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ABSTRACT

In mammals, estrogens and progestogens are crucial for gestation, fetal development, and maternal preparation for parturition
and lactation. Measuring these hormones allows for the diagnosis of pregnancy, estimation of pregnancy failures, and poten-
tially prenatal sex determination. We evaluated urinary estrogen and progestogen metabolites as biomarkers for gestation
detection and for their utility for fetal sex determination in wild Assamese macaques (Macaca assamensis) using 586 samples
from 19 females, including 19 successful pregnancies. Four enzyme-immunoassays were tested for suitability in measuring
urinary sex steroids using serial dilution: three assays targeting progestogen and one targeting estrogen metabolites (estrone
conjugates, E1C). We performed a biological validation by measuring urinary hormone metabolites in one female across pre-,
early-, late-, and post-gestation. None of the progestogen measurements reflected gestational status, while E1C levels showed
the expected increases during gestation. Next, we measured urinary E1C across gestation in all females and investigated fetal
sex effects on maternal E1C levels, expecting differences between females carrying male versus female fetuses. Urinary E1C
levels increased as early as 9 days postconception and declined sharply at parturition, mirroring patterns in other primates.
During late gestation, females carrying male fetuses had significantly higher E1C levels than those carrying female fetuses, yet
overlapping values limit precision for prenatal sex determination. Urinary E1C offers a noninvasive marker for gestation
monitoring in Assamese macaques, with application in ecological and conservation research. Additionally, results indicate
intra- and inter-species-specific differences in steroid hormone metabolism and excretion, which need to be considered when
selecting markers for reproductive monitoring.

1 | Introduction range of reproductive strategies shaped by the ecological and

social environment. When considered alongside reproductive
The diversity and flexibility of nonhuman primate (hereafter parameters like the number of ovarian cycles to conception,
“primate”) life-history traits—such as age at first birth, gesta- timing of ovarian activity, and cycle characteristics, these traits
tion length, interbirth intervals, and weaning age — reflect the provide insights into primate evolution, ecology, and social
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Summary

« Urinary estrone conjugates (E1C) are a reliable non-
invasive biomarker for detecting gestation in wild
Assamese macaques.

E1C levels increase early in pregnancy (as soon as 9 days
postconception) and drop sharply at parturition,
reflecting patterns observed in other primates.

Progestogen metabolite assays (PdG, 20a-DHP, and
pregnanolone) did not reliably indicate gestation status,
highlighting  species-specific = hormone excretion
patterns.

Females carrying male fetuses showed significantly
higher E1C levels during late gestation, suggesting a
potential link to fetal testicular activity.

Substantial overlap in E1C values between sexes limits
the predictive accuracy of prenatal fetal sex determina-
tion based on maternal urinary E1C.

Steroid hormone excretion in Assamese macaques ap-
pears to be matrix-specific, with estrogens excreted
mainly in urine and progestogens likely in feces.

Species-specific hormone metabolism must be con-
sidered when selecting endocrine markers for repro-
ductive monitoring in ecological and conservation
research.

behavior (Kamilar and Cooper 2013; Kappeler et al. 2003;
Martin 2007). Reproductive parameters such as ovarian cycle
characteristics, conception timing, and pregnancy progression can
be assessed through hormone measurements. In particular, fluc-
tuations in sex steroid hormones - estrogens and progestogens - are
closely linked to key reproductive processes, including ovulation,
implantation, and fetal development (Farage et al. 2009; Noyola-
Martinez et al. 2019; Saltzman et al. 2011). Tracking these hor-
monal patterns help monitoring cycle and/or pregnancy status and
may also contribute to prenatal offspring sex determination
(Higham 2016; Hodges and Heistermann 2011; Ostner and
Heistermann 2003; Pethig et al. 2025).

Measuring hormonal fluctuations requires biological sample
collection, which can be challenging, particularly in natural
populations. While invasive techniques such as blood sampling
provide direct hormone measurements, they are often
impractical due to ethical concerns, stress-related effects, and
feasibility limitations. To overcome these challenges, non-
invasive methods have become essential for monitoring repro-
ductive states in both captive and wild populations.
Noninvasive sampling minimizes stress and avoids behavioral
disruptions. The potential stress response associated with
invasive sample collection methods, such as drawing blood or
plucking hair, as well as certain saliva collection techniques,
could increase the risk of abortion or maternal death, especially
in early pregnancies in some species of mammals (Peter
et al. 2018). Feces and urine serve as key sample matrices for
noninvasive reproductive monitoring, especially in large
mammals such as primates (Behringer and Deschner 2017;
Higham 2016). However, due to species-specific differences in
hormone metabolism and excretion, markers that reliably

indicate reproductive status in one species or matrix may not
necessarily perform similarly in others (Heistermann 2010;
Hodges and Heistermann 2011; Whitten et al. 1998). To address
these challenges, a diverse repertoire of hormonal markers is
essential to build a comprehensive and adaptable toolbox for
reliably monitoring reproductive states across species and
contexts.

The sex steroid hormones, estrogens and progestogens, play
pivotal roles in the regulation of female reproduction including
pregnancy (Mesiano 2001). During primate gestation, the pla-
centa interacts with maternal and fetal blood to produce es-
trogen estradiol and progesterone. Compared to the fluctuations
observed across the ovarian cycle, estrogen and progesterone
levels reach their highest concentrations during gestation
(Farage et al. 2009; Levitz and Young 1978; Noyola-Martinez
et al. 2019). Estrogens prepare the uterus for implantation
and contribute to placental development (Noyola-Martinez
et al. 2019; Saltzman et al. 2011). Progesterone supports
implantation by modifying the endometrium, promoting the
secretion of nutrients and growth factors that enhance embryo
development. It also facilitates the formation of blood vessels
crucial for placental attachment and nutrient exchange. In
addition, progesterone modulates the maternal immune system
by suppressing T-cell activation, thereby reducing the risk of
fetal rejection. It further contributes to pregnancy maintenance
by inhibiting uterine contractions and suppressing lactation
(Mesiano 2001). Therefore, progesterone is the main steroid for
the maintenance of pregnancy.

In primates, monitoring sex steroid hormone metabolites such
as pregnanediol-3-glucuronide (PdG) and/or estrone conjugates
(E1C) in urine samples have been used for assessing ovarian
function and reproductive states, including wild populations
(Hodges and Heistermann 2011). In various primate taxa,
including prosimians, platyrrhines, and catarhines, changes in
urinary PdG levels have been applied to track ovarian cycles
(e.g., Deschner et al. 2003; Emery Thompson 2005; Gerber
et al. 2004; Savage et al. 1995; Shideler et al. 1990;
Shimizu 2005), and to confirm pregnancies (e.g., Heistermann
et al. 1996; Savage et al. 1995; Shimizu et al. 2003). Similarly,
E1C, a major urinary metabolite of estradiol, has been widely
used to monitor reproductive phases in various primate taxa
(Heistermann 2010; Hodges et al. 2010). Monitoring changes in
urinary E1C levels has proven effective for assessing ovarian
activity, including the timing of ovulation (e.g., Deschner
et al. 2003; Hashimoto et al. 2022; Karaskiewicz et al. 2023;
Phillips and Wheaton 2008; Savage et al. 1995; Shimizu 2005),
and to confirm and monitor pregnancy (e.g., Jarcho et al. 2012;
Phillips and Wheaton 2008; Savage et al. 1995). While these
markers have been successfully validated in many primate
species, interspecific differences in hormone metabolism and
excretion patterns highlight the need for species-specific vali-
dation before applying them in reproductive monitoring.

Beyond their role in ovulation and pregnancy, assessment of sex
steroids during gestation can inform us about the sex of the
developing fetus, as their production is largely driven by the
fetoplacental unit (Adamcova et al. 2018). Studies across pri-
mates have investigated how fetal sex influences maternal sex
steroid hormone levels during pregnancy. For example, women
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carrying a female fetus had higher blood estradiol and 17-OH-
pregnenolone levels compared to women carrying a male fetus
(Adamcova et al. 2018; Toriola et al. 2011). In contrast, in lemur
species, excreted maternal estrogen levels were higher during
late gestation when carrying a male than a female fetus (Ostner
and Heistermann 2003; Pethig et al. 2025; Shideler et al. 1983).
The reasons for these contrasting patterns remain unclear, and
potential mechanisms driving these associations across species
require further investigation. While estrogen levels are associ-
ated with fetal sex, the direction of this effect appears to be
species-specific and warrants investigation in each primate
species. Nevertheless, maternal estrogen levels have been found
to be associated with fetal sex across different matrices and taxa.

