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ABSTRACT. Although analyzing reproductive hormones provides insight into reproduction, reproductive en-
docrinology remains understudied in most free-ranging organisms due to difficulties obtaining and preserving 
biological samples. This study examined differences in fecal hormone (progesterone and estradiol) metabolites 
at different reproductive stages and determined the probability that a female bat (Seba’s short-tailed fruit bats, 
Carollia perspicillata) was in metestrus or pregnancy by relating vaginal cytology with hormone concentrations. 
We examined fifty-three females collected throughout the reproductive season for the presence of a conceptus, 
and an additional fifteen that were lactating. In addition, groups of cells (superficial, intermediate, and parabasal 
cells) in exfoliate vaginal cytology were quantified for each individual to further characterize stage of reproduction. 
Progesterone and estradiol concentrations increased from estrus through early pregnancy and then decreased 
into late pregnancy. From late pregnancy to early lactation progesterone levels continued to decrease whereas 
estradiol levels increased. Superficial cell proportions were higher during metestrus than during pregnancy and 
were an effective predictor for these two phases of the reproductive cycle. 

RESUMEN. Variación de la citología vaginal y los metabolitos de progesterona y estradiol en el murciélago 
frutero común durante el ciclo estral y la gestación. Aunque el análisis de las hormonas reproductivas provee 
información precisa acerca de la reproducción, la endocrinología reproductiva sigue siendo aún poco estudiada 
en la mayoría de la fauna silvestre debido a las dificultades de obtener y conservar muestras biológicas. En 
este estudio se examinaron las diferencias en los metabolitos de hormonas en materia fecal (progesterona y 
estradiol) en diferentes etapas reproductivas, y en particular se examinó la probabilidad de que una hembra 
de murciélago (Carollia perspicillata) esté en metaestro o preñez al correlacionar la citología vaginal con las 
concentraciones de hormonas reproducivas. Examinamos cincuenta y cinco hembras colectadas a lo largo de la 
temporada reproductiva con evidencia de embarazo (presencia de un feto), y otros quince murciélagos lactan-
tes. Además, se cuantificaron los grupos de células (células superficiales, intermedias y parabasales) a partir 
de citologías vaginales de cada individuo para caracterizar su estado reproductivo. Las concentraciones de 
progesterona y estradiol aumentaron desde el estro hasta el inicio del embarazo, y luego disminuyeron hasta 
el final del embarazo. Desde la etapa final del embarazo hasta la lactancia temprana los niveles de progeste-
rona continuaron disminuyendo, mientras que los niveles de estradiol aumentaron. Las proporciones de células 
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INTRODUCTION

Variation in gonadal sex hormones, such as 
estradiol (an estrogen sex hormone) and pro-
gesterone, are key indicators of reproductive 
status, infertility, influences of environment 
on patterns and timing of pregnancy, unique 
reproductive strategies (e.g., embryonic dia-
pause, reflex ovulation, etc.), or progression 
through the estrous cycle (i.e., early pregnancy, 
multiple cycles, lengths of cycles; Buchanan & 
Younglai 1986; Wasser et al. 1991; De Rensis & 
Scaramuzzi 2003). Although hormone analysis 
is a useful tool for understanding reproductive 
characteristics, information is lacking for many 
taxa in particular, free-ranging wildlife species. 

For a few mammals such as rodents (Dey 
et al. 2004), pigs (Robertson & King 1974), 
cows (Desaulniers et al. 1989), dogs (Jöchle 
& Andersen 1977), common ferrets (Marshall 
1904) and primates (Wasser et al. 1991, 1993), 
reproductive hormones have been extensively 
examined. While there are differences in re-
productive strategies (e.g. embryonic diapause), 
reproductive cyclicity tends to be fairly similar 
among mammals. The estrous cycle (menstrual 
cycle for primates and humans; Tulsiani & 
Khan-Dawood 2003) integrates complex 
hormonal and physiological changes and can 
be divided into four stages: proestrus, estrus, 
metestrus, and diestrus. Anestrus falls outside 
the estrous cycle and is a period of reproductive 
inactivity (Daniel 1978; Vaughan et al. 2013). 
Proestrus is characterized by follicle develop-
ment and estradiol secretions, which then leads 
into estrus, a sexually receptive period. During 
estrus, estradiol peaks in conjunction with 
ovulation (Jöchle & Anderson 1977; Vaughan 
et al. 2013). Females enter metestrus when the 
corpus luteum develops from the theca and 

