exhibit with all females with the exception of a 132-day period of time
1.5 yr after V1. Dates of breeding and/or breeding behavior were noted
in the 5 yr following V1.

2.5. Reproductive monitoring

Reproductive status of female rhinos were determined by a combi-
nation of one or more monitoring techniques: hormone concentrations,
ultrasound, observations of estrous behavior, and visual confirmation of
breeding behavior/copulation. Specifically, progesterone (P4) was
measured to detect cycle stage, cycle abnormalities (i.e. acyclicity,

long/short cycles) and pregnancy. Rectal ultrasound was used in some
instances to monitor follicular development/cycle stage. Weekly or
twice weekly serum samples collected from a reproductively active
female African white (n = 4; #1), black (n = 1; #28) and Sumatran
(n = 1; #20) rhino were concurrently analyzed for AMH and P4 con-
centrations over two estrous cycles spaced 1 to 6.8 years apart.
Similarly, serum AMH and P4 concentrations were examined
throughout a single estrous cycle during years 3 and 5 after pZP im-
munization in white rhinos (n = 3; #2, #3, #4)

2.6. Hormone analysis

2.6.1. AMH
An equine anti-Müllerian hormone enzyme-linked immunosorbant

assay (ELISA; AL-115, Ansh labs, Webster, TX, USA) was used in ac-
cordance with manufacturer's instructions to measure AMH con-
centrations. Undiluted (female rhino) or diluted (male rhino
1:10–1:100) serum samples in assay kit buffer and standards
(0.06–14 ng/mL) were added (50 µL/well) to 96-well microtitre plates,
followed by addition of 0.05 mL of assay kit buffer. After a 2 hr in-
cubation (21 °C) on a plate shaker (600–800 rpm), well contents were
emptied, plates were washed prior to addition of 0.1 mL/well of anti-
body-biotin conjugate solution. Following a 1 hr incubation on the plate
shaker, wells were emptied and washed, then 0.1 mL/well of strepta-
vidin-enzyme conjugate solution was added. After a 30 min incubation
on the plate shaker, wells were emptied and washed a final time. A total
of 0.1 mL/well of Tetramethylbenzidine (TMB) chromagen solution (in
buffer with hydrogen peroxide) was added and incubated for 10 min
(21 °C) before the addition of 0.1 mL/well of STOP solution (0.2 M
sulfuric acid). Absorbance was measured within 20 min at 450 nm
(VersaMax plate reader, Molecular Devices, Sunnyvale, CA, USA).
Assay sensitivity was 0.009 ng/mL, with intra- and inter- assay
CV’s < 10%. The specific assay was validated for male and female
African and Asian rhino serum by conducting tests of parallelism be-
tween serial dilutions of pooled individual sex serum and the AMH
standard curve.

2.6.2. Progesterone
Progesterone concentrations in serum were determined following an

extraction procedure that involved adding 2 mL of diethyl ether
(Sigma) to 120 µL of serum in a 12 × 75 borosilicate glass tube (Fisher
Scientific, Hampton, NH, USA) and vortexing for 45 s. The serum layer
was frozen (−80 °C; 15 min) and the ether layer was immediately
transferred to a new clean glass tube and dried under a stream of air.
Dried samples were reconstituted in 120 µL assay buffer (0.1 M NaPO4,
150 mM NaCL, 0.1% BSA) and vortexed briefly before P4 concentra-
tions were determined in a single-antibody, direct enzyme

Table 2
Variation of female and male rhinoceros serum anti-Müllerian hormone (AMH) concentrations (mean ± SEM) according to species and age category.