While sex steroid analysis based on fecal samples has become a
widely used noninvasive method in studies on macaque repro-
ductive biology (e.g., Dubuc et al. 2009; Engelhardt et al. 2004;
Fujita et al. 2001; Fiirtbauer et al. 2010; Matsumuro et al. 1999),
the potential of urinary hormone analysis remains under-
explored. Urine represents an alternative noninvasive sample
type that allows for frequent and standardized collection, making
it particularly useful for endocrine monitoring in wild popula-
tions (Behringer and Deschner 2017; Higham 2016). To address
this gap, we aimed to establish a noninvasive method to assess
female reproductive status in wild Assamese macaques (Macaca
assamensis) using urinary hormone analyses. Assamese
macaques, like all macaque species, live in multimale-
multifemale groups with females remaining in their natal group
throughout their lives and males dispersing (Anza et al. 2022).
Females of the study population at Phu Khieo Wildlife Sanctu-
ary, Thailand, usually conceive with 5.5 years of age and are
considered adult from this point on (Anza et al. 2022; Fiirtbauer
et al. 2010; Touitou et al. 2021a). Reproduction follows a pro-
nounced seasonal pattern with nearly 80% of births taking place
between April and July (Fiirtbauer et al. 2010; Touitou
et al. 2021a). Gestation lasts on average 164 days, and interbirth
intervals show a bimodal distribution with either ~14 or
~23 months between consecutive births (Fiirtbauer et al. 2010;
Shivani et al. 2025). Ovarian cycling ceases outside the mating
season, and conceptions typically occur within a female's first
or second ovulatory cycle (Fiirtbauer et al. 2010). Although most
females exhibit subcaudal sexual swellings, these do not reliably
indicate reproductive status or fertility (Fiirtbauer et al. 2010).
Lactation lasts the entire first year of an infant's life, but
time spent in nipple contact during the day already strongly
decreases during the first 6 months (Arbaiza-Bayona et al. 2025;
Berghinel et al. 2016).

The validation and establishment of urinary biomarkers for
pregnancy and prenatal sex determination could provide a
valuable tool for estimating abortion rates, assessing fitness
consequences for females, and evaluating prenatal sex ratios. To
explore this potential, we analyzed 586 urine samples collected
from 19 wild female Assamese macaques over the course of a
reproductive year. First, we biochemically validated four en-
zyme immunoassays using serial dilution of urine samples:
three progestogen assays (20a-dihydroprogesterone [20alpha-
OHP], PdG, and pregnanolone) and an estrogen assay for
E1C. Second, we conducted a biological validation by com-
paring samples from pre-, early-, late- and post-gestation of a
single female for three of the assays, while for the fourth

assay (pregnanolone), samples of a different female were
used. We expected increased levels of both progestogens and
estrogens during pregnancy compared to the other repro-
ductive states. Third, we used the E1C assay to monitor es-
trogen changes across 19 successful pregnancies, assessing
both the timing and magnitude of gestational E1C increases
to determine whether a fixed threshold could reliably indi-
cate a pregnant status. Finally, we tested whether we could
reliably determine fetal sex prenatally based on E1C mea-
surement during late gestation.

2 | Materials and Methods
Study Population and Sample Collection

This study is part of a long-term research project on a popula-
tion of Assamese macaques at Phu Khieo Wildlife Sanctuary
(16° 5'-35" N, 101° 20’-55" E), in northeastern Thailand, part of
the > 6500 km?® Western Isaan Forest Complex, a connected and
protected forest area. Phu Khieo Wildlife Sanctuary holds the
highest protection status under Thailand conservation regula-
tion for flora and fauna. The local study site, Huai Mai Sot Yai
(16° 27’ N, 101° 38’ E), is characterized by hilly terrain at ele-
vations of 600-800 m a.s.l. and consists primarily of hill and dry
evergreen forest, interspersed with patches of bamboo and dry
dipterocarp forest (Borries et al. 2002; Koenig et al. 2004;
Kumsuk et al. 1999).

The climate at the study side is marked by a cold, dry season
from November to mid-March, with minimum temperatures
occasionally approaching freezing in January (lean season).
This is followed by a warm, rainy season, which receives an
average annual precipitation of 1374 mm/year, peaking in
May and September (rich season) (Richter et al. 2016).
Although fruit and food availability increase during the rich
season, resource availability fluctuates annually, and forest
productivity is considered highly unpredictable (Berghinel
et al. 2016; Heesen et al. 2013; Schiilke et al. 2011; Touitou
et al. 2021a). The study population is primarily frugivorous,
with the majority of their plant diet consisting of fruit, pulp,
and seeds. A considerable portion of their feeding budget is
dedicated to slow and low-intensity foraging for animal
matter (Heesen et al. 2013; Schiilke et al. 2011; Touitou
et al. 2021b).

A total of 586 urine samples were collected between June 2017
and January 2019 from 19 adult females living in three social
groups (median = 32; range=19-41; mean = 30.8; standard
deviation (SD) = 6.5; Supplementary Table S1). Samples were
collected opportunistically throughout the day using dispos-
able mini-pipettes. To avoid collection in low light conditions,
the first-morning void was never collected, as it was too dark
to reliably identify the individuals when they were high in the
canopy. Only urine free from fecal contamination was sam-
pled. The samples were pipetted either from clean, disposable
plastic bags placed underneath the females during urination or
directly from vegetation. The urine was then transferred into
2 mL Eppendorf vials, which were labeled with the date, time
of collection, and female ID (Touitou et al. 2021b). Specific
gravity (SG) was measured immediately after collection
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(Anestis et al. 2009; Miller et al. 2004), with a few drops
of urine placed on the lens of a handheld refractometer
(Atago PAL-10S), and after the SG measurement, the urine
was returned to the vial, which was sealed with Parafilm. The
lens was cleaned with Kimtech wipes between measurements.
To maintain sample integrity, the urine was kept cool in the
forest using Thermos flasks filled with ice cubes. At the end of
each day, the samples were stored in a freezer at the camp
(—12°C) before being transported to a second freezer
(—19°C) in a nearby village (Touitou et al. 2021b). Samples
were kept frozen until being shipped to the endocrinology
laboratory of the German Primate Center, Gottingen,
Germany, for hormone analysis.

Hormone Measurement

We validated four in-house enzyme immunoassays (EIAs) for
the quantification of reproductive hormone metabolites in urine
samples of our study species: three progestogen assays mea-
suring 20a-OHP, PdG, and pregnanolone, as well as an estrogen
assay for E1C. Hormonal analyses were conducted using un-
extracted urine. Urine samples were thawed and diluted ac-
cording to assay-specific requirements. Samples analyzed for
20a-OHP, PdG, and pregnanolone were diluted 1:80 with
0.04 M phosphate buffered saline, while those measured for
E1C underwent dilution steps ranging from 1:50 to 1:3200,
depending on concentration. For the serial dilution tests, sam-
ples were diluted 1:80, 1:160, 1:320, 1:640, 1:1280, and 1:2560 for
each assay, respectively.

The 20a-OHP assay has been described in detail in
Heistermann et al. (1995) and used for our study population
previously using fecal extracts (Fiirtbauer et al. 2010). The
antiserum for the measurement of 20a-OHP was raised in a
rabbit against 20a-OHP-20-CMO-BSA. Biotinylated 20aOHP
in conjunction with peroxidase labelled streptavidin was used
as conjugate. Pregnanolone assay procedure and performance
characteristics have been described previously (Fiirtbauer
et al. 2020; Graham et al. 2001; Munro and Stabenfeldt 1984).
The pregnanolone assay uses the monoclonal antibody CL425
(final purification by C. Munro, Davis, CA) and is considered
a promising tool for monitoring progesterone and its
metabolites in urine and feces across a range of species (e.g.,
Amendolagine et al. 2018; Ditcham et al. 2009; summarized
in Graham et al. 2001). Assay procedure and performance
characteristics have been described previously (Graham
et al. 2001; Munro and Stabenfeldt 1984). E1C and PdG were

described in detail in Heistermann and Hodges (1995). Assay
characteristics, including antibody cross-reactivities and
sensitivities, are described in Heistermann et al. (1995) and in
Heistermann and Hodges (1995). The EIA method for mea-
suring urinary E1C has been validated in multiple species,
showing parallel changes with plasma estradiol (Munro
et al. 1991; Shideler et al. 1990; Shimizu 2005). The E1C assay
utilizes an antiserum raised in a rabbit against estrone-
3-glucuronide-BSA, with sheep anti-rabbit IgG (No. R-9754
Sigma Chemie) as the coating antibody and estrone-
3glucuronide labelled with alkaline phosphatase as the con-
jugate. The PdG assay uses an antiserum raised in a rabbit
against pregnanediol-3-glucuronide-BSA and biotinylated
PdG as the label.

