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Pregnancy status is a key parameter used to assess reproductive performance of a species as it represents a
starting point for measuring vital rates. Vital rates allow managers to determine trends in populations such as
neonate survival and recruitment; two important factors in ungulate population growth rates. Techniques to
determine pregnancy have generally involved capture and restraint of the animal to obtain blood samples for
determining serum hormone levels. Non-invasive pregnancy assessment, via feces, eliminates any hazards be-
tween handler and animal, as well as removes handling-induced physiological biases. Using noninvasive fecal
sampling, we conducted hormone validations, investigated pregnancy rates, and determined hormone degra-
dation rates across five subpopulations of pronghorn (Antilocapra americana) in Idaho. Samples were collected
during April-May of 2018 and 2019 from adult pronghorn of known sex and age class. Metabolites of testos-
terone, cortisol, 17p-estradiol, and progesterone were measured in fecal samples, and concentrations of estradiol
and progesterone were examined for pregnancy determination. Average fecal progesterone metabolite (FPM)
levels of pregnant females were more than double compared to levels of nonpregnant females. Fecal estrogen
metabolite (FEM) levels did not differ during concurrent sampling. The largest difference in FPM levels between
pregnant and nonpregnant females began on 28 April. Pregnancy determination sampling showed average FPM
levels for all five subpopulations were significantly different than the nonpregnant female validation group.
Nonetheless, pregnancy rates for some subpopulations lacked conclusive estimates due to early fecal sampling.
Fecal glucocorticoid metabolites (FGM) levels significantly differed between pregnant females and male
pronghorn, but did not differ from nonpregnant females. Degradation rates of FPM and FGM differed across days,
with values for FPM from Day 1 being significantly different from all subsequent days, and after Day 9 for FGM,
demonstrating the requirement of fresh samples to accurately measure hormone concentrations. We concluded
that a noninvasive method to diagnosis pregnancy is possible in pronghorn via progesterone metabolites if fresh
samples are collected during late gestation.

1. Introduction

Pronghorn antelope are an iconic wildlife species of sagebrush
(Artemisia spp.) and grassland ecosystems in western North America
(Reinking et al., 2018). Pronghorn have the unique distinction among
mammals to be the only members of the order Antilocapridae and Genus
Antilocapra (Harveson, 2006). Current distribution of pronghorn is but a
fraction of their historic range (Yoakum, 2004), prompting research into
techniques for monitoring population status. Monitoring population
vital rates (i.e., pregnancy, litter size, fetal and juvenile survival) allows
managers to estimate trends in population growth rates, as well as
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mechanistic relationships between environmental factors and specific
vital rates of population demography (Todd and Rothermel, 2006;
DeCesare et al., 2012).

The general health and stability of a population reflects its capacity
to reproduce, given that decreased reproduction is usually the first
physiological loss that may result from severe stress (Lasley and Kirk-
patrick, 1991). Pregnancy status is a key parameter commonly used to
assess reproductive performance because, following ovulation, it rep-
resents a starting point for succeeding measurements of vital rates,
including neonatal survival, and recruitment of individuals into a pop-
ulation (Ramsay and Sadlier, 1979; Messier et al., 1990; Kirkpatrick
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et al., 1993; Russell et al., 1998; Stoops et al., 1999; Cain et al., 2012).
The most important factor in pronghorn population growth is generally
considered to be fawn survival and recruitment (O'Gara and Shaw,
2004).

Determining pregnancy in wild ungulates is inherently difficult and
presents a serious challenge to researchers interested in reproduction in
free-ranging animals (Cain et al., 2012). Generally, techniques used to
directly assess pregnancy in individuals has involved capture and re-
straint of the animal. There are hazards associated with handling ani-
mals, some of which may bias the results of intended research (Welsh
and Johnson, 1981; Cain et al., 2012). Hormone monitoring was origi-
nally developed in zoos where the reproductive biology of captive ani-
mals could be evaluated through excretion profiles of gonadal steroid
metabolites. Captive animal studies allowed for longitudinal charac-
terization of reproductive cycles, monitoring of treatment therapies, and
provided insight into the mechanisms associated with hormones,
behavior, and seasonality (Lasley and Kirkpatrick, 1991).

Given that successful management of wildlife requires the under-
standing of reproductive biology, techniques can be extended from
captive to wild, free-range settings (Lasley and Kirkpatrick, 1991).
Development of noninvasive techniques for assessing pregnancy in
uncaptured ungulates is an active area of research that promises to
provide biologists and managers with a new and useful tool for the study
of reproduction without risk to the animal (Messier et al., 1990). The
ability to collect noninvasive, repetitive biological samples containing
physiological information makes urine and fecal sampling superior to
invasive methods which may compromise the physiological state of wild
animals (Stoops et al., 1999). During pregnancy in most mammals,
estradiol and progesterone are produced by the placenta and ovaries
(Messier et al., 1990) and are excreted in feces (Desaulniers et al., 1989).
Therefore, estradiol or progesterone metabolite concentrations can be
measured to assess the pregnancy status of animals (Lasley, 1985). Re-
petitive sampling has proven unnecessary for pregnancy assessment
(Garrott et al., 1998; Linklater et al., 2000; Schoenecker et al., 2004).
More importantly, the timing of fecal collections, in relation to partu-
rition, is critical to ensuring single sample efficiency (Garrott et al.,
1998; Schoenecker et al., 2004).