granulosa cells of the ovarian follicle (Jöchle 
& Andersen 1977; Tulsiani & Khan-Dawood 
2003). The corpus luteum produces some 
estradiol and large amounts of progesterone 
(Tulsiani & Khan-Dawood 2003). Progesterone 
is crucial for maintaining pregnancy (Piccinni 
et al. 1995). Due to its critical role in uterine 
maintenance and placentation, there are higher 
concentrations of progesterone in pregnant than 
non-pregnant females (Burns & Easley 1977; 
Hoffman et al. 1978; Buchanan & Younglai 
1986). Successful pregnancy initiates when the 
ovum is fertilized. If it is not fertilized, the 
female will repeat the estrous cycle (Tulsiani 
& Khan-Dawood 2003).

Although hormone levels can indicate re-
productive status, collecting viable samples 
for analysis can be difficult. Once a biological 
sample (e.g. plasma, feces, urine, etc.) is col-
lected, it must be frozen, which may be chal-
lenging under field conditions. In addition, pilot 
studies may be required to assess presence or 
absence of hormones within particular bio-
logical materials. In addition, adequate serum 
samples, from which plasma must be isolated 
by centrifugation, are notoriously difficult to 
obtain from small and free-ranging mammals 
without sacrificing them (Voigt & Schwarzen-
berger 2008). As a result, many free-ranging 
species have been understudied with respect 
to reproductive phenology and endocrinol-
ogy (Pukazhenth & Wildt 2004). Nonetheless, 
fecal samples are purported to have steroid 
concentrations similar to blood (Reeder & 
Widmaier 2009). Therefore, fecal samples are 
one of the best biological material for hormone 
analysis of wild-caught small mammals (Voigt 
& Schwarzenberger 2008). Fecal samples are 
easy to collect and can be done non-invasively 
in field settings. However, there are drawbacks 

superficiales fueron más altas durante el metestro que durante el embarazo y permitieron predecir de manera 
efectiva estas dos fases del ciclo reproductivo.
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when analyzing feces. Depending on the spe-
cies, there is a lag time from hormone excretion 
to feces absorption (Ziegler & Wittwer 2005). 
Dietary components, such as fiber, can have 
negative effects on steroid measurements in 
feces (Wasser et al. 1993). Moreover, purifying 
the sample for analyses is expensive and time-
consuming (Ziegler & Wittwer 2005). 

Another way to estimate female reproductive 
status that may be more practical and feasible 
under field settings is the use of vaginal cytol-
ogy. Estradiol and progesterone concentrations 
and reproductive status can be analyzed by 
examining the epithelial lining of the vagina 
(De Bonilla & Romero 1988; McEndree 1999; 
Frederick et al. 2010). The abundance of matu-
rate cells (nucleated and enucleated superficial 
cells and intermediate cells) expressed by the 
vaginal wall is an indicator of the systemic es-
tradiol effect (McEndree 1999). Dominance of 
superficial cells is a strong indicator of estradiol 
stimulation (McEndree 1999) and reproductive 
status (De Bonilla & Romero 1988; Frederick 
et al. 2010; Vela-Vargas et al. 2016). Nucleated 
superficial cells are dominant during proestrus, 
whereas enucleate superficial cells are dominant 
during estrus (Vela-Vargas et al. 2016). As the 
female transitions from estrus to metestrus, 
intermediate cells become most abundant due 
to progesterone stimulation, with superficial 
and parabasal cells (least mature cell type) 
present in reduced numbers (Bekyürek et al. 
2002). In non-model organisms, if pregnancy 
occurs, parabasal and intermediate cells tend 
to be found at median densities and super-
ficial cells decrease in abundance (Bekyürek 
et al. 2002). If the parabasal cells are highly 
abundant this is indicative of reduced sexual 
steroid hormone stimulation and the female is 
in anestrus (Mills et al. 1979; McEndree 1999; 
Vela-Vargas et al. 2016). 

Although vaginal cytology is a cost-effective 
tool for determining reproductive status, it 
may be difficult to determine if a female is 
truly pregnant (Racey 2009; Byers et al. 2012). 
For this reason, some researchers may group 
females that are in metestrus or early pregnant 
together even though they are physiologically 
and energetically very different (Gittleman & 
Thompson 1988; Badwaik & Rasweiler 2000). 