All samples were run in duplicates, CV between duplicates
never reached more than 9%, thus no duplicate measurements
were excluded from the analysis. Inter-assay and intra-assay
coefficients of variation determined from quality controls and
samples, respectively, are provided in Table 1. All measure-
ments were corrected for SG to adjust for urinary concentration
(Miller et al. 2004). Results are reported as corrected (corr.)
concentrations in ng/ml corr. SG. Only samples with a SG >
1.003 were included in the analysis to exclude too diluted
samples.

Statistical Analysis
2.0.1 | Data Preparation

The estimated day of conception was calculated as the day of
parturition minus 164 days, the average gestation length for
this study population (Fiirtbauer et al. 2010). Gestation was
divided into two phases: early gestation (first 82 days after
conception) and late gestation (82 days before parturition)
(Touitou et al. 2021b). We averaged urinary E1C measure-
ments for each female for each of the four reproductive
stages: pre-gestation (pre), early gestation, late gestation, and
post-gestation (post).

2.0.2 | EIC Levels Across a Reproductive Year

To compare EI1C levels across reproductive stages, we first
assessed data distribution using the Shapiro-Wilk test for nor-
mality. As E1C values were not normally distributed, we con-
ducted a Kruskal-Wallis one-way analysis of variance (ANOVA)

TABLE 1 | Inter-assay and intra-assay coefficients of variation (CV) determined from quality controls and samples, respectively, for the four

enzyme immuno assays. 20a-dihydroprogesterone = 20alpha-OHP, pregnanediol-3-glucronide = PdG, estrone conjugates = E1C.

Inter-assay

Intra-assay

CV high CV low No. plates Ccv No. samples
20alpha-OHP 5.9% 4.1% 2 3.0% 27
PdG 2.0% 0.4% 2 2.0% 26
Pregnanolone 8.1% 13.8% 3 2.5% 35
E1C 4.9% 9.1% 20 2.2% 35
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on ranks. Post-hoc pairwise comparisons were performed using
a Dunn's Method without adjustment for ties.

2.0.3 | Calculating a Threshold for Pregnancy
Determination

To determine a potential E1C threshold for differentiating
between a nonpregnant and pregnant status, the mean + 2
standard deviations (SDs) was calculated using all pre-
pregnancy samples collected in November and December 2017,
the 2 months during which nearly all conceptions occurred.
Sample values exceeding this defined non-pregnancy threshold
are most likely indicative of pregnancy, given that > 95% of data
points in a population lie within 2 SDs of the mean (Upton and
Cook 2008).

2.04 | Assessing the Effect of Fetal Sex

To assess the effect of fetal sex on E1C levels, we conducted
separate two-tailed t-tests for each reproductive stage (pre-,
early-, late-, and post-gestation), comparing females carrying
male versus female fetuses. Normality was tested for each
comparison, and t-tests were applied when assumptions
were met.

For all statistical analyses, a p value of <0.05 was used as the
criterion for statistical significance.
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3 | Results
Serial Dilution

Serial dilutions of urine samples from the pre-gestation, gesta-
tion, and post-gestation period were analyzed using the 20a-
OHP, PdG, pregnanolone, and E1C assays. The resulting dis-
placement curves paralleled the respective standard curves in
all assays, with the exception of a slight deviation in the PdG
assay, suggesting minimal interference from the urinary matrix
(Figure 1).

Biological Validation

For biological validation, we measured hormone levels in urine
samples collected from two females over a 1-year period,
including pregnancy. For this step, we selected the two females
who, on the one hand, had the highest number of urine samples
across the 1-year period and, on the other hand, provided suf-
ficient urine volume per sample to allow for repeated mea-
surements using the different assays. We expected higher
urinary estrogen and progesterone metabolite levels during
pregnancy compared to nonpregnant phases. While E1C levels
increased during pregnancy as anticipated, none of the pro-
gestogen measurements showed the expected increase
(examples provided in Figure 2). In all three progestogen pro-
files, an unexpected peak occurred after parturition. We can
only speculate about its causes, but two potential explanations
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FIGURE1 | Concentrations of standards and serial dilutions of samples (pg/50puL). Linearity of four steroid metabolites (A) 20a-
dihydroprogesterone (20a-OHP), (B) pregnanediol-3-glucronide (PdG), (C) pregnanolone, and (D) estrone conjugates (E1C). Standard curves (dotted
lines, open squares) and serial diluted urine samples (straight lines, filled circles).
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FIGURE 2 | Urinary metabolites profiles of two females over the course of more than a year (from July 2017 to December 2018), measured with a

(A) 20a-dihydroprogesterone (20a-OHP), (B) pregnanediol-3-glucronide (PdG), (C) pregnanolone, and (D) estrone conjugates (E1C) assay. The

yellow background highlights the period of gestation.

seem unlikely. First, an adrenal contribution to urinary pro-
gestogen levels is unlikely as hormone concentrations were low
in first post-parturition samples. Second, early resumption of
ovarian cycling seems biologically implausible as Assamese
macaques are seasonal breeders and postpartum ovulation outside
the mating season has not been reported. Alternatively, the
observed peak could reflect assay cross-reactivity with other
postpartum steroids or shifts in hormone metabolism and excre-
tion that affect urinary metabolite levels independently of circu-
lating hormone concentrations. As only the E1C assay provided
the biologically expected pattern, for the following analyses we
focused on E1C levels in samples of the 19 study females.

E1C Levels Across a Reproductive Year

Following estimated conception (164 days before parturition),
urinary E1C levels were initially low in all 19 females
(Figures supplement). The earliest increase in urinary E1C
levels occurred after 9 days past conception in one female
(female ID: PAI, Figure supplement), however, on average, E1C
levels started to increase about 3 weeks after conception
(Figures in the supplement). Overall, E1C levels increased
on average 21-fold when pregnancy progresses, that is, from
252ng/mL corr. SG (SD=21.9ng/mL) pre-gestation to
532.6ng/mL corr. SG (SD = 289.3ng/mL) in late-gestation,
reaching maximum levels shortly before parturition.

Reproductive state significantly predicted differences in median
E1C levels (Kruskal-Wallis one-way ANOVA on Ranks,
H=65.1; df = 3; p =<0.001). Post-hoc pairwise comparisons

revealed higher E1C levels during both early- and late-gestation
compared to pre- and post-gestation (Figure 3, Table 2). No
statistical differences were found between early and late gesta-
tion, or between pre- and post-gestation stages (Table 2).

The mean E1C concentration of all nonpregnant samples was
41.7 + 27.4ng/mL corr. SG. Accordingly, the mean + 2 SDs
(used as thresholds to differentiate nonpregnant from pregnant
states, see above) was 96.5 ng/mL corr. SG. This threshold was
exceeded in approximately 40% of the samples collected during
the first half of gestation and in 100% of the samples collected
during the second half of pregnancy.

We further compared average E1C levels in females carrying a
male fetus (N=11) versus a female fetus (IN=8) across repro-
ductive stages (pre-, early-, late-, post-gestation). A two-tailed t-test
showed that, despite overlapping values, females carrying a male
fetus had significantly higher E1C levels during late gestation
(male fetus = 608.61ng/ml; female fetus = 435.14ng/ml;
t=-2.579; df = 17; p-value =0.0195; Figure 4). In all other
reproductive stages, fetal sex had no significant effect on maternal
urinary E1C levels (all p > 0.05, Figure 4).

4 | Discussion

Our study identified urinary estrone conjugates (E1C) as a reliable
noninvasive marker for tracking gestational hormonal changes in
wild Assamese macaques, while urinary progestogen measure-
ments did not reflect expected pregnancy-related increases. Uri-
nary E1C levels increased shortly after conception and remained
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FIGURE 3 | Distribution of urinary estrone conjugates (E1C) levels of 19

female Assamese macaques across reproductive stages (pre-, early-, late-

and post-gestation). The y-axis is displayed on a log scale. Boxes illustrate the 25th and 75th percentiles, dashed lines indicate medians, solid lines
indicate means, and circles present outliers. * = p < 0.05, ** = p < 0.01, *** =p < 0.001.

TABLE 2 | Results of Kruskal-Wallis one-way ANOVA on ranks
for urinary E1C levels (ng/mL urine) of 19 female Assamese macaques
across reproductive stages (pre-, early-, late- and post-gestation).
Post-hoc Dunn's Method for multiple pairwise comparison. Significant
results are indicated in bold.

Reproductive state Median 25% 75%
Pre-gestation 24.4 16.5 28
Early-gestation 110.5 70.5 155.5
Late-gestation 536.9 457.9 669.9
Post-gestation 16.6 13.0 20.3
Comparison Diff. of ranks Q p
Late versus post 52.4 7.309 <0.001
Late versus pre 42.4 5.921 <0.001
Late versus early 18.8 2.622 0.052
Early versus post 33.6 4.687 <0.001
Early versus pre 23.6 3.298 0.006
Pre versus post 9.9 1.388 0.990

elevated throughout gestation. Notably, higher late-gestation E1C
levels were observed in mothers carrying male fetuses, although
substantial overlap between sexes limits reliable prenatal sex
determination.