Analysis of fecal steroid concentrations has been used to determine
pregnancy in several wild ungulate species, including caribou (Rangifer
tarandus; Messier et al., 1990), elk (Cervus canadensis; White et al., 1995;
Garrott et al., 1998; Stoops et al., 1999), and bison (Bison bison; Cain
et al., 2012). Previous techniques used for determining pregnancy in
pronghorn included transrectal ultrasound (Canon et al., 1997) and
serum progesterone (O’Gara, 2004). These methods involved handling
and physical restraint of the animal, which presented potential hazards
to both the animal (Peterson et al., 2003) and the handler (Jessup et al.,
1988). Pronghorn are especially sensitive to stress and mortality from
capture (Kreeger et al., 2002), thus, alternative methods, such as
noninvasive sampling are appealing (Woodruff et al., 2016). Steroid
concentrations in feces reflect an integrated average of those found in
plasma, but have a lag time, that depending on the species, ranged from
12 h to greater than 2 days compared to the immediate snapshot of
plasma concentrations. (Schwarzenberger et al., 1996; Sheriff et al.,
2011).

Sex, reproductive status, and age of an animal influence glucocorti-
coid production (Romero, 2002). In mammals, these glucocorticoids are
linked with suppressive effects on male and female reproduction. These
affects impact males and females differently, but broadly can affect
ovulation and uterine maturation in females and hormone production in
males (Wingfield and Sapolsky, 2003). Reproduction, particularly in the
female, is a highly costly anabolic state (Sapolsky et al., 2000). Females
experience elevated cortisol levels from middle to late gestation, parallel
with progesterone, and sharply decline following parturition to levels
that are still greater than males or nonpregnant females (Atkinson and
Waddell, 1995). This increase in cortisol into late gestation is thought to
assist in multiple aspects of female survival and natal development;
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including, decreased cortisol sensitivity to protect the developing fetus
(Reeder and Kramer, 2005), increased fat stores to support lactation,
promote contraction of the uterus, expulsion of the fetus, and rejection
of the placenta (Mor et al., 2011; Shi et al., 2021). Iteroparous males
tend to have higher basal and stress-induced cortisol levels than females
during the breeding season (Boonstra et al., 2001), when testosterone
levels are also elevated, which is likely the result of territory establish-
ment, male-male competition and any dominance interactions (Creel,
2001, 2005), compared to the nonbreeding season.

Our overall goal of this study was to evaluate noninvasive fecal
sampling to determine pregnancy rates in pronghorn and document the
natural variation in fecal hormone metabolites when collected from a
wild, free-ranging ungulate population. The objectives of this study were
to first, understand and validate natural differences in fecal sex steroid
metabolites among pregnant and nonpregnant females and male
pronghorn, and determine the viability of fecal steroid metabolites as a
means of detecting pregnancy, as well as how these levels vary spatially
(i.e., among different subpopulations) and over time (i.e., across the
reproductive season). Second, evaluate the use of visual diagnosis of
pregnancy to associated fecal hormone metabolites. Third, document
pregnancy rates of female pronghorn across five subpopulations, and
lastly, determine degradation rates of fecal steroid hormones for
pronghorn.

Our first hypothesis was that fecal progesterone metabolites (FPM)
would accurately reflect pregnancy status, and thus we predicted that
FPMs would significantly differ in pregnant females compared to
nonpregnant females. Our second hypothesis was that FGM concentra-
tions would be significantly different in pregnant females compared to
nonpregnant females and males due to the internal processes of preg-
nancy. As such, we predicted a larger variance of FGM concentrations in
pregnant females compared to nonpregnant females and males, given
the physiological implications of gestation, and that timing of sample
collection occurred at varying gestational stages across all sub-
populations. Further, we predicted pregnancy rates among adult female
pronghorn would be consistent across the five subpopulations samples.
Lastly, we predicted fecal hormone metabolites, from female pronghorn,
would decrease in feces with prolonged exposure to the elements as part
of our fecal hormone degradation study.

2. Material and methods
2.1. Study area

This study was conducted within five pronghorn subpopulations
throughout southern and southeastern Idaho that represent the breadth
of habitat types and pronghorn population productivity in the state
(Fig. 1; Smyser, 2008). Study subpopulations included; Jarbidge, Camas
Prairie, Little Wood, Birch Creek, and Pahsimeroi. The Jarbidge study
site has a resident pronghorn subpopulation occupying desert habitat.
Based on Idaho’s GAP analysis land cover classification (Scott et al.
2002), basin and Wyoming big sagebrush (Artemisia tridentata tridentata
and A. t. wyomingensis) are the dominant cover types. Perennial grasses
(i.e., crested wheatgrass [Agropyron cristatum]) were the next most
dominant cover type; with the remaining landscape being a mix of low
sagebrush (Artemesia arbuscula), antelope bitterbrush (Purshia tri-
dentata), and rabbit brush (Chrysothamnus spp.) communities. The
Camas Prairie study site has a migratory pronghorn subpopulation
persisting largely on agricultural lands through the summer months.
Alfalfa (Medicago sativa) is the dominant crop followed by barley (Hor-
deum vulgare) and grass hay, pasture, and conservation reserve program
(CRP) lands (Kinder 2004). Perennial grasses and basin and Wyoming
big sagebrush communities persist on the BLM and state lands in the
study site. The Little Wood study site has a migratory pronghorn sub-
population occupying native shrub-steppe rangelands. Basin and
Wyoming big sagebrush are the dominant vegetation type. Agricultural
land accounts for the next largest habitat type with irrigated alfalfa
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Fig. 1. Study subpopulations within the state of Idaho were geographically disjunct through the pre-migration sampling period. Study subpopulations were selected
to represent the breadth of habitats occupied by pronghorn in Idaho. Grey lines represent county boundaries.

being the primary crop. The remainder of the study area consists of
mountain big sagebrush (A. t. vaseyana), perennial grasslands, and an-
telope bitterbrush. Birch Creek and Pahsimeroi study sites represent
migratory subpopulations inhabiting mountain valley habitats. Low
sagebrush is the dominant vegetation community within the Birch Creek
site while mountain, basin, and Wyoming big sagebrush account for a
large portion of the study site with limited agricultural lands. The
Pahsimeroi subpopulation occupies both the Pahsimeroi and Little lost
valleys where mixed stands of mountain big sagebrush and low sage-
brush dominate much of the landscape. Basin and Wyoming big sage-
brush are the next most abundant cover types and agricultural lands
account for less than within the Birch Creek site (Smyser 2008). Greater
detail of these study sites is available (Smyser 2008).