Age Category* 1 2 3 4 5

Female ♀
Black 3.566 ± 0.491a 2.993 ± 0.371a,b 2.752 ± 0.137a 3.454 ± 0.298a 0.751 ± 0.038b

White^ n/a 0.047± 0.000a 0.439 ± 0.061a 0.616 ± 0.061a 0.120 ± 0.031a

GOH n/a 2.399± 0.789a 2.798 ± 0.429a 1.781 ± 0.488a n/a
Sumatran 1.982 ± 1.051a 2.857 ± 0.466a,b 2.766 ± 0.17b^^ 2.074 ± 0.359b^^ n/a
# ♀, # samples (n= 3, n = 20) (n = 8, n = 21) (n = 15, n = 146) (n= 10, n = 123) (n = 4, n = 25)

Male ♂
Black 110.65 ± 8.05a 147.91 ± 6.98a 143.17 ± 3.46a 125.01 ± 1.89a 111.16 ± 2.26a

White 81.27 ± 41.18a 99.79 ± 21.64a 65.66 ± 7.24a 82.953 ± 6.57a^^^ n/a
GOH n/a 655.72 ± 44.51a,b 776.42 ± 47.68a,b 769.19 ± 62.80a 904.49 ± 131.4b

Sumatran 8.40 ± 1.62a 13.39 ± 0.00a 14.56 ± 0.41a 10.98 ± 0.91a 10.85 ± 1.67a

# ♂, # samples (n= 6, n = 24) (n = 6, n = 16) (n = 7, n= 55) (n= 8, n = 87) (n = 6, n = 20)

*♀ age categories 1:< 4 yrs, 2: 4–6 yrs, 3: 7–15 yrs, 4: 16–26 yrs, 5:> 26 yrs; ♂ age categories 1:< 7 yrs, 2:7–9 yrs, 3: 10–19 yrs, 4: 20–30 yrs, 5:> 30 yrs.
Within a row, means without a common superscript letter indicate significance at the 95% or higher level. ^ pZP-treated females #2,3,4 omitted from analysis;
^^include outlier #22, category 3, 2.539 ± 0.222b, category 4, 1.189 ± 0.459b; ^^^ include outlier #17; 74.83 ± 9.98a.
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immunoassay (EIA; Munro and Lasley, 1988) described in detail by
Graham et al., 2001. For this assay, monoclonal antibody CL425 (C.
Munro, University of California, Davis, CA, USA) was used at a 1:6,000
dilution with progesterone-horseradish peroxidase (HRP) added to each
well (Nunc-Immuno Maxisorp, Fisher Scientific, Pittsburgh, PA) at a
1:75,000 concentration. Progesterone standards (50 µL, range
3.9–250 pg/well; P0130, Sigma Aldrich), samples (50 µL) and internal
controls (50 µL) diluted in assay buffer were added in duplicate, com-
bined with progesterone-HRP (50 µL), except for blank wells, and
shaken (600–800 rpm) covered from light at RT for 2 hr. Plates were
washed three time with wash buffer before adding 100 µL of substrate
solution (0.05 M C6H8O7, 0.4 mM ABTS). After incubation for
30–60 min at RT with shaking, the absorbance was read at 450 nM
(VersaMax plate reader, Molecular Devices, Sunnyvale, CA, USA) once
the optical density reached 0.9–1.0. Any results with > 10% CV be-
tween duplicates were re-analyzed. If sample results indicated binding
was not within the linear portion of the standard curve, samples were
diluted accordingly. Serum P4 concentrations were expressed in ng/mL
and calculated based on an extraction efficiency of 85%. Intra- and
inter-assay coefficients of variation (CV) for the P4 EIA's were < 10%
and < 15%, respectively. Inter-assay CV's for two quality controls
binding at 67% and 26% and a low biological control at 16% were 9%,
10%, and 12%, respectively.