While urinary E1C proved to be a promising endocrine marker
reflecting hormonal changes during gestation in wild-living
Assamese macaques, urinary progestogen measurements failed
to detect the expected increase in progestogen levels during
pregnancy. These findings contrasts with previous results
measuring estrogen and progesterone metabolites in fecal

samples of pregnant females of this species, which demon-
strated elevations in progestogen, but not estrogen, levels dur-
ing gestation (Fiirtbauer et al. 2010). The reason for these
contrasting findings remains less clear; however, the results
suggest that in Assamese macaques, the excretion pathway of
estrogen and progesterone metabolites may differ substantially,
with estrogens predominantly excreted via urine and proges-
togens mainly via feces. The plausibility of such a scenario is
supported by research on female cotton-top tamarins (Saguinus
oedipus oedipus), in which a radiometabolism study showed
that approximately 90% of labeled estradiol is excreted into the
urine, whereas 95% of labeled progesterone is excreted into
the feces (Ziegler et al. 1989). Species-specific excretion patterns
are further supported by findings in squirrel monkeys (Saimiri
sciureus), in which both progestogens and estrogens are mainly
excreted in feces (Moorman et al. 2002), whereas in rhesus
macaques (M. mulatta), progesterone (42% recovery in urine)
and estradiol (55% recovery in urine) show nearly equal urinary
and fecal excretion (Shideler et al. 1993). Those and our results,
in combination with previous findings on Assamese macaques,
indicate two key points: First, species-specific differences
influence hormone excretion patterns. Second, in our study
species, estrogens appear to be primarily excreted in urine,
while progestogens are likely excreted predominantly in feces.
Altogether, these findings emphasize the importance of con-
sidering sample matrix when selecting hormonal markers for
reproductive monitoring.

Our findings demonstrate that urinary E1C measurement is a
valuable tool for monitoring endocrine changes associated with
pregnancy in female Assamese macaques. Following estimated
conception, urinary EI1C levels were initially low before
increasing around 2-3 weeks postconception. A similar pattern
has been observed in female rhesus and Tonkean macaques
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(M. tonkeana), where estrogen levels in urine and serum
declined after conception before increasing 16-18 days later
(Monfort et al. 1987; Thierry et al. 1996). This early rise in
urinary estrogen levels, typically occurring around 2-3 weeks
postconception, has been documented across various primate
species (Czekala et al. 1981, 1983; Hodgen et al. 1972), including
humans (Ahmed and Kellie 1972; Mesiano 2001; Venners 2006).
Estrogen levels show a pronounced increase during the second
half of gestation, reaching their highest concentrations recorded
in the weeks shortly before parturition. This marked elevation
of estrogen levels in late gestation is a typical characteristic of
primate pregnancies (e.g., Monfort et al. 1987; Shimizu
and Mouri 2018; Thierry et al. 1996) and can largely be attrib-
uted to the endocrine activity of a functioning fetoplacental unit
(Mesiano 2001). Therefore, urinary estrogen assessment
throughout gestation in Assamese macaques may serve as an
indicator of fetal health, as has been suggested for other primate
species (Czekala et al. 1988; Thierry et al. 1996). While previous
research has successfully validated fecal samples for assessing
reproductive status (Fiirtbauer et al. 2010), our study expands
this approach by demonstrating that urinary E1C can serve as a
reliable alternative broadening the toolkit available for non-
invasive reproductive monitoring in this species.

The substantial increase in E1C levels during gestation com-
pared to nonpregnant levels allows pregnancy diagnosis using
only a few, or even a single, sample (Hidayatik et al. 2018;
Scheun et al. 2016). Our data suggest that urinary E1C levels
exceeding 100 ng/mL corr. SG indicate pregnancy with > 95%
certainty. This cut-off value is reliably exceeded from approxi-
mately the second half of gestation, suggesting that pregnancy
diagnosis from a limited number of urine samples can be

performed with high accuracy from about the third month of
gestation onwards. This capability is valuable for estimating
pregnancy rates in wild Assamese macaques and facilitates
understanding of social and environmental factors affecting
reproductive parameters, such as fetal loss and population
reproductive health under natural conditions.

In the second half of gestation, urinary E1C levels were significantly
higher in Assamese macaque mothers carrying male fetuses com-
pared to those carrying female fetuses. This finding is consistent
with studies in different species of lemurs, where elevated estrogen
levels were observed in the last weeks of gestation in females car-
rying a male fetus. Specifically, increased estrogen excretion has
been detected in females carrying male fetuses of red-fronted le-
murs (Eulemur rufifrons) (Ostner et al. 2003; Ostner and
Heistermann 2003; Pethig et al. 2025), black-and-white ruffed le-
murs (Varecia variegata) (Shideler et al. 1983), red-bellied lemurs (E.
rubriventer), blue-eyed black lemurs (E. macaco flavifrons), and
eastern lesser bamboo lemurs (Hapalemur griseus) (Gerber
et al. 2004). Given that estrogens are derived from androgen pre-
cursors, it has been suggested that the increased estrogen levels
observed during late pregnancy in mothers carrying a male fetus are
presumably relate to the onset of testicular androgen production in
those fetuses (Shideler et al. 1983). However, in our study, E1C
levels in mothers carrying a male or a female fetus overlapped
considerably, and unlike the distinct patterns previously reported in
lemurs, this extensive overlap introduces substantial uncertainty,
rendering prenatal sex determination in Assamese macaques
unreliable.

While our study offers novel insights into gestational hormone
patterns and the potential for prenatal sex assessment in wild
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Assamese macaques, several limitations should be acknowl-
edged. First, the absence of daily sampling around conception
and parturition likely limited the temporal precision of our
hormonal profiles. Second, although our sample size is among
the largest for wild primates in this context, it remains relatively
small for evaluating subtle individual variation, particularly in
fetal sex comparisons. Finally, our data represent a single wild
population, and species- or population-level variation in hor-
mone metabolism and excretion may limit broader generaliza-
tion. Nevertheless, our results provide a strong foundation for
future work on the reproductive biology of wild-living Assam-
ese macaques.

5 | Conclusion

Our study establishes urinary E1C as a noninvasive marker for
monitoring gestation status in wild Assamese macaques. The
observed estrogen excretion patterns throughout pregnancy
align with those reported in other primates, supporting the
reliability of urinary E1C measurement for endocrine diagnosis
and monitoring of gestation. Notably, E1C levels exceeding
100 ng/mL corr. SG identified pregnancy with > 95% certainty
from mid-gestation onward, enabling reliable diagnosis from
few urine samples from the third month of gestation. Addi-
tionally, our findings suggest potential intraspecific variation in
hormone excretion pathways, with estrogens presumably ex-
creted predominantly via urine, while progestogens are pre-
sumably eliminated primarily via feces. The elevated urinary
E1C levels in mothers carrying male fetuses during late gesta-
tion suggest a potential influence of fetal testicular precursors
on maternal estrogen levels. However, the overlap in E1C val-
ues between male- and female-carrying mothers indicates that
prenatal fetal sex determination based on urinary E1C carries
considerable uncertainty in this species. From a physiological
perspective, these results emphasize the importance of consid-
ering species-specific hormone metabolism and excretion pat-
terns when choosing a suitable endocrine marker for
reproductive monitoring.

Author Contributions

Verena Behringer: conceptualization, formal analysis, investigation,
methodology, validation, visualization, resources, writing - original
draft. Suchinda Malaivijitnond: project administration, writing —
review and editing. Suthirote Meesawat: project administration,
writing - review and editing. Ruth Sonnweber: formal analysis,
writing - review and editing. Michael Heistermann: conceptualiza-
tion, methodology, validation, writing - review and editing. Oliver
Schiilke: conceptualization, funding acquisition, methodology, project
administration, resources, writing — review and editing. Julia Ostner:
conceptualization, methodology, investigation, project administration,
resources, funding acquisition, writing — review and editing.

Acknowledgments

We thank the National Research Council of Thailand (NRCT) and the
Department of National Parks, Wildlife and Plant Conservation (DNP)
for permission to carry out this study and for the support granted. We
are grateful to T. Wongsnak, C. Intumarn, W. Saenphala, A. Tadklang
from Phu Khieo Wildlife Sanctuary for permission to conduct this study
and N. Bhumpakphan for cooperation. We thank A. Heistermann and

M. Polten for assistance with hormone measurements. Special thanks
go to S. Touitou, P. Saisawatdikul, T. Wisate, J. Wanart, K. Srithorn, S.
Nurat, A. Boonsopin, and M. Swagemakers for urine sample collection.
Open Access funding enabled and organized by Projekt DEAL.