2.2. Reproductive status

We required known individuals for sample collection in order to
validate FPM and fecal estrogen metabolites (FEM) concentrations
associated with pregnancy, which we separated into two designated
classes: “visibly pregnant” and “visibly nonpregnant” females. Prong-
horn reach sexual maturity at 16-17 months of age (O’Gara, 2004)
meaning any individual older than a yearling located in this study was
classified as an adult. Pronghorn, bearing twins, invest more in repro-
duction than all other ungulate species per reproductive event (Robbins
and Robbins, 1979; Byers and Moodie, 1990), expending considerable
energetic reserves during prenatal and postnatal phases of offspring
development (Robbins and Robbins, 1979; Byers, 1997; O’Gara, 2004).
Pronghorn gestation is longer than other ungulates of a similar size
(O’Gara, 2004; Reinking et al., 2018), and the combined weight of
pronghorn offspring at birth is about 15.5% of maternal weight, making
the ratio of offspring to adult female weight higher than all other un-
gulates (Robbins and Robbins, 1979). Roughly 80% of pronghorn fetal

mass development occurs in the final 50 days of gestation (Robbins and
Robbins, 1979; Barnowe-Meyer et al., 2011). We feel these facts provide
evidence for visual diagnosis of pregnancy in pronghorn during late
gestation.

For the validation study, we defined “visibly pregnant” (hereby
referred to as pregnant) as adult females, at least 2 years old, with a
distinct ventral drop of the abdomen, posterior to the sternum (Fig. 2).
The unique appearance of a distended abdomen in pregnant pronghorn
females has been noted prior (Bromley, 1977). Females lacking the
ventral drop were defined as “visibly nonpregnant” (hereby referred to
as nonpregnant), and this group was comprised mostly of yearling

Fig. 2. Visually-diagnosed differences of pregnant and nonpregnant female
pronghorn. Pregnant individual on the right has ventral drop compared to the
flat abdomen of nonpregnant individual on the left (photo taken mid-May 2019
by Justin Leegard).
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females. This distinction was necessary to ensure proper determination
of pregnancy. Given the objective of this study, we employed a conser-
vative approach when visually diagnosing pregnancy and targeted
sexually immature females (e.g., yearlings) so as not to bias results. We
recognized that using this criterion invited some potential for falsely
classifying pregnancy status, particularly in the nonpregnant group, but
this was unavoidable considering no animals were marked in this study.

2.3. Sample collections

We collected fresh fecal samples from reproductive-aged female
pronghorn (i.e., 2 years and older) during late gestation (April to mid-
May) in 2018 and 2019 for species and hormone validations, to inves-
tigate pregnancy rates, and to determine hormone degradation rates.
Sample timing was due to two factors; unknown dates outside of a 4-
week window we were presented with, given the assumption that all
subpopulations fawned in that window, and ample time to ensure
sample sizes were met per subpopulation prior to parturition. Fecal
collections involved using magnifying optics to identify individuals in
the field to age class, sex, and pregnancy status (only for validation
samples), and, once defecation occurred, used 2-person teams with two-
way radio communication to locate pellet piles. Collections occurred
within minutes following defecation. All fecal samples were labelled
with the date, subpopulation, UTM coordinates, age class, sex, and
identification number on the outside of the Whirl-Pak® (Nasco, Inc.).
Ensuing collection and labelling, samples were stored in an air-
conditioned vehicle, out of direct sunlight, until they could be frozen.
Average time between collection and freezing of samples was five hours.

Freezing fecal samples soon after collection is a valuable method for
preserving FPM (Galama et al., 2004; Peter et al., 2018) as well as FGM
(Hunt and Wasser, 2003) and varying amounts of time between collec-
tion and storage has shown mixed effects on fecal hormone metabolite
concentrations (Mostl et al., 1999; Barja et al., 2012). Fecal samples used
for hormone analyses are sometimes stored in preservatives prior to
freezing, but these treatments could influence the structure and immu-
noreactivity of FGMs in particular (Millspaugh and Washburn, 2004).
Millspaugh and Washburn (2004) recommended freezing samples as
soon as possible, without any chemical treatment, to slow microbial
activity and reduce problems with immunoreactivity. Our samples were
thawed only once prior to extractions, as thawing and warming has been
noted to continue fecal hormone metabolism (Millspaugh et al., 2003;
Mostl et al., 2005), and extractions commenced following sample
thawing.

We collected a total of 82 fecal samples for validation of sex steroid
hormone concentrations. Of these, 72 samples were used for pregnancy
validations with 42 collected from pregnant females and 30 from
nonpregnant females. The remaining 10 samples were collected from
males to be used for male hormone validations. We collected 350 fresh
samples from adults for subpopulation pregnancy rate determination
during the same period with 50 samples each from the Camas Prairie,
Jarbidge, and Little Wood subpopulations, and 100 samples each from
Birch Creek and Pahsimeroi subpopulations. If we were uncertain
whether an individual female pronghorn was sexually mature, we did
not collect a sample. This included individuals by themselves that lacked
a reference for age or size, or individuals perceived to be yearlings based
on overall body size.