2.7. Statistical analyses

Parallelism results for AMH were plotted as optical density versus
standard mass. Differences between slopes of the binding curves for the
serially diluted male and female rhino pools and the standard curve
were assessed with F tests. AMH concentrations were considered out-
liers if > or< than mean AMH ± 2 s.d. within similar age category.
To test the difference in AMH concentrations between age groups of
rhinos (for each species separately) we ran repeated measures ANOVA
model with age group as a within factor via a classical mixed random
effect model (Fitzmaurice et al., 2004) with animal ID as the rand
variable and alternatively a Bayesian MCMC simulation (Gelman et al.,
2013) two level model (Kery 2010). The AMH measurement was nat-
ural log transformed to satisfy the normal distribution assumption of
the two models. We decided to run MCMC simulation Bayesian since
the small sample size affected the results of the classical mixed model
ANOVA and research had demonstrated (O'Hagen and Stevens, 2001)
that using informative priors with MCMC methods can boost the power
of the statistical tests for small samples. SAS 9.4 proc mixed was used to
run a classical mixed ANOVA and Winbugs and SAS 9.4 proc mcmc was
used to run a simulation. The MCMC simulation results were averaged
over 3 chains and the total number of iteration were 50000. The first
10,000 iterations were dropped from computation of summary statis-
tics. Trace and density and autocorrelation plots, Gelman-Rubin Statics

Fig. 1. Parallelism results for anti-Müllerian hormone (AMH) concentrations in rhinoceros serum; serial dilutions of pooled A) white, B) black and C) greater one-
horned male (□) and female (Δ) rhino serum samples are parallel to the standard (●) curve.
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(Winbugs) were used to monitor convergence. The informative normal
priors were based on the results of the initial mixed model analysis and
were used for parameter estimates and default vague inverse gamma
prior for the errors.

As rhino species differ in length of the estrous cycle as well as fol-
licular and luteal phase lengths, guidelines were established (based on
normative species-specific cycle parameters) as to which serum samples
would be included for documenting P4 and AMH secretion pattern
throughout the estrous cycle. Specifically, day 0 in white rhino corre-
sponded to day breeding and/or breeding behavior was observed.
Samples obtained −7 days prior and through 26 days post-breeding/
breeding behavior were included for white rhino. Whereas, anestrous
white rhinos had samples collected over a 30 day timeframe included.
Day 0 in black rhino corresponded to basal serum P4 (< 1 ng/mL) with
samples obtained from 0 to 21 days included. As the only species known
to experience induced ovulation, day 0 in Sumatran rhino aligned with
pairing for natural breeding. Therefore, Sumatran serum obtained from
−7 to 7 days post-breeding were included. Graphs were created using
SigmaPlot (Systat Software Inc). The distribution of AMH concentra-
tions by female age were represented with scatter plots in which linear
regression analysis was performed for each species.

3. Results

3.1. AMH ELISA validation

There was no significant difference in slopes between AMH stan-
dards and serially diluted male (white, F(1,13) = 0.318, P = 0.582;
black, F(1,13) = 0.537, P = 0.477; GOH, F(1,13) = 0.921, P = 0.355)
and female (white, F(1,10) = 1.395, P = 0.265; black, F
(1,10) = 0.209, P = 0.657; GOH, F(1,10) = 0.172, P = 0.687) rhino
serum (Fig. 1a-c)

3.2. Male AMH

Significant species variability existed among male AMH concentra-
tions, with the exception of the two African species which secreted si-
milar concentrations (Table 2; Table S1). The highest and lowest AMH
secretion occurred in GOH and Sumatran rhino bulls, respectively
(Table 2). Within each species, no differences in AMH concentrations
were documented across age categories for male black, white and Su-
matran rhinos (Table 2; Table S2). While AMH concentrations were
similar among male GOH 7 to>30 yr of age, lower concentrations
were produced from 20 to 30 yr (median, 712.05 ng/mL) compared
to> 30 yr (median, 934.6 ng/mL; Table S2) bulls. The AMH con-
centration from one male white rhino (Table 1; #17) was flagged as an
outlier at 9.86 ng/mL (Table 2).