Metestrus is characterized by the development 
of the corpus luteum, whereas pregnancy spans 
from fertilization of the blastocyst all the way 
to parturition. Therefore, simply entering met-
estrus does not guarantee pregnancy. Energetic 
demands during metestrus and mating are 
minimal when compared to gestation (Gittle-
man & Thompson 1988). Because energetic 
demand increases throughout pregnancy into 
lactation (Loudon & Racey 1987), it is essential 
for females to reproduce during periods when 
resources are available to satisfy those demands 
(Thompson 1992; Bronson 1985). Better de-
termination of when a female is in metestrus 
or pregnancy may improve understanding of 
how ecological phenomena such as predator-
prey dynamics (Creel et al. 2007), intra- and 
interspecific competition (Berger 1983; Watts 
& Holekamp 2008), environmental variation 
(Foley et al. 2001; Greiner et al. 2011) and 
resource demand may relate to reproductive 
success.

Bats, especially those from the New World 
family Phyllostomidae, are highly diverse 
regarding reproductive strategies but little is 
known about their reproductive endocrinol-
ogy (Voigt & Schwarzenberger 2008). Less 
precise external reproductive characteristics 
(e.g. vulva size and appearance, palpation of 
a fetus, balding nipples, etc.) are often used 
to indicate reproductive status instead of us-
ing uterine histology. Recently, the efficacy of 
analyzing reproductive hormones and vaginal 
cytology for determining reproductive status 
in some bats has been demonstrated (Voigt & 
Schwarzenberger 2008; Vela-Vargas et al. 2016). 

We analyzed reproductive endocrinology and 
vaginal cytology of Seba’s short-tailed fruit bats 
(Carollia perspicillata) in Santander, Colombia. 
Carollia perspicillata is well-studied and one 
of the most common species within the fam-
ily Phyllostomidae. Carollia perspicillata has a 
range that extends from Mexico to northern 
Argentina (Cloutier & Thomas 1992). It has 
two breeding periods, from May to Febru-
ary and June to August, in Costa Rica and 
Colombia (Fleming 1988; Cloutier & Thomas 
1992; Alviz-Iriarte 2014). At the Macaregua 
Cave, the diet of C. perspicillata is composed 
mostly of the genera Myrcia, Neosprucea, and 
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Piper (Bohlender et al. 2018). Reproduction 
tends to be asynchronous (Fleming 1988), 
but a few populations have been found to be 
highly synchronized in Central America and 
Trinidad (Rasweiler et al. 2009). Rasweiler & 
Badwaik (1997) demonstrated that females can 
delay development when under stress, but most 
females undergo nondelayed gestation. Gesta-
tion lasts typically 115-120 days and the fetus 
is palpable after 5 to 6 weeks of pregnancy 
(Kleiman & Davis 1979). After parturition, the 
lactation period will occur during the fruiting 
season (Fleming 1988), with most females 
experiencing postpartum estrus (Cloutier & 
Thomas 1992; Rasweiler et al. 2009). 

We examined differences between non-
pregnant and pregnant C. perspicillata regarding 
estradiol concentrations. Such differences have 
been found in other Neotropical species such 
as Saccopteryx bilineata (Voigt & Schwarzen-
berger 2008). We also examined differences 
in progesterone concentrations among bats in 
early pregnancy, late pregnancy, and lactation. 
Along with feasibility of using enzyme-linked 
immunosorbent assays to analyze hormones 
from fecal material of wild-captured animals, 
we predict that hormone (progesterone and 
estradiol) concentrations and vaginal cytology 
can be used to differentiate metestrus from im-
plantation, early pregnancy and late pregnancy. 
We predict that females in metestrus and preg-
nancy (implantation, early and late pregnancy) 
have a high abundance of intermediate cells, 
with variable proportions of superficial and 
parabasal cells. Finding a cellular or hormonal 
difference between these two stages will facili-
tate more detailed analyses of bat reproduction 
in the future. This is especially important for 
free-ranging individuals, where pregnancy is 
not detectable until the latter part of gestation. 