We initiated a fecal hormone degradation study for FPM and FGM
levels in pronghorn to test the rate at which naturally occurring bacteria
and bacterial enzymes in feces decompose steroid metabolites following
defecation (Mostl et al., 1999; Wasser et al., 1988). This study was
developed for the benefit of wildlife managers to both understand the
potential utility and interpretation of collecting older fecal samples at
the scale of days rather than hours. Fecal collections for this experiment
were separate from other samples. We located 12 additional pregnant
females on 25 April, 9 May, and 10 May 2018, collected three pellets to
constitute as our “Day 1” sample, and gathered the remainder of the
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fresh pellet pile separately. The three pellets were placed into a small
Whirl-Pak® (Nasco, Inc.) and labelled it as the “Day 1” sample, while the
remainder of the pellets from the same pile were amassed into a separate
large Whirl-Pak®. Field situations and staggered sample collections
were not conducive for immediate start to degradation study so all
samples were frozen until field work was completed. We considered this
initial freeze to be equivalent to an overnight freeze in the spring;
however, if there are any negative impacts of freezing on hormone
detection, each sample should be affected similarly since we standard-
ized freezing of all samples. Rapid freezing of fecal samples is optimal
we did not exceed the advised freezing duration of 90-120 days (Khan
et al., 2002).

Samples from the large Whirl-Pak® were thawed and exposed to
ambient conditions for 40 days from 16 July to 23 August 2018 at the U.
S. Department of Agriculture, Wildlife Services, National Wildlife
Research Center, Predator Research Facility, near Millville, Utah. To
ensure samples were kept separate, we used a wood pallet similar to
Woodruff et al. (2014). We collected 1-2 pellets from each sample at
days 3, 5,7, 11, 14, 20, 25, 30, 35, and 40, post re-exposure, to measure
degradation rates over time. We chose this sampling interval to track the
stability of these fecal hormone metabolites, but also for the interpre-
tation and application of results as aging of fecal pellets at the scale of
hours is more difficult to identify than that of days. We placed pellets in
a Whirl-Pak®, labelled with date, sample ID, day, and froze each sample
until extractions could be run. In addition, we tracked precipitation,
temperature, and maximum percent humidity (based on one-hour time
stamps) during this period from the Logan-Cache airport weather station
(www.wunderground.com). Average high temperature during this
period was 33 °C with a low of 14 °C. Precipitation total was 1.24 cm.

2.4. Fecal extractions

We extracted steroid metabolites from fecal samples using a phos-
phate and methanol wet extraction buffer (Shideler et al., 1993), but
modified to increase yields of estradiol, progesterone, and testosterone
from feces (Bauman and Hardin, 1998). The modification involved
increasing final methanol concentration from 20% to 50% and adding
sodium azide to inhibit bacterial growth (Bauman and Hardin, 1998).
We weighed 20 mL scintillation vials (Wheaton, Milville, NJ, USA) prior
to use, with the lids off to constitute the initial weight. Each fecal sample
was thawed, weighed to 0.50 & 0.01 g wet feces, added to a labelled vial,
and inundated with 5.0 mL of working fecal extraction buffer (50:50
buffer:methanol). Using a clean spatula, we broke up the fecal to
incorporate the buffer and vortexed for 20 s. Vials were placed on a
shaker at 200 rpm for a minimum of 16 h. The liquid was decanted into
12 x 75 mm glass tubes (Fisherbrand, Ontario, Canada) after the vials
were allowed to settle for an hour. Following the decanting, the tubes
were centrifuged for an hour at 3,500 rpm at 4 °C (Beckman Coulter
Allegra™ 6R Centrifuge, Indianapolis, IN, USA). Tubes were decanted
again into clean 1.5 mL microcentrifuge tubes (Fisherbrand) and stored
at —80 °C. The remaining fecal in the glass tubes was poured back into
original scintillation vials and placed in a drying oven until all moisture
was evaporated. Vials were weighed a second time constituting the
sample’s final weight to standardize hormone concentrations based on
fecal weight per sample.

2.5. Enzyme-Linked Immunoassays

We measured steroid hormones using enzyme-linked immunosor-
bent assay kits (ELISA, Enzo Life Sciences, Inc., Farmingdale, NY, USA)
following the manufacturer’s protocol for testosterone, 17f-estradiol,
cortisol, and progesterone, and optimized for pronghorn. Assay kits are
designed for the quantitative determination of hormone in biological
fluid. The testosterone, cortisol, and progesterone ELISAs are based on
competitive binding between mouse monoclonal antibodies and plasma
hormone that occurs on a goat anti-mouse immunoglobulin microtiter
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plate. The 17p-estradiol ELISA is based on competitive binding between
sheep polyclonal antibodies and plasma hormone that occurs on a
donkey anti-sheep immunoglobulin microtiter plate. We labeled 12 x
75 mm glass tubes, number dependent on hormone, to generate stan-
dard curves. Volumes of assay buffer and hormone standard were
dependent upon ELISA kit due to dilution variation (estradiol 1:33;
progesterone 1:50; testosterone 1:33; cortisol 1:20). Minimum detect-
able values were 0.0285 ng/ml for 17p-estradiol, 0.00857 ng/ml for
progesterone, 0.00567 ng/ml for testosterone, and 0.05672 ng/ml for
cortisol. We adjusted the dilution of the sample for individuals whose
output failed to befall on the standard curve. A standard curve was run
for each assay.

Hormone assay kits varied in number of samples, to be run in du-
plicates, per plate, 37 for cortisol and 17f-estradiol, 38 for progesterone,
and 39 for testosterone, which were averaged to calculate the resulting
concentration for each sample. We pipetted standard dilutions, controls,
and zeros (blanks to control for nonspecific binding) onto the plate and
added assay buffer. Each plate was incubated at room temperature on a
titer plate shaker (Lab-Line Instruments, Inc., Kerala, India) for 2 h at
500 rpm. After shaking, we washed each plate four times with the
supplied wash buffer in a plate washer (BioRad, Hercules, CA, USA).
Next, we added p-nitrophenyl phosphate (pNpp) substrate solution to
every well and incubated, either with or without shaking, for 45-60 min
at room temperate, depending on the ELISA kit. Finally, we added stop
solution to every well and read the plates immediately using a micro-
plate reader (BioRad), with optical density and corrections dependent
on the hormone analysis. Standard curves, controls, and controls for
non-specific binding were run on each plate. We displayed standard
curves as four-parameter logistic curves.