The youngest male sampled was a 69-day old Sumatran rhino
(Table 1; #25) whose serum AMH measured 13.96 ng/mL. Serum from
this same male collected over the age range of 2–4 yr measured low
AMH concentrations (5.86 ± 0.84 ng/mL) before increasing to
13.40 ng/mL when next sampled at 6 yr (Fig. 2a). Three young male
black rhinos (Table 1; #37, #40, #41) sampled starting at one yr of age
showed a pattern of increasing AMH concentrations over time that
peaked (228.5 ng/mL) at 2.97 yr of age (Fig. 2b). Similarly, serum from
a six month old male white rhino (Table 1; #19) had a lower AMH
concentration (40.09 ng/mL) compared to his next sample at 4 yr of age
(122.4 ng/mL; Fig. 2b).

3.3. Female AMH

Similar AMH concentrations were secreted by female black, GOH
and Sumatran rhinos (Table 2; Fig. 3; Table S1). However, female white
rhinos produced significantly lower AMH concentrations across the
different age categories compared to the other three species (Table 2;
Fig. 3; Table S1). Within each species, AMH concentrations did not

differ across age categories for female white (4 yr -> 26 yr) and GOH
(4 yr − 26 yr) rhinos (Table 2; Table S3). Female black and Sumatran
rhinos> 26 yr and< 4 yr, respectively secreted lower AMH compared
to conspecifics 7–26 yr of age (Table 2; Table S3). However, no AMH
concentration differences were detected in either species for females
ranging from 4 to 26 yr of age (Table 2; Table S3). The AMH con-
centrations (0.018 ± 0.008 ng/mL) secreted from one female Suma-
tran rhino (Table 1; #22) sampled over a 3 yr timeframe were identified
as outliers (Table 2).

3.4. pZP immunization

Serum AMH concentrations measured 5–8 months prior to V1 in
females #2 (5.2 yr), #3 (16.2 yr), and #4 (4.2 yr) were 0.125 ng/mL,
0.084 ng/mL and 0.422 ng/mL, respectively. All females exhibited
lower AMH concentrations (#2, 0.052 ng/mL; #3, 0.059 ng/mL; #4,
0.294 ng/mL) when sampled 1–1.5 yr after V1. Regular breeding be-
haviors were observed from female #3 throughout the study but not
observed for females #4 and #2 in the two years following treatment.
Both females started exhibiting regular breeding behaviors starting in
the third year at 7 (#4) and 8 (#2) yr of age. However, no breeding
behaviors were recorded in year five for female #4. Intermittent ul-
trasound exams confirmed all females were growing follicles
throughout the study with observations of corpus luteum or corpus
hemorrhagicum formation on the ovaries. Mean estrous cycle lengths

Fig. 2. Longitudinal serum anti-Müllerian (AMH) concentrations secreted from
managed male A) Sumatran (n = 2; #24 , #25 ), B) black (n = 3; #37 ,
#40 , #41 ) and white (n = 1; #19 □) rhinos throughout early life and
transition to sexual maturity.
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based on duration between breeding behaviors were
68.13 ± 13.97 days (range 28–130; median, 62.5 days),
41.06 ± 6.55 days (range 19–224; median, 31 days), and
45.78 ± 7.8 days (range 19–149; median, 30 days) for females #4, #3,
and #2, respectively. The single untreated female (# 1), when not
pregnant, exhibited an estrous cycle length of 32.36 ± 1.45 days.
Despite multiple confirmed copulations with the resident bull none of
the treated females conceived.

3.5. Estrous cycles

An increase in P4 secretion was documented following day 0 in all
cycles, with exception of the 2nd monitoring period in female #4 who
had been confirmed anestrous (Fig. S1; Fig. S2). AMH concentrations
and pattern of secretion varied between and within individual female
estrous cycles (Fig. S1; Fig. S2; Table S4).