Ethics Statement

This study was conducted entirely non-invasively and complied with
the ASAB/ABS Guidelines for the Use of Animals in Research (https://
www.asab.org/ethics). All research protocols were approved by the
appropriate Thai authorities: the Department of National Parks, Wild-
life and Plant Conservation and the National Research Council of
Thailand, which also authorized data collection and the export of
samples under a benefit-sharing agreement (permit numbers: 0002/
4137, 0402/2798). The research adhered to the American Society of
Primatologists (ASP) Principles for the Ethical Treatment of Nonhuman
Primates and followed the ASP Code of Best Practices for Field
Primatology.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

Adamcova, K., L. Kolatorova, and T. Skodova, et al. 2018. “Steroid
Hormone Levels in the Peripartum Period - Differences Caused by Fetal
Sex and Delivery Type.” Physiological Research 67: S489-S497. https://
doi.org/10.33549/physiolres.934019.

Ahmed, J., and A. E. Kellie. 1972. “The Excretion of Oestrogen Con-
jugates in Late Pregnancy Urine.” Journal of Steroid Biochemistry 3,
no. 1: 31-38. https://doi.org/10.1016/0022-4731(72)90008-8.

Amendolagine, L., T. Schoffner, L. Koscielny, et al. 2018. “In-House
Monitoring of Steroid Hormone Metabolites in Urine Informs Breeding
Management of a Giant Anteater (Myrmechophaga tridactyla).” Zoo
Biology 37, no. 1: 40-45. https://doi.org/10.1002/z00.21396.

Anestis, S. F., A. A. Breakey, M. M. Beuerlein, and R. G. Bribiescas.
2009. “Specific Gravity as an Alternative to Creatinine for Estimating
Urine Concentration in Captive and Wild Chimpanzee (Pan troglodytes)
Samples.” American Journal of Primatology 71, no. 2: 130-135. https://
doi.org/10.1002/ajp.20631.

Anza, S., A. Berghinel, J. Ostner, and O. Schiilke. 2022. “Growth Tra-
jectories of Wild Assamese Macaques (Macaca assamensis) Determined
From Parallel Laser Photogrammetry.” Mammalian Biology 102, no. 4:
1497-1511. https://doi.org/10.1007/s42991-022-00262-2.

Arbaiza-Bayona, A. L., R. Mundry, S. Malaivijitnond, S. Meesawat,
O. Schiilke, and J. Ostner. 2025. “Age-Trajectory of Mother-Infant Re-
lationships in Wild Assamese.” biorxiv. https://doi.org/10.1101/2025.05.
10.653242v1.

Behringer, V., and T. Deschner. 2017. “Non-Invasive Monitoring of
Physiological Markers in Primates.” Hormones and Behavior 91: 3-18.
https://doi.org/10.1016/j.yhbeh.2017.02.001.

Berghinel, A., M. Heistermann, O. Schiilke, and J. Ostner. 2016. “Pre-
natal Stress Effects in a Wild, Long-Lived Primate: Predictive Adaptive
Responses in an Unpredictable Environment.” Proceedings of the Royal
Society B: Biological Sciences 283, no. 1839: 20161304. https://doi.org/10.
1098/rspb.2016.1304.

Borries, C., E. Larney, K. Kreetiyutanont, and A. Koenig. 2002. “The
Diurnal Primate Community in a Dry Evergreen Forest in Phu Khieo
Wildlife Sanctuary, Northeast Thailand.” Natural History Bulletin of the
Siam Society 50, no. 1: 75-88.

9 of 12

85U80|7 SUOWIWOD 8A1TE81D 3|dedl|dde aup Aq peusenob afe Saolle YO ‘8Sn JO SaINJ Joj AkeidT8UlUO AB|IAA UO (SUONIPUOD-PUR-SWBI WD A8 | 1M AleIq | Ul UO//:SdNY) SUOIPUOD pue swie | 81 88S *[6202/80/02] UO AfeiqiTauluo A8|IM ‘wniuezusiew Lid seyosineq Aq 5900£ 'de/z00T 0T/10p/wod A8 |imAeiq Ul |uo//Sdny Wo.j pepeojumod ‘g ‘5202 ‘SE2860T


https://www.asab.org/ethics
https://www.asab.org/ethics
https://doi.org/10.33549/physiolres.934019
https://doi.org/10.33549/physiolres.934019
https://doi.org/10.1016/0022-4731(72)90008-8
https://doi.org/10.1002/zoo.21396
https://doi.org/10.1002/ajp.20631
https://doi.org/10.1002/ajp.20631
https://doi.org/10.1007/s42991-022-00262-2
https://doi.org/10.1101/2025.05.10.653242v1
https://doi.org/10.1101/2025.05.10.653242v1
https://doi.org/10.1016/j.yhbeh.2017.02.001
https://doi.org/10.1098/rspb.2016.1304
https://doi.org/10.1098/rspb.2016.1304

Czekala, N. M., K. Benirschke, H. McClure, and B. L. Lasley. 1983.
“Urinary Estrogen Excretion During Pregnancy in the Gorilla (Gorilla
gorilla), Orangutan (Pongo pygmaeus) and the Human (Homo sapiens)
1.” Biology of Reproduction 28, no. 2: 289-294. https://doi.org/10.1095/
biolreprod28.2.289.

Czekala, N. M., J. K. Hodges, and B. L. Lasley. 1981. “Pregnancy
Monitoring in Diverse Primate Species by Estrogen and Bioactive Lu-
teinizing Hormone Determinations in Small Volumes of Urine.”
Journal of Medical Primatology 10, no. 1: 1-15.

Czekala, N. M,, S. E. Shideler, and B. L. Lasley. 1988. “Comparisons of
reproductive hormone patterns in the hominoids.” In Orang-utan
biology, edited by J. H. Schwartz, 117-132. Oxford University Press.

Deschner, T., M. Heistermann, K. Hodges, and C. Boesch. 2003.
“Timing and Probability of Ovulation in Relation to Sex Skin Swelling
in Wild West African Chimpanzees, Pan troglodytes verus.” Animal
Behaviour 66, no. 3: 551-560. https://doi.org/10.1006/anbe.2003.2210.

Ditcham, W., C. Palmer, K. Warren, C. Monaghan, W. Kappelle, and
P. Matson. 2009. “Development of an Immunoassay to Measure Pro-
gesterone Using Printed Biosensors, and Its Application to the Assess-
ment of Ovarian Function in the Numbat (Myrmecobius fasciatus).”
Journal of Immunoassay and Immunochemistry 30, no. 2: 232-243.
https://doi.org/10.1080/15321810902782921.

Dubuc, C., L. J. N. Brent, A. K. Accamando, et al. 2009. “Sexual Skin
Color Contains Information About the Timing of the Fertile Phase in
Free-Ranging Macaca mulatta.” International Journal of Primatology 30,
no. 6: 777-789. https://doi.org/10.1007/s10764-009-9369-7.

Emery Thompson, M. 2005. “Reproductive Endocrinology of Wild
Female Chimpanzees (Pan troglodytes schweinfurthii): Methodological
Considerations and the Role of Hormones in Sex and Conception.”
American Journal of Primatology 67, no. 1: 137-158. https://doi.org/10.
1002/ajp.20174.

Engelhardt, A., J.-B. Pfeifer, M. Heistermann, C. Niemitz, J. A. R. A. M.
van Hooff, and J. K. Hodges. 2004. “Assessment of Female Reproductive
Status by Male Longtailed Macaques, Macaca fascicularis, Under Natural
Conditions.” Animal Behaviour 67, no. 5: 915-924. https://doi.org/10.1016/j.
anbehav.2003.09.006.

Farage, M. A., S. Neill, and A. B. MacLean. 2009. “Physiological
Changes Associated With the Menstrual Cycle: A Review.” Obstetrical &
Gynecological Survey 64, no. 1: 58-72. https://doi.org/10.1097/0OGX.
0b013e3181932a37.

Fujita, S., F. Mitsunaga, H. Sugiura, and K. Shimizu. 2001. “Measure-
ment of Urinary and Fecal Steroid Metabolites During the Ovarian
Cycle in Captive and Wild Japanese Macaques, Macaca fuscata.”
American Journal of Primatology 53, no. 4: 167-176. https://doi.org/10.
1002/ajp.3.

Fiirtbauer, 1., C. Christensen, A. Bracken, M. J. O'Riain, M. Heistermann,
and A. J. King. 2020. “Energetics at the Urban Edge: Environmental and
Individual Predictors of Urinary C-Peptide Levels in Wild Chacma Baboons
(Papio ursinus).” Hormones and Behavior 126: 104846. https://doi.org/10.
1016/j.yhbeh.2020.104846.

Fiirtbauer, 1., O. Schiilke, M. Heistermann, and J. Ostner. 2010.
“Reproductive and Life History Parameters of Wild Female Macaca
assamensis.” International Journal of Primatology 31, no. 4: 501-517.
https://doi.org/10.1007/s10764-010-9409-3.