Immunoassays for measuring fecal hormone metabolite levels need
to be validated in a species-specific manner to ensure that the hormone
of interest is being properly measured as a metabolite in the feces
(Palme, 2005; Touma and Palme, 2005). Due to the novelty of assay use
in this species, we completed fecal hormone validations for pronghorn
prior to running samples. Validations were established to determine
appropriate hormone concentrations, control for assay precision, and
detect any potential nonspecific binding that would bias results. We
validated fecal glucocorticoid metabolites, progesterone, and 17f-
estradiol metabolites in female and fecal cortisol and testosterone me-
tabolites (FTM) in male pronghorn using the pregnant, nonpregnant,
and male samples. First, we determined parallelism for each hormone
validation (Supplementary Data SD1). Second, we used an extracted
sample from the same individual and generated a spectrum of high to
low volumes to associate with the standard curve (Sheriff et al., 2011).
We began with using 100 pl of extraction solution and diluting in half
until 6.25 pl. Further dilution was necessary if samples were not on the
standard curve. All assay wells during this process were of same indi-
vidual. Third, we added spikes to calculate recovery to ensure only the
hormone of interest was being measured and no binding interference
was occurring. The final step was calculating intra- and inter-assay
variation which serves as a level of certainty that generated values can
be compared with each other. Intra-assay variation was 3.4% for 17p-
estradiol, and 0.3% (assay 1) and 8.7% (assay 2) for cortisol. For
testosterone, samples were completed in one assay with an intra-assay
variation of 0.1%. Progesterone validation was completed in 7 assays
with a mean intra-assay variation of 3.3% and an inter-assay variation of
17.3%. Samples for pregnancy were run in 11 progesterone assays with a
mean intra-assay variation of 4.8%, and inter-assay variation of 22%.
Our degradation study was completed in 5 assays for cortisol with a
mean intra-assay variation of 4.7% and an inter-assay variation of
21.6%. Likewise, the mean intra-assay variation over 5 progesterone
assays was 3.7%, with an inter-assay variation of 28.7%. Assay spikes
and recovery tests, in addition to parallelism curves, were completed for
species validations of fecal hormones (Supplementary Data SD1).
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2.6. Data analysis

Samples were standardized based on dry-weight fecal mass and re-
sults were converted from pg/mL to ng/g of fecal sample. We used
standard descriptive statistics to summarize hormone concentration
results, and Welch’s two sample t-test to test for significance between
validation means in R (R Development Core Team, 2019). All validation
means are reported + standard deviation. For pregnancy determination,
we used Welch’s two sample t-test to test for significance between
pregnancy sample means and nonpregnant validation group and a one-
way analysis of variance (ANOVA) to test for differences among the 5
subpopulation means followed by a Tukey multiple pair-wise compari-
son test (R Development Core Team, 2019). Means for subpopulations
are reported + standard error. For the degradation study, we used a
repeated-measures ANOVA to test the influence of time on degradations
and a pairwise paired t-test to test for significant differences between
time intervals. P-values were adjusted with the Bonferroni multiple
testing correction. We selected the Bonferroni correction because it is
the simplest and most conservative approach. An alpha level of 0.05 was
set for all statistical tests.

3. Results
3.1. Validation of immunoassay

We collected ten validation samples each from pregnant and
nonpregnant females in 2018 to investigate the appropriate fecal sex
steroid hormone (i.e., progesterone or 17f-estradiol) to use for future
pregnancy determination. From these 10 samples, FEM concentrations
were not different between pregnant and nonpregnant females (t = 1.71,
df = 20, p = 0.10) with average concentrations at 2,454.83 ng/g for
pregnant and 1,961.38 ng/g from nonpregnant females, but FPM con-
centrations were (t = 2.98, df =12, p = 0.01; Fig. 3) as pregnant females
had a mean concentration of 17,746.81 ng/g and nonpregnant females
had an average FPM concentration of 7,154.01 ng/g, confirming our
selection of FPM for this study. In response, we increased sample size to
42 for pregnancy validations by collecting 20 additional samples in 2019
and adding the 12 Day 1 samples from our degradation study. Mean
concentrations of FPM from pregnant females remained different from
nonpregnant females (t = -6.15, df = 62, p < 0.05) with an average
concentration of 15,281.78 ng/g of pregnant females and 6,474.35 ng/g
from nonpregnant females. Differences in mean FPM levels between
visually diagnosed pregnant and nonpregnant females, from validation
sampling, became significant on 28 April (t = -4.42, df = 5, p < 0.05;
Fig. 4) where pregnant females had an average FPM of 16,100.93 ng/g
and the nonpregnant female mean FPM was 6898.06 ng/g. Three
pregnant validation samples were removed based on timing of sample
collection. Two additional validation samples (one pregnant and one
nonpregnant) were removed due to potential sampling bias and assay
precision. Males had an average FGM of 7,344.38 ng/g, pregnant female
FGM average was 10,111.30 ng/g, and mean FGM for nonpregnant fe-
males was 10,251.14 ng/g. Mean concentrations of FGM were not
significantly different between pregnant and nonpregnant females (t =
0.21, df = 45, p greater than 0.83), but were different between pregnant
females and males (t = 3.03, df = 44, p < 0.05; Fig. 3). Mean testos-
terone metabolite concentrations for males was 3002.19 (ng/g; Table 1).
Concentrations, sample sizes, and volume of fecal extract used for each
hormone are also reported in Table 1.