MATERIAL AND METHODS

Sample collection

Fecal and vaginal lavage samples were collected 
from June to August 2015 following the American 
Society of Mammalogists guidelines (ASM; Sikes et 
al. 2016) and Texas Tech University IACUC protocol 
No. 15027-004. Our study colony was at the Maca-
regua Cave in Santander, Colombia (6°39ʹ36.2ʺ  N, 

73°06′32.3″  W). There are 9 bat species present at 
the cave and an estimated 7000 to 10 000 individuals 
present (Pérez-Torres et al. 2015). It is considered 
to have the highest species richness of bats of any 
cave in Colombia, with C. perspicillata being the 
most abundant species (Pérez-Torres et al. 2015). 
The study was conducted during the wet season, 
which extends from April to October. Temperature 
throughout the year ranges between 12-30 °C, and 
rainfall averages around 1550mm (Pérez-Torres et 
al. 2015).

Bats were captured in mist nets and placed indi-
vidually into clean cloth bags. They were fed banana 
in the morning, and fecal samples and vaginal la-
vage samples were collected in the afternoon. Fecal 
samples were placed in Eppendorf tubes and stored 
in liquid nitrogen. Samples were then lyophilized 
with a Labconco 2.5 L Freezone Lyophilizer and 
stored frozen until analysis at the Functional Ecology 
Laboratory in the Pontificia Universidad Javeriana 
in Bogota, Colombia. Bats were tattooed and fit-
ted with an individually numbered metal band on 
their forearm. Sixty-six females were euthanized 
from June to August 2015 and were deposited at 
the Collection of Mammals of the Museo Javeriano 
de Historia Natural of the Pontificia Universidad 
Javeriana (MPUJ-MAMM). All collected females 
were necropsied for the presence of a conceptus. 
Forearm and crown-to-rump length were measured 
for each conceptus. Sixty-eight individuals (samples 
from fifty-five potentially pregnant females and fif-
teen lactating females were collected; two samples 
were removed from analyses [see below]) produced 
sufficient quantity/quality (>0.01 g for bats) of fecal 
material for analyses. 

Hormone assay

Estradiol and progesterone metabolites were ex-
tracted using a methanol and diethyl ether procedure 
modified from Greiner et al. (2011) and Voigt & 
Schwarzenberger (2008). Fecal sample dry weights 
ranged from 0.01 to 0.74 g. Each sample was placed 
into 0.5 mL of distilled water plus 0.5 mL of 5% 
NaHCO3 and pulverized with a Kinematrica polytron 
homogenizer/sonicator. Four (4) mL of methanol 
were added to each homogenate and extracted for 
at least 48 hours. Samples were centrifuged at 800xg 
and 1 mL of supernatant was transferred to a clean 
tube. Three (3) mL of diethyl ether were added to 
each supernatant sample for re-extraction 24 hours 
later. The ether phase of each extract was trans-
ferred to a clean tube and air dried. Dry samples 
were re-dissolved in 100 microliters of 1X assay 
buffer prepared from a 10X concentrate (i.e. Tris 
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buffer [Enzo Catalog #80-2079] and Tris-buffered 
saline [Enzo Catalog # 80-0010]) for estradiol and 
progesterone, respectively, by dilution with deion-
ized water. Concentrations were measured with an 
Enzo Life Sciences 17 β-estradiol kit and a modified 
progesterone enzyme-linked immunosorbent assay 
(ELISA) kit. The ELISA for estradiol was performed 
according to manufacturer’s instructions. The ELISA 
for progesterone was performed with a CL425 
antibody to measure all progesterone metabolites. 
Values for each sample were converted to hormone 
concentrations (pg/mL) from a standard curve for 
each assay. Hormone concentrations were corrected 
for dilution, standardized to fecal dry weight and 
expressed as ng/g.