4. Discussion

In the present study, an assay for measuring AMH in serum of
African and Asian rhino species was validated. Normative AMH con-
centrations now exist for managed African white, black, GOH and
Sumatran rhinos. Decades of research conducted on human, companion
animal, laboratory and livestock species have expanded the under-
standing of AMH's involvement in sexual differentiation and growth
(Holst, 2017; Mossa et al., 2017; Sirsikar et al., 2016). Concentrations
of AMH in the closest domestic relative of rhino, the horse, correlate to
antral follicle count (Claes et al., 2015) and can reflect reproductive
senescence in mares> 20 years of age (Uliani et al., 2019). Similar
utility of AMH as a biomarker of gonadal function in other Perisso-
dactyla has not been explored up until now. Examining AMH con-
centrations and patterns of secretion in different sexes, ages and across
rhino taxa enabled establishment of endocrine metrics beyond tradi-
tional sex steroids for assessing reproductive competence based on a
single blood sample.

Determining relevant hormone value limits for a given species re-
quires sampling from a large number of individuals. Managed rhino
populations do not reach the numbers found in domestic livestock for
which comparable AMH data have been reported. The most numerous
managed rhino population in North America is the white rhino
(< 300), whereas the worldwide managed population for Sumatran
rhinos is< 10 individuals. This comprehensive study involved serum
collections from 29 female and 23 male rhinos over 0.19–38.81 years of
age. The AMH assay validated for rhino serum was the same used in a
recent large scale study of domestic mares (Uliani et al., 2019). Given it

is commercially available and the primary assay used in some service-
based clinical equine veterinary labs provides opportunity for zoo ve-
terinarians and researchers to assess additional rhinos moving forward.

Concentrations of AMH were markedly higher in male than female
rhinos of all species. Similar sex differences have been observed in west
Indian manatee (Wilson et al., 2011), African and Asian elephants (Dow
et al., 2011), cattle (Rota et al., 2002) and beluga whale (Montano
et al., 2017). Additionally, species differences were documented, with
GOH bulls secreting 5 to 70 times higher levels compared to equivalent
aged (7–30 yr) bulls from the other three species. This is an interesting
finding given that comparable systemic testosterone concentrations are
secreted by mature bulls across the different rhino species (Christensen
et al., 2009; Santymire et al., 2016; Seal et al., 1976; Stoops et al.,
2010). Within each species, AMH concentrations remained similar
across the lifespan of managed adult male rhinos. While GOH
males > 30 yr secreted higher AMH concentrations compared to those
20–30 yr, more individual variation in AMH values were documented in
the latter age category. Age-related changes in the regulation of Sertoli
cell output have been suggested for the similarly widespread variation
in AMH secretion seen in elderly men (Chong et al., 2013).

Similar to reports for male Asian and African elephants (Dow et al.,
2011), serum AMH concentrations were not statistically different pre-
and post-sexual maturity in rhinos. However, it is likely some males in
our youngest category (< 7 yr) were already sexually mature. Age ca-
tegories were based on average age of breeding in managed settings.
However, it is generally thought that male rhinos attain physiological
sexual maturity before achieving the behavioral maturation required to
achieve successful breeding. Our study included samples collected early
in life and through the expected or known transition to sexual maturity
of six males representing three species. Measurable shifts in AMH se-
cretion at key developmental transitions including the fetal/neonatal
period, the time prior to puberty and at time of sexual maturity have
been noted in male humans (Rey et al., 1993), mice (Al-Attar et al.,
1997), cattle (Rota et al., 2002), horses (Claes et al., 2013) and beluga
whales (Montano et al., 2016). AMH remains elevated throughout the
early life of the male human (Rey et al., 1993), mouse (Al-Attar et al.,
1997) and horse (Claes et al., 2013) with large declines coincident with
the onset of puberty. Male Asian and African rhino calves demonstrated
the reverse pattern whereby a notable and steady AMH increase oc-
curred immediately prior to or at the time of established (Roth et al.,
2013) or suspected sexual maturity for the different species. Serum
AMH is inversely correlated to testosterone secretion during normal
male sexual development in humans (Rey et al., 1993), mice (Al-Attar
et al., 1997), cattle (Rota et al., 2002) and horses (Claes et al., 2013) but
not elephants (Dow et al., 2011), and it appears neither the case in