3.2. Pregnancy rates among subpopulations

Fecal progesterone metabolite concentrations were different be-
tween the nonpregnant validation groups and the mean of the 350
subpopulation pregnancy samples (p < 0.05; Table 2). Average FPM of
subpopulation pregnancy samples was 16,097.50 ng/g with a range of
10,576.19 to 33,793.00 ng/g. Pregnancy rates estimated at the time of
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Table 1
Steroid hormone metabolite concentrations (ng/g) and associated fecal extraction volumes used from pronghorn antelope fecal analyses in 2018 and 2019. NA = not
applicable.
Pregnant females Nonpregnant females Males
Mean SD n Mean SD n Mean SD n
Glucocorticoid metabolite (5 pl) 10111.30 4782.11 38 10251.14 7210.87 28 7344.38° 1518.10 10
Estrogen metabolite (3 ul) 2454.83 987.99 10 1961.38 442.29 10 NA NA NA
Progesterone metabolite (2 pl) 15281.78" 7193.02 38 6474.35 4471.84 28 NA NA NA
Testosterone metabolite (3 ul) NA NA NA NA NA NA 3002.19 600.06 10

@ Steroid hormone metabolite concentration were significantly lower (p < 0.05) in males compared to other classes.
b Steroid hormone metabolite concentration were significantly higher (p < 0.05) in pregnant females compared to other classes.

sampling varied from 50 to 84% (Table 2). The one-way ANOVA
determined a significant difference between subpopulations (FPM: F
(4,345) = 23.30, p < 0.05) while the Tukey’s multiple pairwise-
comparisons specified that the Jarbidge subpopulation differed from
the remaining subpopulations means (p adj < 0.05) by greater than
18,000 ng/g FPM.

3.3. Fecal hormone degradations

There was a significant influence of time on concentrations of FPM
(days: F(3,27) = 21.49, p < 0.05; Fig. 5) and concentrations of FGM

(days: F(12,120) = 5.32, p < 0.05; Fig. 6). One fecal sample was
removed from the study due to low assay precision. Mean Day 1 con-
centrations for FPM were 17,218.84 ng/g with a standard deviation of
4,800.58 ng/g. Mean Day 1 concentrations for FGM were 8,299.19 ng/g
with a standard deviation of 2,876.99 ng/g. Degradation of FPM
demonstrated a clearer trend than FGM with time (Fig. 6). Differences in
FPM means occurred as soon as Day 3 (p < 0.05; p adj < 0.05) as was the
same for FGM (p < 0.05), but the Bonferroni multiple testing correction
did not detect a difference until Day 9 (p adj < 0.05). Both hormones
concentrations experienced a 31% decrease between mean values on
Day 1 and Day 3.
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Table 2

Concentration of fecal progesterone metabolites (ng/g) by subpopulation and
total from samples for pregnancy determination of pronghorn collected in April
and May of 2018 and 2019.% Fecal progesterone metabolite concentration
significantly higher (p < 0.05) than other subpopulations.

Subpopulation  Fecal SE N Date Estimated
Progesterone Collected Pregnant
metabolite (%)
Jarbidge 33793.007 3381.09 50 4-8 April 84.00
Birch Creek 10576.19 1057.62 100  10-19 50.00
April

Pahsimeroi 14661.47 1466.15 100 21-24 83.00
April

Camas Prairie 15751.94 2453.45 50 10-16 58.00
May

Little Wood 12838.34 1967.93 50 28-30 56.00
April

Total 16097.50 867.46 350

4. Discussion
4.1. Validity of immunoassay

Overall, we demonstrated that fecal progesterone metabolites accu-
rately reflect pregnancy status and that single-sample pregnancy di-
agnoses can be accomplished with noninvasive fecal sampling of
pronghorn antelope. The concentration of progesterone metabolites in
feces provided a reliable indicator of pregnancy in pronghorn antelope.

General and Comparative Endocrinology 312 (2021) 113841

Fecal progesterone metabolite levels varied longitudinally and increased
throughout gestation in free-ranging pronghorn. Conversely, fecal es-
trogen and fecal glucocorticoid metabolites were not significantly
different between pregnant and nonpregnant females at the time of
sampling. Our sampling design allowed for the control of bias brought
on by age, sex, reproductive condition, and sample age, and their in-
fluence on hormone levels.

Progesterone fecal metabolites were significantly higher in pregnant
females compared to nonpregnant females. Fecal estrogen metabolite
levels were not significantly different. Progesterone and estrogen are
cyclic in nature making collection timing important for hormone choice
and interpretation of pregnancy status (Plotka et al., 1977b). Estrogen
levels increase leading up to parturition from as early as at the time of
parturition (Robertson, 1974) to one week prior (Plotka et al., 1977a), to
within the last trimester of pregnancy (Messier et al., 1990), depending
upon the species. Kersey et al. (2015), using captive peninsular prong-
horn (A. a. peninsularis), monitored fecal estrogen and progestagen
metabolites from breeding season through parturition. Results from this
study found a significant increase in FPM during the third trimester
when compared to the first and second, but no difference between first
and second trimesters. Fecal estrogen levels increased roughly 30 days
prior to parturition through 64 days post parturition (Kersey et al.,
2015). Our field-based, single sample study design prevented us from
tracking individual pronghorn through gestation. We did not capture
increases in FEM which was likely due to small sampling window and
sample size. Progesterone is responsible for the establishment and
maintenance of pregnancy and tends to remain stable, and even
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increase, during much of the gestation period (Short, 1958; Stabenfeldt
etal., 1970; Irving et al., 1972; Weber et al., 1982; Plotka et al., 1977b).
In fact, progesterone has been a reliable indicator of pregnancy as early
as day 50 in caribou (Messier et al., 1990), from within the first trimester
through parturition in Tule elk (Cervus canadensis nannodes; Stoops et al.,
1999) and confirmed as an effective one-sample pregnancy diagnosis
(Garrott et al., 1998). Superovulation, or the presence of more corpora
lutea than fetuses, has been identified in few other mammals (Wislocki
and Fawcett, 1949). Although it is unclear why superovulation exists,
the additional luteal tissue produced would yield large amounts of
progesterone for maintenance of pregnancy throughout the long gesta-
tion period of pronghorn (Roseland, 1977). White-tailed deer (Odocoi-
leus virginianus) females carrying multiple fetuses have higher plasma
progesterone than those with singletons (Plotka et al., 1977b). Thus,
understanding the cyclic nature of hormone relationships with repro-
ductive events (e.g., gestation length and parturition) and physiological
mechanisms are important for determining hormone choice to indicate
pregnancy.