To analyze hormonal and cytological differences 
during stages of the estrous cycle and gestation, 
groups were organized according to presence/
absence of a fetus, fetus size, and progesterone 
levels. Females placed in the estrus group had low 
levels of progesterone (1.42 to 8.52 ng/g), females 
with intermediate levels of progesterone (10.13 
to 15.7  ng/g) were grouped as metestrus, and fe-
males with high levels (24.46 to 64.74 ng/g) were 
grouped as implantation. These criteria correspond 
to hormone expression trends during mammalian 

reproduction (Robertson & King 1974; Oxberry 
1979; Van der Merwe & Van Aarde 1989; Hurn & 
Macrae 2000; Tulsiani & Khan-Dawood 2003; Dey 
et al. 2004). Due to progesterone levels being part 
of the criteria for grouping, progesterone concentra-
tions of estrus, metestrus and implantation were not 
compared statistically. Females in early pregnancy 
had an unpalpable fetus that had a crown-to-rump 
length < 19 mm (reproductive stages 18-21 [out 
of 24 stages], 60-70 days post coitum [out of 90 
days]; Cretekos et al. 2005), whereas late pregnancy 
consisted of females with palpable fetuses with 
crown-to-rump length > 19 mm (reproductive 
stages 22-24, 80-90 days post coitum; Cretekos et 
al. 2005). Early lactating bats were also included in 
analyses, and were characterized as bats producing 
milk and carrying a pup. 

Vaginal cytology

Exfoliate vaginal cytology was assessed by vaginal 
lavage (Vela-Vargas et al. 2016). Saline solution 
(0.5 μl) was pipetted into the vagina, aspirated, 
placed on slides, air dried, fixed with 90% ethanol, 
and then stained for microscopic evaluation with 
hematoxylin. Cells were then classified according 
to their morphology (Fig. 1) and a minimum of 

Fig. 1. Reproductive tract of a bat in metestrus and vaginal cytology of bats throughout reproduction. a) Stages of fol-
liculogenesis distinguish the left ovary from the b) contralateral ovary c) with a corpus hemorrhagicum. Formed imme-
diately after ovulation, the corpus hemorrhagicum will become a corpus luteum of pregnancy and produce progesterone. 
d) Straight tubular glands in the endometrium and e) superficial cells lining the vaginal canal confirm estradiol was the 
dominant hormone prior to ovulation. Changes in exfoliate cytology are shown as follows: f) a mass of parabasal cells, 
g) superficial cells and intermediate cells, h) parabasal cell (p) and superficial cell (s), i) intermediate cells, j) a mass of 
intermediate and superficial cells, k) sperm and l) fungus found within the vaginal cytology lavage of bats captured in 
Santander, Colombia during the breeding season.
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85 cells per individual were counted. Parabasal 
cells are the least mature cell. They are round with 
the largest nucleus to cytoplasm ratio (Bekyürek et 
al. 2002). Intermediate cells are two to three times 
larger than parabasal cells. They tend to be round 
in shape and have a moderate nucleus to cytoplasm 
ratio. Superficial cells are large, flat, and irregular in 
shape. Depending on their cornification, some cells 
may not have a nucleus. If a nucleus is present, the 
nucleus to cytoplasm ratio of superficial cells is the 
smallest (Bekyürek et al. 2002). Presence of fungus, 
neutrophils, sperm (which was found in only one 
sample), and possible plant matter was also noted 
(Fig. 1k, l). 

Statistical analyses

All analyses were conducted using SPSS 23. Due 
to violations of the assumptions of homogeneity 
of variances, among group differences regarding 
estradiol and progesterone (comparisons only done 
on early pregnant, late pregnant, and lactating bats) 
concentrations and log transformed vaginal cytology 
ratio of parabasal/superficial cells for reproductive 
stages were examined with Analysis of Variance 
with a Welch correction (ANOVA; Welch 1947) 
and Games-Howell post hoc tests (Games & Howell 
1976). Normality was violated, however, according 
to Glass et al. (1972), ANOVA is robust given other 
data distributions. To determine the predictability 
of a female being pregnant or in metestrus, we 
conducted a logistic regression with independent 
variables being superficial cell proportions, parabasal 
cell proportions, and progesterone and estradiol 
metabolites using a forward conditional variable 
entry method. 

RESULTS

Of the bats captured (n = 68) during the breed-
ing season, 24% were not pregnant (n = 16), 
54% were pregnant (including implantation, 
early and late pregnant females; n = 37), 22% 
were lactating (progesterone: n = 15; estradiol: 
n = 13). Two pregnant females were removed 
from analyses due to aberrantly low progester-
one and estradiol concentrations. These were 
an early pregnant female (fetus full body length 
9.9 mm) that had progesterone concentrations 
of 0.93 ng/g and estradiol concentration of 1.37 
ng/g, and a late pregnant female (fetus full body 
length 30 mm) with progesterone concentra-
tion of 0.25 ng/g and estradiol concentrations 
of 0.45 ng/g. 