Fig. 3. Serum concentrations of anti-Müllerian
hormone (AMH) in female A) African white ( ),
black ( ), greater one-horned ( ) and
Sumatran ( ) rhinos according to age. Inset
shows adjusted Y-axis scale to provide addi-
tional clarity for the white rhino dataset. With
the exception of white rhino, linear regression
lines (dashed) of AMH concentrations by age
correspond to each species symbol color. The
regression line for white rhino is solid black.
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rhinos. The AMH secretion pattern over time in the Sumatran rhino
appeared to parallel fecal testosterone results confirming age of sexual
maturity at 6–6.5 yr in this species (Roth et al., 2013). Conclusions
regarding attainment of sexual maturity for the African rhinos at the
young ages proposed by AMH data (3–4 yr) are speculative given
concurrent fecal or serum testosterone concentrations were not avail-
able for comparison. Studbook data does confirm African rhinos have
successfully sired offspring at ages even younger than our data suggest.
Taken together, these results point to AMH as a potential marker for the
onset of testicular maturation in rhinos.

Females from three of the four rhino species examined secreted si-
milar AMH concentrations throughout peak reproductive years
(4–15 yr) that were comparable to those produced by domestic mares
using the same assay (Uliani et al., 2019). However, African white
rhinos produced AMH concentrations much lower across all age cate-
gories than those measured in the other three species. The reason for
this could be species-specific, underlying the need to establish the ex-
tent to which AMH reflects ovarian reserve and fertility. AMH is in-
fluenced by follicle population distribution as well as existing numbers
within each stage at time of collection in mares (Uliani et al., 2019),
and higher AMH concentrations have been documented in mares with a
greater number compared to a lower number of growing follicles
(Vernunft et al., 2011). Considerable species differences exist among
rhinos in regard to follicular phase length and associated follicle growth
pattern (Radcliffe et al., 1997; Radcliffe et al., 2001; Roth et al., 2001;
Stoops et al., 2004) that may contribute to the variation in AMH ob-
served. However, the rhino species producing the lowest AMH con-
centrations is known to exhibit significant modulation in reproductive
activity in managed settings (Hermes et al., 2004; Pennington et al.,
2019; Roth et al., 2018; Stoops et al., 2017). Many managed female
white rhinos display an extended flat-line progesterone secretion/ex-
cretion pattern (Brown et al., 2001; Patton et al., 1999). This state has
been associated with reduced fertility, shortened reproductive lifespan
and formation of significant and irreversible pathology within the re-
productive tract (Hermes et al., 2004). It has been determined via ul-
trasound that many of these females continue to develop small follicles
and if pre-ovulatory sized follicles are attained, they fail to ovulate
(Hermes et al., 2006; Stoops et al., 2017; Pennington et al., 2019). AMH
regulates the rate at which primordial follicles leave the resting state
and initiate growth, which in turn affect the rate of follicle depletion
and ovarian senescence (Durlinger et al., 2002). Among pubertal ele-
phants, AMH concentrations were shown not to differ between cyclic
and acyclic females (Dow et al., 2011). However, the impact of re-
petitive follicular waves without intervening ovulation and/or luteal
formation on AMH secretion in white rhinos remains unknown and may
benefit from further inquiry.