We tested the effectiveness of non-invasive pregnancy determination
of unmarked pronghorn antelope via visual observation and associated
fecal hormone concentrations. Our validation longitudinal study iden-
tified when best to sample for hormone results that indicate pregnancy.
In this case, samples collected from visually diagnosed pregnant females
had FPM different from nonpregnant females on or after 28 April. These
results are in line with previous studies that noted the importance of late
gestation sampling for FPM to assess pregnancy (Cain et al., 2012;
Schoenecker et al., 2004). Fetal growth has been shown to prompt a
surge in luteal progesterone production within the latter half to third of
pregnancy in sheep (Ovis aries; Spencer and Bazer, 2004), okapi (Okapia
johnstoni; Schwarzenbergery et al., 1993), giraffe (Giraffa camelopar-
dalis; del Castillo et al., 2005), and captive peninsular pronghorn (Kersey
et al., 2015). Validation samples collected prior to 28 April were not
different between the two groups. Given the lack of difference between
pregnant and nonpregnant female FPM prior to 28 April, it appears to
not be possible to diagnose pregnancy by assay of a single sample. The
longitudinal study also provided evidence that pronghorn females
develop the distended abdomen prior to an FPM concentration that
differed from nonpregnant females. All pregnant validation samples
were collected from visually diagnosed pregnant females and the
uniqueness of maternal expenditure in pronghorn allow for us to
confidently state that visual observation is an efficient method of
pregnancy diagnosis in pronghorn, following our recommendation of
timing. In addition, variation of FPM concentrations decreased with
time for pregnant females but remained relatively constant within
nonpregnant females. Timing of collection, conception date, and the
effect age has on the degree of secretory activity of the various ste-
roidogenic tissues in females (Weber et al., 1982) likely explains the
variation in FPM concentrations from pregnant females. Conversely, we
did not observe variation in fecal estrogen metabolites, which is likely
due to the narrow sampling timeframe. Even though we were confident
in our visual distinction between pregnant and nonpregnant females,
surveys to produce accurate pregnancy estimates in pronghorn, whether
visual or with assay, should be conducted at the end of April in northern
latitudes.

Although not a sex steroid, glucocorticoids frequently change with
reproduction. In the present study, we tested whether fecal glucocorti-
coid metabolites differed between sexes and pregnancy status, as has
been documented in other species (Romero, 2002; Reeder and Kramer,
2005; Dantzer et al., 2010). Males had lower FGM levels than pregnant
females, supporting our hypothesis. Elevated glucocorticoids during
pregnancy is due to either the stress of pregnancy, or the need to free up
resources to support the reproductive process (Moberg, 1991; Romero,
2004). Nonpregnant females were intermediate between males and
pregnant females, but were much more variable in their FGM levels than
pregnant females and males. This further confirms sex differences in
FGM concentrations during the spring for pronghorn.
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Finally, we assessed FTM in male pronghorn. Similar to our FGM
results, this portion of our study was conducted to report successful
validations, sample volume required, and average concentrations to be
available for future research. Results can only be compared when studies
use identical methodology. We found levels were relatively similar
across individuals. The most likely explanations are a small sample size,
samples collected within only two subpopulations (i.e., Birch Creek and
Jarbidge), or a narrow sampling window of 11 days. We were not
interested in investigating subpopulation differences, but more so
reporting values, meaning collections occurred when available. Within
this timeframe males are returning to summer range from winter range
and prior to any spatial organization. Pronghorn males have demon-
strated two types of spatial organization, undefended home ranges or
territory establishment and hormones such as testosterone have been
correlated with several aspects of this organization (Maher, 2000). Our
short sampling window prevented us from drawing any significant
conclusions from these results.

4.2. Subpopulation estimates

Understanding how natural hormone concentrations vary across
populations in space and in time lends important information to envi-
ronmental influences and natural life history shifts across seasons. We
found a significant difference in fecal hormone concentrations across
subpopulations. Specifically, the Jarbidge subpopulation had an average
FPM concentration significantly higher than the others. We believe
fawning dates of all five subpopulations to align with other previously-
reported northern latitude populations of late May to early June (Hep-
worth and Blunt, 1966; Mitchell, 1967; O’Gara, 1968; Autenrieth and
Fichter, 1975). While fawns are typically born within a three-week
period (Autenrieth and Fichter, 1975), the majority are dropped
within 10 days (O’Gara, 2004). The Jarbidge subpopulation was
sampled from during an earlier timeframe than we recommend for
pregnancy determination, but our results cannot explain any reasoning
for differences across subpopulations.

Our estimated pregnancy rates of 50-84%, across subpopulations,
were below previously reported pregnancy rates in pronghorn (84%,
Canon et al., 1997; 94%, Barnowe-Meyer et al., 2011; 88%, Hudgens
et al., 2016). Although all subpopulations had average FPM concentra-
tions significantly greater than the nonpregnant average, outlier values
inflated the average concentration. The Jarbidge and Pahsimeroi study
sites were the only subpopulations with comparable pregnancy rates at
84% and 83% respectively. The remaining subpopulations had preg-
nancy rates below 60%. From our validation work, we determined
pregnancy determination from fecal hormones was successful for fecal
samples collected on or after 28 April. Pregnancy sampling in some
subpopulations occurred prior to that date. Those subpopulations were
Jarbidge and Birch Creek and we suspect those rates to be inaccurate.
Sampling occurred around the appropriate time within the Pahsimeroi
subpopulation so we believe that rate to be accurate. Interestingly,
sampling within the Camas Prairie and Little Wood subpopulation
occurred after our suggested date and pregnancy rates were low.
Reasoning for this is unclear and is something we will investigate in the
future. We believe the most important conclusion of this portion of the
study to be the importance of sample timing, not a subpopulation effect.