Visual observations suggest that patterns 
of estradiol and progesterone concentrations 
had a similar trend across reproductive stages 
(Table  1, Fig. 2). Concentrations rose from 
estrus to pregnancy then decreased in late 
pregnancy. Progesterone continued to decrease 
into lactation, while estradiol increased during 
lactation. 

ANOVA with a Welch correction indicated 
significant differences in estradiol concen-
trations (F5, 23.6 = 14.19, P < 0.001) among 
reproductive stages (Fig. 2a). According to 
Games-Howell post hoc tests, estradiol concen-
trations during estrus (14.69 ± 4 ng/g) were low-
er than metestrus (21.92 ± 4.5 ng/g, P = 0.048) 
and during implantation (76.80 ± 24.4  ng/g, 

Table 1
Progesterone (P) and estradiol (E) metabolite concentrations from fecal material obtained from euthanized 
C. perspicillata in different reproductive stages from June to August 2015 (Santander, Colombia). 

Reproductive Stage No. of bats P range (ng/g) P x̄ ± SD E range (ng/g) E x̄ ± SD

Estrus 9 1.42 - 8.5 6.24 ± 2.4 9 - 20.3 14.7 ± 4

Metestrus 7 10.1 - 15.7 12.8 ± 2.2 17.8 - 29.9 21.9 ± 4.5

Implantation 10 24.5 - 64.7 39.2 ± 14.4 47.5 - 105.4 76.8 ± 24.4

Early Pregnancy 7 11.6 - 42.8 21.4 ± 11.76 17.7 - 96.4 39.7 ± 27.8

Late Pregnancy 20 6 – 61.1 16.9 ± 12.46 9.6- 102.1 27.9 ± 20.8

Early Lactation 15(P) 13(E) 3.1 – 56.9 16.9 ± 15 8 – 98 32.7 ± 30.9
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Fig. 2. (a) Mean estradiol concentrations and (b) mean progesterone concentrations during reproductive stages of 
C.  perspicillata in Colombia from June to August 2015. Est. = estrus, Met. = metestrus, Imp. = implantation, E.P. = early 
pregnancy, L.P. = late pregnant, E.L. = early lactation. Different letters indicate significant differences between groups. 
Standard Error ± 1

P < 0.001). Estradiol concentrations during 
metestrus were similar during early and late 
pregnancy. Estradiol concentrations peaked at 
implantation, and were significantly different 
than all other reproductive stages, except early 
pregnancy (Fig. 2a). There was no significant 
difference in progesterone concentrations 
between early pregnant, late pregnant, and 
early lactation groups (F2, 17.2 = 0.68, P = 0.648, 
Fig. 2b).

Although intermediate cells were more abun-
dant than superficial and parabasal cells during 
all five reproductive stages (Fig. 3), most varia-
tion was present in parabasal and superficial 
cell proportions. Four out of the eight females 
in estrus had greater proportions of superficial 
cells than intermediate cells. There was a sig-
nificant difference in parabasal/superficial cell 
ratios among reproductive stages (F5, 19.61 = 5.6, 
P < 0.001, Table 2). Parabasal/superficial cell 
ratios were significantly lower in females dur-
ing estrus than early and late pregnancy (mean 
difference -1.27 to -1.29; P = 0.004 to 0.005). 
The difference between females in stages of 
implantation were nonsignificant to females 
in estrus (mean difference -0.98, P = 0.053). 
Females during metestrus, implantation, early 
and late pregnancy, and early lactation had 
equivalent parabasal/superficial cell ratios. Ob-
servationally, superficial cells were moderately 
or highly abundant during estrus, and then 
decreased during metestrus, implantation, early 
pregnancy, and late pregnancy. Superficial cells 
increased during early lactation. Parabasal cells 

Fig. 3. Mean vaginal cell proportions and mean estradiol/
progesterone concentrations during different reproductive 
stages of C. perspicillata during the reproductive period 
in Colombia. Est. = Estrus, Met. = Metestrus, Imp. = Im-
plantation, E.P. = Early Pregnancy, L.P. = Late Pregnancy, 
E.L. = Early Lactation.

were the least abundant during estrus and met-
estrus, and then increased during implantation, 
early pregnancy, and late pregnancy. 