Gerber, P., P. Moisson, and M. Heistermann. 2004. “Urinary Pro-
gestogen and Estrogen Excretion During Pregnancy in Eulemur
macaco flavifrons, E. rubriventer, and Hapalemur griseus occidenta-
lis.” International Journal of Primatology 25, no. 2: 449-463. https://
doi.org/10.1023/B:1JOP.0000019161.01299.d7.

Graham, L., F. Schwarzenberger, E. Mostl, W. Galama, and A. Savage.
2001. “A Versatile Enzyme Immunoassay for the Determination of
Progestogens in Feces and Serum.” Zoo Biology 20, no. 3: 227-236.
https://doi.org/10.1002/z00.1022.

Hashimoto, C., H. Ryu, K. Mouri, K. Shimizu, T. Sakamaki, and
T. Furuichi. 2022. “Physical, Behavioral, and Hormonal Changes in the
Resumption of Sexual Receptivity During Postpartum Infertility in
Female Bonobos at Wamba.” Primates 63, no. 2: 109-121. https://doi.
0rg/10.1007/510329-021-00968-w.

Heesen, M., S. Rogahn, J. Ostner, and O. Schiilke. 2013. “Food Abun-
dance Affects Energy Intake and Reproduction in Frugivorous Female
Assamese Macaques.” Behavioral Ecology and Sociobiology 67, no. 7:
1053-1066. https://doi.org/10.1007/s00265-013-1530-9.

Heistermann, M. 2010. “Non-Invasive Monitoring of Endocrine Status
in Laboratory Primates: Methods, Guidelines and Applications.”
Advances in Science & Research 1: 1-9. https://doi.org/10.5194/asr-
1-1-2010.

Heistermann, M., M. Finke, and J. K. Hodges. 1995. “Assessment of
Female Reproductive Status in Captive-Housed Hanuman Langurs
(Presbytis entellus) by Measurement of Urinary and Fecal Steroid Ex-
cretion Patterns.” American Journal of Primatology 37, no. 4: 275-284.
https://doi.org/10.1002/ajp.1350370402.

Heistermann, M., and J. K. Hodges. 1995. “Endocrine Monitoring of the
Ovarian Cycle and Pregnancy in the Saddle-Back Tamarin (Saguinus
fuscicollis) by Measurement of Steroid Conjugates in Urine.” American
Journal of Primatology 35, no. 2: 117-127. https://doi.org/10.1002/ajp.
1350350204

Heistermann, M., U. Mohle, H. Vervaecke, L. van Elsacker, and
J. Keith Hodges. 1996. “Application of Urinary and Fecal Steroid
Measurements for Monitoring Ovarian Function and Pregnancy in the
Bonobo (Pan paniscus) and Evaluation of Perineal Swelling Patterns in
Relation to Endocrine Eventsl.” Biology of Reproduction 55, no. 4:
844-853. https://doi.org/10.1095/biolreprod55.4.844.

Hidayatik, N., M. Agil, M. Heistermann, E. Iskandar, T. L. Yusuf, and
D. Sajuthi. 2018. “Assessing Female Reproductive Status of Spectral
Tarsier (Tarsius tarsier) Using Fecal Steroid Hormone Metabolite
Analysis.” American Journal of Primatology 80, no. 11: €22917. https://
doi.org/10.1002/ajp.22917.

Higham, J. P. 2016. “Field Endocrinology of Nonhuman Primates: Past,
Present, and Future.” Hormones and Behavior 84: 145-155. https://doi.
org/10.1016/j.yhbeh.2016.07.001.

Hodgen, G. D., M. L. Dufau, K. J. Catt, and W. W. Tullner. 1972. “Es-
trogens, Progesterone and Chorionic Gonadotropin in Pregnant Rhesus
Monkeys.” Endocrinology 91, no. 4: 896-900. https://doi.org/10.1210/
endo-91-4-896.

Hodges, J. K., J. Brown, and M. Heistermann. 2010. “Endocrine mon-
itoring of reproduction and stress.” In Wild mammals in captivity:
Principles and techniques for zoo management, 447-468. The University
of Chicago Press.

Hodges, J. K., and M. Heistermann. 2011. “Field endocrinology: Mon-
itoring hormonal changes in free-ranging primates.” In Field and
Laboratory Methods in Primatology. A practical guide, edited by J. M.
Setchell and D. J. Curtis, 1-20, 2nd ed., 353-370. Cambridge University
Press.

Jarcho, M. R., S. P. Mendoza, and K. L. Bales. 2012. “Hormonal and
Experiential Predictors of Infant Survivorship and Maternal Behavior in
a Monogamous Primate (Callicebus cupreus).” American Journal of
Primatology 74, no. 5: 462-470. https://doi.org/10.1002/ajp.22003.

Kamilar, J. M., and N. Cooper. 2013. “Phylogenetic Signal in Primate
Behaviour, Ecology and Life History.” Philosophical Transactions of the
Royal Society, B: Biological Sciences 368, no. 1618. https://doi.org/10.
1098/rstb.2012.0341.

Kappeler, P. M., M. E. Pereira, and C. P. van Schaik. 2003. “Primate Life
Histories and Socioecology.” In Primate life histories and socioecology, edited
by P. M. Kappeler and M. E. Pereira, 1-20. University of Chicago Press.

Karaskiewicz, C. L., M. Ramirez, and K. L. Bales. 2023. “Physiological
and Behavioral Effects of Hormonal Contraceptive Treatment in

10 of 12

American Journal of Primatology, 2025

85U80|7 SUOWIWOD 8A1TE81D 3|dedl|dde aup Aq peusenob afe Saolle YO ‘8Sn JO SaINJ Joj AkeidT8UlUO AB|IAA UO (SUONIPUOD-PUR-SWBI WD A8 | 1M AleIq | Ul UO//:SdNY) SUOIPUOD pue swie | 81 88S *[6202/80/02] UO AfeiqiTauluo A8|IM ‘wniuezusiew Lid seyosineq Aq 5900£ 'de/z00T 0T/10p/wod A8 |imAeiq Ul |uo//Sdny Wo.j pepeojumod ‘g ‘5202 ‘SE2860T


https://doi.org/10.1095/biolreprod28.2.289
https://doi.org/10.1095/biolreprod28.2.289
https://doi.org/10.1006/anbe.2003.2210
https://doi.org/10.1080/15321810902782921
https://doi.org/10.1007/s10764-009-9369-7
https://doi.org/10.1002/ajp.20174
https://doi.org/10.1002/ajp.20174
https://doi.org/10.1016/j.anbehav.2003.09.006
https://doi.org/10.1016/j.anbehav.2003.09.006
https://doi.org/10.1097/OGX.0b013e3181932a37
https://doi.org/10.1097/OGX.0b013e3181932a37
https://doi.org/10.1002/ajp.3
https://doi.org/10.1002/ajp.3
https://doi.org/10.1016/j.yhbeh.2020.104846
https://doi.org/10.1016/j.yhbeh.2020.104846
https://doi.org/10.1007/s10764-010-9409-3
https://doi.org/10.1023/B:IJOP.0000019161.01299.d7
https://doi.org/10.1023/B:IJOP.0000019161.01299.d7
https://doi.org/10.1002/zoo.1022
https://doi.org/10.1007/s10329-021-00968-w
https://doi.org/10.1007/s10329-021-00968-w
https://doi.org/10.1007/s00265-013-1530-9
https://doi.org/10.5194/asr-1-1-2010
https://doi.org/10.5194/asr-1-1-2010
https://doi.org/10.1002/ajp.1350370402
https://doi.org/10.1002/ajp.1350350204
https://doi.org/10.1002/ajp.1350350204
https://doi.org/10.1095/biolreprod55.4.844
https://doi.org/10.1002/ajp.22917
https://doi.org/10.1002/ajp.22917
https://doi.org/10.1016/j.yhbeh.2016.07.001
https://doi.org/10.1016/j.yhbeh.2016.07.001
https://doi.org/10.1210/endo-91-4-896
https://doi.org/10.1210/endo-91-4-896
https://doi.org/10.1002/ajp.22003
https://doi.org/10.1098/rstb.2012.0341
https://doi.org/10.1098/rstb.2012.0341

Captive, Pair-Bonded Primates (Plecturocebus cupreus).” Journal of the
American Association for Laboratory Animal Science 62, no. 6: 494-501.
https://doi.org/10.30802/AALAS-JAALAS-23-000017.

Koenig, A., C. Borries, S. Suarez, K. Kreetiyutanont, and J. Prabnasuk.
2004. “Socio-Ecology of Phayre'sleaf Monkeys (Trachypithecus phayrei)
at Phu Khieo Wildlife Sanctuary.” Journal of Wildlife in Thailand 12:
150-163.