Interestingly, we believe to have documented evidence of a delayed
or second estrus within one subpopulation (i.e., Birch Creek) when
sampling in late June. A female was visually diagnosed as pregnant on
28 June 2019, and visual observation of pregnancy was supported with
extremely high FPM concentration (e.g., greater than 56,000 ng/g).
Although the likelihood of this is rare, we feel it is important to docu-
ment the occurrence as timing of birth can affect fawn vulnerability to
predation (Fairbanks, 1993). Einarsen (1948) proposed a single estrus
period per year based on the belief that multiple estrous cycles during
one breeding season would be unlikely due to the amount of energy
expended during the rut. Pronghorn females, with rare exceptions,
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copulate once per estrus and year (Kitchen, 1974; Byers and Moodie,
1990; Byers and Hogg, 1995). Those rare exceptions have been docu-
mented in captive and wild settings (O’Gara, 1968; Bodie, 1979;
Mitchell, 1980; Pojar and Miller, 1984). Delayed or recurrent estrus can
be associated with age (Pojar and Miller, 1984), poor nutrition (Fair-
banks, 1993), or social status (Byers and Moodie, 1990). Two
nonpregnant females, whose samples were collected during the valida-
tion portion of the study, had FPM concentrations comparable to preg-
nant females even though they lacked a distended abdomen. Pronghorn
can undergo recurrent estrous (Pojar and Miller 1984). We believe this
to be a possible explanation for these results, similar to findings of Plotka
et al. (1977a).

4.3. Fecal hormone degradations

We demonstrated a time effect on both FPM and FGM levels from
degradation samples, signifying that fresh fecal samples are necessary to
accurately measure both hormone concentrations in pronghorn. FGM
and FPM concentrations both decreased by an average of 31% from Day
1 to Day 3, but outliers likely prevented the delay in statistical signifi-
cance in cortisol until Day 9. Classification information such as age and
sex can be obtained while observing defecation and is important because
the sex of sampled animals must be known for meaningful pregnancy
diagnosis (Messier et al., 1990). Additionally, fecal dimensions of
yearling pronghorn are indistinguishable from adults (Woodruff et al.,
2016).

Interestingly, we observed spikes in FGM concentrations that seemed
to follow decreases in FPM levels, most notably around Day 14. This
suggests that steroid hormone degradations over time may be leading to
cross-reactivity of antibodies; this is especially true for glucocorticoids
and progestagens. In order to describe the trends in degradation rates,
we must examine the hormones at the molecular level while also
factoring in initial FPM concentrations (mean = 17,218.8 ng/g). Pro-
gesterone, the most biologically potent progestin, can be routinely
quantified in blood using any number of specific antisera, which are
reported to exhibit little or no cross reactivity with other structurally-
similar steroids found in blood. However, when progesterone is
metabolized and excreted, it is rarely excreted in its native form. Rather,
progesterone is generally metabolized to numerus structurally-similar
steroid molecules, most of which are rather esoteric in strict physio-
logical terms since their structural forms render them biologically
impotent (Lasley and Kirkpatrick, 1991; Schwarzenberger et al., 1996).
This lack of a trend in fecal glucocorticoid metabolites metabolite deg-
radations has been documented in various studies (Lafferty et al., 2019;
Stevenson et al., 2020; Vynne et al., 2011), and may be due to cross-
reactivity of the antibodies used to detect cortisol with other metabo-
lites being broken down in the feces. Moreover, these findings further
suggest the freezing of fresh samples whenever possible (Hulsman et al.,
2011; Mostl et al., 1999; Khan et al., 2002; Muehlenbein et al., 2012;
Wasser et al., 1988).

Climatic conditions also likely influenced trends in fecal metabolite
concentrations and a lack of an increase above initial values. Washburn
and Millspaugh (2002) found that simulated rainfall events artificially
elevated FGM measurements as it is believed that additional moisture
may have provided a growth environment for microbes and detritivores.
Our degradation study occurred within the arid shrub steppe biome
where<1.5 cm of precipitation fell (www.wunderground.com). In
addition, our study was conducted in a realistic field setting. Millspaugh
and Washburn (2004) suggested further studies of fecal hormone
metabolite degradations be conducted with fecal samples exposed to
actual climatic conditions and extended longer than 7 days. Results from
this study highlight degradation trends at a larger scale than hours
within an arid landscape. We also believe these results can be used as a
guideline for wildlife managers interested in future pronghorn fecal
hormone studies where discrepancies on the age of fecal samples is
easier at the scale of days rather than hours.
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5. Conclusion

We validated a noninvasive method to measure pregnancy in female
pronghorn antelope using fecal progesterone metabolites. We also
demonstrated that hormone-specific ELISA’s (cortisol, progesterone,
estradiol, testosterone) can be used to measure and monitor concen-
trations and longitudinal trends of fecal metabolite concentrations in
this species. We specifically found elevations in progesterone metabo-
lites during pregnancy, but also longitudinal variations in these free-
ranging animals. Variation in subpopulation pregnancy rates may
have been caused by sample timing and results from validation work
provide a timeframe to calculate more accurate rates. Fecal glucocorti-
coid metabolites were elevated during pregnancy and differed between
sexes. Our degradation study proved that fecal hormone measures for
pronghorn require fresh samples. We discussed factors that may influ-
ence variation in parturition events seen across subpopulations. We
demonstrated that the more background information on a species or
subpopulation obtained prior to any reproductive physiology research,
the easier it is to address those questions. Given the high maternal in-
vestment of pronghorn and the varying pregnancy rate across sub-
populations, future work investigating physiological and nutrition
factors and their influence on pregnancy should be examined.
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