The logistic regression model to determine 
predictability of females in pregnancy or 
metestrus successfully classified a significant 
proportion (87.8%) of individuals into their 
appropriate groups (females in metestrus and 
pregnancy). The model was able to significantly 
predict group membership (χ2 = 4.94, d.f. = 1, 
P = 0.026). A Hosmer and Lemeshow goodness 
of fit test (χ2 = 5.59, d.f. = 8, P = 0.694) indicated 
that observed values of superficial cells are 
statistically indistinguishable from expected 
values. Area under the curve (AUC) was 0.71, 
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Table 2
Results from Games-Howell post hoc tests of differences in log parabasal/superficial cell ratio among dif-
ferent reproductive stages. P-values are in the top right of the matrix, mean difference is in the bottom left. 
E.P. = early pregnancy, L.P. = late pregnancy, and E.L. = early lactating. Bold value was significant P-value. 

 Estrus Metestrus Implantation E. P. L.P. E.L.

Estrus 0.612 0.053 0.005 0.004 0.109

Metestrus -0.632 0.935 0.494 0.491 0.994

Implantation -0.984 -0.352 0.837 0.831 0.995

E.P. -1.292 -0.659 -0.307 1 0.458

L.P. -1.274 -0.642 -0.290 0.017 0.414

E.L. -0.832 -0.200 0.152 0.459 0.442

indicating that the model was a good fit from 
the logistic model

where PBP is Probability of Being Pregnant.
Parabasal cell proportions, estradiol and pro-

gesterone concentrations were nonsignificant 
predictors for determining whether a female 
was pregnant or in metestrus, and therefore 
not included in the model. Superficial cell 
proportions were a significant predictor of 
whether a female was in metestrus or pregnant 
(β = -5.47, Wald = 3.94, d.f. = 1, P = 0.047; Fig.  4). 
Non-pregnant females were more likely to have 
higher abundances of superficial cells compared 
to pregnant females. 

DISCUSSION

This is the first study to analyze fecal estradiol 
and progesterone metabolites in free-ranging 
female C. perspicillata during reproduction. We 
demonstrated a consistent pattern of variation 
across reproductive stages. We did exclude 
two individuals from analyses. In these two 
cases, individual bats exhibited abnormally 
low progesterone and estradiol concentra-
tions. Concentrations for pregnant mammals 
are much higher than concentration assayed 
from feces of these two bats (Buchanan & 
Younglai 1986; Van der Merwe & Van Aarde 
1989; Bernard et al. 1991; Hosken et al. 1996; 
Gudermuth et al. 1998; Chelini et al. 2005). 
Progesterone concentrations for pregnant bats, 
which is more readily studied than estradiol 
concentrations, had values ranging from 4.64 
to 64 ng/mL (Buchanan & Younglai 1986; Van 
der Merwe & Van Aarde 1989; Bernard et al. 
1991; Hosken et al. 1996). For non-model 
mammals, estradiol concentrations during 
pregnancy averaged around 6.4 ± 0.6 ng/g, 
and concentrations ranged between 3.91 to 

Fig. 4. Predictability of female C. perspicillata being in 
metestrus or pregnancy (implantation, early and late 
pregnancy) based on superficial cell proportions. The line 
is a tendency line to indicate probability of pregnancy in 
response to superficial cell proportions.
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319.89  ng/g for superovulated females (Muir 
et al. 2001; Chelini et al. 2005). The lowest 
progesterone estradiol concentrations for early 
pregnant and late pregnant bats in this study 
were 12x times higher than hormonal concen-
trations assayed from the excluded bats. The 
progesterone concentrations assayed from these 
bats were similar to ranges found in nonpreg-
nant Gould’s wattled bats (Chalinolobus gouldii; 
0.3 to 2.39  ng/mL; Hosken et al. 1996). Pos-
sible reasons may be that these females were 
stressed (De Rensis & Scaramuzzi 2003), they 
had already entered parturition where hormone 
levels tend to drop (Robertson & King 1974), 
or because these two samples may have been 
compromised in the field. 