Kumsuk, M., K. Kreetiyutanont, V. Suvannakorn, and N. Sanguanyat
(1999). “Diversity of wildlife vertebrates in Phu Khieo Wildlife Sanc-
tuary, Chaiyaphum Province.” Bangkok: PKWS, Royal Forest
Department.

Levitz, M., and B. K. Young. 1978. “Estrogens in pregnancy.” In In
Vitamins & Hormones (35, 109-147. Elsevier. https://doi.org/10.1016/
S0083-6729(08)60522-1.

Martin, R. D. 2007. “The Evolution of Human Reproduction: A Pri-
matological Perspective.” American Journal of Physical Anthropology
134, no. S45: 59-84. https://doi.org/10.1002/ajpa.20734.

Matsumuro, M., T. Sankai, F. Cho, Y. Yoshikawa, and T. Yoshida. 1999.
“A Two-Step Extraction Method to Measure Fecal Steroid Hormones in
Female Cynomolgus Monkeys (Macaca fascicularis).” American Journal
of Primatology 48, no. 4: 291-298. https://doi.org/10.1002/(SICI)1098-
2345(1999)48:4<291::AID-AJP4>3.0.CO;2-6.

Mesiano, S. 2001. “Roles of estrogen and progesterone in human par-
turition.” In Frontiers of Hormone Research, edited by R. Smith, 27,
86-104. KARGER. https://doi.org/10.1159/000061038.

Miller, R. C., E. Brindle, D. J. Holman, et al. 2004. “Comparison of
Specific Gravity and Creatinine for Normalizing Urinary Reproductive
Hormone Concentrations.” Clinical Chemistry 50, no. 5: 924-932.
https://doi.org/10.1373/clinchem.2004.032292.

Monfort, S. L., D. L. Hess, S. E. Shideler, S. J. Samuels, A. G. Hendrickx,
and B. L. Lasley. 1987. “Comparison of Serum Estradiol to Urinary
Estrone Conjugates in the Rhesus Macaque (Macaca mulatta)l.”
Biology of Reproduction 37: 832-837. https://doi.org/10.1095/
biolreprod37.4.832.

Moorman, E. A,, S. P. Mendoza, S. E. Shideler, and B. L. Lasley. 2002.
“Excretion and Measurement of Estradiol and Progesterone Metabolites
in the Feces and Urine of Female Squirrel Monkeys (Saimiri sciureus).”
American Journal of Primatology 57, no. 2: 79-90. https://doi.org/10.
1002/2jp.10036.

Munro, C., and G. Stabenfeldt. 1984. “Development of a Microtitre Plate
Enzyme Immunoassay for the Determination of Progesterone.” Journal of
Endocrinology 101, no. 1: 41-49. https://doi.org/10.1677/joe.0.1010041.

Munro, C. J., G. H. Stabenfeldt, J. R. Cragun, L. A. Addiego,
J. W. Overstreet, and B. L. Lasley. 1991. “Relationship of Serum Es-
tradiol and Progesterone Concentrations to the Excretion Profiles of
Their Major Urinary Metabolites as Measured by Enzyme Immunoassay
and Radioimmunoassay.” Clinical Chemistry 37, no. 6: 838-844.

Noyola-Martinez, N., A. Halhali, and D. Barrera. 2019. “Steroid Hor-
mones and Pregnancy.” Gynecological Endocrinology 35, no. 5: 376-384.
https://doi.org/10.1080/09513590.2018.1564742.

Ostner, J., and M. Heistermann. 2003. “Endocrine Characterization of
Female Reproductive Status in Wild Redfronted Lemurs (Eulemur ful-
vus rufus).” General and Comparative Endocrinology 131, no. 3: 274-283.
https://doi.org/10.1016/S0016-6480(03)00013-3.

Ostner, J., M. Heistermann, and P. M. Kappeler. 2003. “Intersexual
Dominance, Masculinized Genitals and Prenatal Steroids: Comparative
Data From Lemurid Primates.” Naturwissenschaften 90, no. 3: 141-144.
https://doi.org/10.1007/500114-003-0404-9.

Peter, I. D., A. W. Haron, F. F. A. Jesse, et al. 2018. “Opportunities and
Challenges Associated With Fecal Progesterone Metabolite Analysis.”
Veterinary World 11, no. 10: 1466-1472. https://doi.org/10.14202/
vetworld.2018.1466-1472.

Pethig, L., A. Ozgul, M. Heistermann, C. Fichtel, and P. M. Kappeler.
2025. “Prenatal Sex Determination Illuminates the Unusual Adult Sex
Ratio of a Group-Living Lemur.” Biology Letters 21, no. 2: 20240418.
https://doi.org/10.1098/rsbl.2024.0418.

Phillips, R. S., and C. J. Wheaton. 2008. “Urinary Steroid Hormone
Analysis of Ovarian Cycles and Pregnancy in Mandrills (Mandrillus
sphinx) Indicate That Menses, Copulatory Behavior, Sexual Swellings
and Reproductive Condition are Associated With Changing Estrone
Conjugates (E; C) and pregnanediol-3-glucuronide (PdG).” Zoo Biology
27, no. 4: 320-330. https://doi.org/10.1002/200.20192.

Richter, C., M. Heesen, O. Nenadi¢, J. Ostner, and O. Schiilke. 2016.
“Males Matter: Increased Home Range Size is Associated With the
Number of Resident Males After Controlling for Ecological Factors in
Wild Assamese Macaques.” American Journal of Physical Anthropology
159, no. 1: 52-62. https://doi.org/10.1002/ajpa.22834.

Saltzman, W., S. D. Tardif, and J. N. Rutherford. 2011. “Hormones and
reproductive cycles in primates.” In Hormones and Reproduction of
Vertebrates, 291-327. Elsevier. https://doi.org/10.1016/B978-
0-12-374928-4.10013-6.

Savage, A., B. L. Lasley, A. J. Vecchio, A. E. Miller, and S. E. Shideler.
1995. “Selected Aspects of Female White-Faced Saki (Pithecia pithecia)
Reproductive Biology in Captivity.” Zoo Biology 14, no. 5: 441-452.
https://doi.org/10.1002/z00.1430140506.

Scheun, J., J. Nowack, N. C. Bennett, and A. Ganswindt. 2016. “Female
Reproductive Activity and Its Endocrine Correlates in the African
Lesser Bushbaby, Galago moholi.” Journal of Comparative Physiology B
186, no. 2: 255-264. https://doi.org/10.1007/s00360-015-0947-z.

Schiilke, O., D. Pesek, B. J. Whitman, and J. Ostner. 2011. “Ecology of
Assamese Macaques (Macaca assamensis) at Phu Khieo Wildlife Sanc-
tuary, Thailand.” Journal of Wildlife in Thailand 18, no. 1: 1-15.

Shideler, S. E., N. M. Czekala, K. Benirschke, and B. L. Lasley. 1983.
“Urinary Estrogens During Pregnancy of the Ruffed Lemur (Lemur
Variegatus) 1.” Biology of Reproduction 28, no. 4: 963-969. https://doi.
org/10.1095/biolreprod28.4.963.

Shideler, S. E., C. J. Munro, L. Tell, et al. 1990. “The Relationship of
Serum Estradiol and Progesterone Concentrations to the Enzyme
Immunoassay Measurements of Urinary Estrone Conjugates and
Immunoreactive pregnanediol-3-glucuronide in Macaca mulatta.”
American Journal of Primatology 22, no. 2: 113-122. https://doi.org/10.
1002/ajp.1350220205.

Shideler, S. E., C. H. L. Shackieton, F. M. Moran, P. Stauffer,
P. N. Lohstroh, and B. L. Lasley. 1993. “Enzyme Immunoassays for
Ovarian Steroid Metabolites in the Urine of Macaca fascicularis.”
Journal of Medical Primatology 22, no. 5: 301-312. https://doi.org/10.
1111/j.1600-0684.1993.tb00675.X.

Shimizu, K. 2005. “Studies on Reproductive Endocrinology in Non-
Human Primates: Application of Non-Invasive Methods.” Journal of
Reproduction and Development 51, no. 1: 1-13. https://doi.org/10.1262/
jrd.51.1.

Shimizu, K., and K. Mouri. 2018. “Enzyme Immunoassays for Water-
Soluble Steroid Metabolites in the Urine and Feces of Japanese
Macaques (<I>Macaca fuscata<</I>>) Using a Simple Elution
Method.” Journal of Veterinary Medical Science 80, no. 7: 1138-1145.
https://doi.org/10.1292/jvms.17-0507.

Shimizu, K., T. Udono, C. Tanaka, et al. 2003. “Comparative Study of
Urinary Reproductive Hormones in Great Apes.” Primates 44, no. 2:
183-190. https://doi.org/10.1007/s10329-002-0021-9.