Similar to the horse (Claes et al., 2015; Uliani et al., 2019), elephant
(Dow et al., 2011) and cheetah (Place et al., 2017), AMH concentrations
varied among female rhinos of the same species and age. AMH secretion
did not differ across the age ranges sampled for female white (4-> 26),
GOH (4–26 yr) or Sumatran (< 4–26 yr) rhinos. Whereas, female black
rhinos sampled in the oldest age category (> 26 yr) secreted lower
AMH compared to conspecifics 7–26 yr of age. Several reproductively
active females from both African and one Asian rhino species had serum
AMH concentrations measured over the course of the estrous cycle.
While serum AMH does not change significantly throughout the estrous
cycle of mares (Almeida et al., 2011; Claes et al., 2015) conflicting
results have emerged regarding AMH secretion during the human
menstrual cycle. There is research to support a decline in AMH at the
end of follicular and early luteal phase in spontaneously ovulating
women (Wunder et al., 2008) and those subjected to controlled ovarian
hyperstimulation (Franchin et al., 2005). Other studies failed to find
significant variation in AMH within or between menstrual cycles (Van
Disseldorp et al., 2010). In this study, preliminary evidence emerged to
support AMH variation during the rhino estrous cycle. With the ex-
ception of the Sumatran rhino, ovulation outcome of cycles were not

confirmed by ultrasound. Progesterone measurement is supportive, but
not definitive in verifying successful ovulation has occurred in rhinos,
as anovulatory hemorrhagic follicles can secrete similar concentrations
of progesterone and of the duration typical of the species-specific luteal
phase (Radcliffe et al., 1997; Radcliffe et al., 2001; Roth et al., 2001;
Stoops et al., 2004). Research that simultaneously measures AMH and
conducts ovarian ultrasonography throughout the estrous cycle of the
different rhino species could help expand upon initial findings from this
study.

This study afforded a unique opportunity to track reproductive
parameters in white rhinos immunized against pZP. In its domestic
relative the horse, pZP has been shown to induce intermittent to per-
sistent anestrous in a majority of mares starting from one month after
their second vaccination through six months (Joonè et al., 2018). Two
of three pZP treated rhinos failed to show breeding behavior in the two
years following initial vaccination. However, that may have been due to
their young ages, management and/or herd social dynamics as ultra-
sound documented some follicular growth on their ovaries.

Two rhinos in our dataset presented outlier AMH concentrations for
their species with unusually low values. They included a female
Sumatran rhino and male white rhino sampled in the age categories of
16–26 yr and 20–30 yr, respectively. The female had already been
deemed reproductively inactive based on basal serum progesterone,
high basal LH and a lack of any ovarian structures formed over time
(Roth et al., 2001). The male had a history of confirmed copulation
with multiple females of proven fertility with no resulting conceptions/
pregnancies. An elective electroejaculation procedure conducted at the
time of serum sampling resulted in the collection of a large volume
aspermic ejaculate (personal observation). As electroejaculation can
produce inconsistent results (Roth et al., 2005) a definitive classifica-
tion of infertile could not be made at the time. AMH is known to reflect
Sertoli cell function (Iliadou et al., 2015; Sharpe et al., 2003) and ex-
treme variation outside the range of established normative values have
been used to diagnose lack of functional testicular tissue in cryptorchid
humans (Lee et al., 2003), cattle (Kitahara et al., 2012), and stallions
(Claes et al., 2013). While the male white rhino did not suffer from this
condition, his low AMH result and that of his female counterpart sug-
gest potential utility of this hormone in assessing rhino gonadal func-
tion that should be explored further.

This comprehensive analysis facilitated the first study of age related
circulating AMH across the lifetime of managed male and female
African and Asian rhinos. Furthermore, it represents an important first
step in expanding the comparative understanding of AMH production
across Perissodactyla. More work is needed to understand the full po-
tential of AMH to as a biomarker of fertility in rhinos. However, these
results expand our knowledge of the basic reproductive biology of the
taxon while providing information that can be used to interpret how an
individual rhinos' serum AMH concentration compares with managed
population norms. Through further research, AMH may also prove va-
luable when implementing ART to increase population viability and
sustainability goals.
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