Shivani, M., S. Meesawat, O. Schiilke, and J. Ostner. 2025. “Females
prioritize future over current offspring in wild seasonally breeding
Assamese macaques.” Proceedings of the Royal Society B: Biological
Sciences 292, no. 2049: 20250024. http://doi.org/10.1098/rspb.2025.0024.

Thierry, B., M. Heistermann, F. Aujard, and J. K. Hodges. 1996. “Long-
Term Data on Basic Reproductive Parameters and Evaluation of

11 of 12

85U80|7 SUOWIWOD 8A1TE81D 3|dedl|dde aup Aq peusenob afe Saolle YO ‘8Sn JO SaINJ Joj AkeidT8UlUO AB|IAA UO (SUONIPUOD-PUR-SWBI WD A8 | 1M AleIq | Ul UO//:SdNY) SUOIPUOD pue swie | 81 88S *[6202/80/02] UO AfeiqiTauluo A8|IM ‘wniuezusiew Lid seyosineq Aq 5900£ 'de/z00T 0T/10p/wod A8 |imAeiq Ul |uo//Sdny Wo.j pepeojumod ‘g ‘5202 ‘SE2860T


https://doi.org/10.30802/AALAS-JAALAS-23-000017
https://doi.org/10.1016/S0083-6729(08)60522-1
https://doi.org/10.1016/S0083-6729(08)60522-1
https://doi.org/10.1002/ajpa.20734
https://doi.org/10.1002/(SICI)1098-2345(1999)48:4%3C291::AID-AJP4%3E3.0.CO;2-6
https://doi.org/10.1002/(SICI)1098-2345(1999)48:4%3C291::AID-AJP4%3E3.0.CO;2-6
https://doi.org/10.1159/000061038
https://doi.org/10.1373/clinchem.2004.032292
https://doi.org/10.1095/biolreprod37.4.832
https://doi.org/10.1095/biolreprod37.4.832
https://doi.org/10.1002/ajp.10036
https://doi.org/10.1002/ajp.10036
https://doi.org/10.1677/joe.0.1010041
https://doi.org/10.1080/09513590.2018.1564742
https://doi.org/10.1016/S0016-6480(03)00013-3
https://doi.org/10.1007/s00114-003-0404-9
https://doi.org/10.14202/vetworld.2018.1466-1472
https://doi.org/10.14202/vetworld.2018.1466-1472
https://doi.org/10.1098/rsbl.2024.0418
https://doi.org/10.1002/zoo.20192
https://doi.org/10.1002/ajpa.22834
https://doi.org/10.1016/B978-0-12-374928-4.10013-6
https://doi.org/10.1016/B978-0-12-374928-4.10013-6
https://doi.org/10.1002/zoo.1430140506
https://doi.org/10.1007/s00360-015-0947-z
https://doi.org/10.1095/biolreprod28.4.963
https://doi.org/10.1095/biolreprod28.4.963
https://doi.org/10.1002/ajp.1350220205
https://doi.org/10.1002/ajp.1350220205
https://doi.org/10.1111/j.1600-0684.1993.tb00675.x
https://doi.org/10.1111/j.1600-0684.1993.tb00675.x
https://doi.org/10.1262/jrd.51.1
https://doi.org/10.1262/jrd.51.1
https://doi.org/10.1292/jvms.17-0507
https://doi.org/10.1007/s10329-002-0021-9
http://doi.org/10.1098/rspb.2025.0024

Endocrine, Morphological, and Behavioral Measures for Monitoring
Reproductive Status in a Group of Semifree-Ranging Tonkean
Macaques (Macaca tonkeana).” American Journal of Primatology 39, no.
1: 47-62. https://doi.org/10.1002/(SICI)1098-2345(1996)39:1<47::AID-
AJP4>3.0.CO;2-S.

Toriola, A. T., M. Viidrdsmaiki, M. Lehtinen, et al. 2011. “Determinants
of Maternal Sex Steroids During the First Half of Pregnancy.” Obstetrics
and Gynecology 118, no. 5: 1029-1036. https://doi.org/10.1097/A0G.
0b013e3182342b71.

Touitou, S., M. Heistermann, O. Schiilke, and J. Ostner. 2021a. “The
Effect of Reproductive State on Activity Budget, Feeding Behavior, and
Urinary C-Peptide Levels in Wild Female Assamese Macaques.”
Behavioral Ecology and Sociobiology 75, no. 9: 128. https://doi.org/10.
1007/800265-021-03058-5.

Touitou, S., M. Heistermann, O. Schiilke, and J. Ostner. 2021b. “Tri-
iodothyronine and Cortisol Levels in the Face of Energetic Challenges
From Reproduction, Thermoregulation and Food Intake in Female
Macaques.” Hormones and Behavior 131: 104968. https://doi.org/10.
1016/j.yhbeh.2021.104968.

Upton, G., and I. Cook. 2008. A dictionary of statistics (2nd ed. Oxford
University Press. https://doi.org/10.1093/acref/9780199541454.
001.0001.

Venners, S. A. 2006. “Urinary Estrogen and Progesterone Metabolite
Concentrations in Menstrual Cycles of Fertile Women With Non-
Conception, Early Pregnancy Loss or Clinical Pregnancy.” Human
Reproduction 21, no. 9: 2272-2280. https://doi.org/10.1093/humrep/
del187.

Whitten, P. L., D. K. Brockman, and R. C. Stavisky. 1998. “Recent
Advances in Noninvasive Techniques to Monitor Hormone-Behavior
Interactions.” American Journal of Physical Anthropology 107, no. S27:
1-23. https://doi.org/10.1002/(SICI)1096-8644(1998)107:27+<1::AID-
AJPA2>3.0.CO;2-H.

Ziegler, T. E., S. A. Sholl, G. Scheffler, M. A. Haggerty, and B. L. Lasley.
1989. “Excretion of Estrone, Estradiol, and Progesterone in the Urine
and Feces of the Female Cotton-Top Tamarin (Saguinus oedipus oedi-
pus).” American Journal of Primatology 17, no. 3: 185-195. https://doi.
0rg/10.1002/ajp.1350170302.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.
Supplement Figures all 19 E1C profiles. Supplement Table S1.

12 of 12

American Journal of Primatology, 2025

85U80|7 SUOWIWOD 8A1TE81D 3|dedl|dde aup Aq peusenob afe Saolle YO ‘8Sn JO SaINJ Joj AkeidT8UlUO AB|IAA UO (SUONIPUOD-PUR-SWBI WD A8 | 1M AleIq | Ul UO//:SdNY) SUOIPUOD pue swie | 81 88S *[6202/80/02] UO AfeiqiTauluo A8|IM ‘wniuezusiew Lid seyosineq Aq 5900£ 'de/z00T 0T/10p/wod A8 |imAeiq Ul |uo//Sdny Wo.j pepeojumod ‘g ‘5202 ‘SE2860T


https://doi.org/10.1002/(SICI)1098-2345(1996)39:1%3C47::AID-AJP4%3E3.0.CO;2-S
https://doi.org/10.1002/(SICI)1098-2345(1996)39:1%3C47::AID-AJP4%3E3.0.CO;2-S
https://doi.org/10.1097/AOG.0b013e3182342b7f
https://doi.org/10.1097/AOG.0b013e3182342b7f
https://doi.org/10.1007/s00265-021-03058-5
https://doi.org/10.1007/s00265-021-03058-5
https://doi.org/10.1016/j.yhbeh.2021.104968
https://doi.org/10.1016/j.yhbeh.2021.104968
https://doi.org/10.1093/acref/9780199541454.001.0001
https://doi.org/10.1093/acref/9780199541454.001.0001
https://doi.org/10.1093/humrep/del187
https://doi.org/10.1093/humrep/del187
https://doi.org/10.1002/(SICI)1096-8644(1998)107:27%2B%3C1::AID-AJPA2%3E3.0.CO;2-H
https://doi.org/10.1002/(SICI)1096-8644(1998)107:27%2B%3C1::AID-AJPA2%3E3.0.CO;2-H
https://doi.org/10.1002/ajp.1350170302
https://doi.org/10.1002/ajp.1350170302

	Assessing Gestation and Fetal Sex in Wild Assamese Macaques Using Urinary Estrogen Analysis
	1 Introduction
	2 Materials and Methods
	Study Population and Sample Collection
	Hormone Measurement
	Statistical Analysis
	2.0.1 Data Preparation
	2.0.2 E1C Levels Across a Reproductive Year
	2.0.3 Calculating a Threshold for Pregnancy Determination
	2.0.4 Assessing the Effect of Fetal Sex


	3 Results
	Serial Dilution
	Biological Validation
	E1C Levels Across a Reproductive Year

	4 Discussion
	5 Conclusion
	Author Contributions
	Acknowledgments
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information