Estradiol and progesterone concentrations 
during estrus were not different between stages 
of early pregnancy and early lactation, and 
these concentrations during metestrus were not 
significantly different between early and late 
pregnancy. Such observations contradict our 
original hypotheses of estradiol and progester-
one having statistically different concentrations 
throughout the reproductive cycle. This may be 
due to high variability of hormone expression, 
which could be caused by a multitude of fac-
tors, such as environmental factors (Behie et 
al. 2010) or diet variation (Wasser et al. 1993). 
Estradiol concentrations exhibited a rise from 
estrus into implantation, then a decrease into 
late pregnancy and a second rise during early 
lactation. This peak at implantation suggests 
the possible importance of estradiol for blas-
tocyst attachment, which has also been found 
in Macrotus waterhousii (Burns & Wallace 
1975). Estradiol is essential for the blastocyst 
to implant within the uterus, at least for other 
mammals such as rodents (Dey et al. 2004). 
Progesterone alone maintains a state of embry-
onic diapause until there is a surge of estradiol 
that allows for implantation (Dey et al. 2004). 
Once the blastocyst is implanted, estradiol 
plays an important role in fetal development 
(Albrecht et al. 2000), explaining why estradiol 
concentrations may be high during implanta-
tion and throughout pregnancy. 

However, it must be noted that levels of 
estradiol that are too high may impede implan-

tation (De Catanzaro et al. 1991). Women and 
mice with high levels of estradiol compared 
to progesterone failed to become pregnant 
(Gidley-Baird et al. 1986). Higher levels of 
progesterone compared to estradiol increased 
the likelihood of pregnancy (Gidley- Baird et 
al. 1986). Therefore, when analyzing stages 
like implantation, it may be better to analyze 
the ratio of estrogen to progesterone than 
the whole values (Gidley-Baird et al. 1986). 
For C.  perspicillata, there was an increase in 
estradiol, but progesterone also increased, 
keeping the ratio of estradiol to progesterone 
low (Fig. 3). 

When a female enters into parturition, there 
is a shift in the estradiol/progesterone ratio. An 
increase in this ratio allows for an increase in 
oxytocin receptors and prostaglandins, both 
essential for contractions and cervix softening 
in other mammals (Johnson & Everitt 2000). 
The increase in estradiol from late pregnancy 
into early lactation, along with C. perspicillata 
potentially going through postpartum estrus, 
may explain why estradiol is high at this point 
(Rasweiler & Badwaik 1997). Estradiol con-
centrations are rarely studied in bats, but the 
trend for C. perspicillata is similar to plasma 
concentration in Macrotus waterhousii (Burns 
& Wallace 1975) and Sus scrofa domesticus 
(Robertson & King 1974). 

Progesterone concentrations decreased 
throughout pregnancy and into early lactation. 
Just like estradiol, progesterone is crucial for 
implantation and cell proliferation in rodents 
(Dey et al. 2004) and has been found to peak 
during implantation in other bats, such as 
Miniopterus schreibersii natalensis (Van der 
Merwe & Van Aarde 1989) and hibernating 
Antrozous pallidus (Oxberry 1979). Prior 
radioimmuno assays of Macrotus californicus 
indicated two peaks in progesterone concentra-
tions, one during placentation and the second 
coinciding with accelerated fetal development 
(Burns & Easley 1977). In other mammals such 
as domesticated pigs (S. scrofa domesticus), 
plasma progesterone concentrations were also 
found to be high during implantation and to 
steadily decrease into parturition (Robertson 
& King 1974). Progesterone concentrations 
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analyzed in this study are similar to those 
found in other free-ranging bats (Buchanan 
& Younglai 1986). 

While estradiol and progesterone concentra-
tions were not effective for differentiating met-
estrus from pregnancy in our study, repeated 
measures of hormone concentrations from a 
number of individuals over time may help de-
termine reproductive status of C. perspicillata or 
other species (Voigt & Schwarzenberger 2008). 

Hormone levels stimulate changes in the 
vaginal epithelium, and the proportion of 
specific cell types may be a better predictor of 
reproductive status due to subtle changes from 
one reproductive stage to the next (Bekyürek 
et al. 2002). In a study conducted on Diphylla 
ecaudata, the estrus phase was identified by 
high frequencies of enucleated superficial cells 
whereas metestrus was identified based on high 
levels of intermediate cells (Elizalde-Arellano 
et al. 2008). For C. perspicillata, intermediate 
cells were the most abundant cell type within 
all six reproductive groups and four of the 
eight females characterized to be in estrus 
had high levels of superficial cells relative 
to intermediate cells. According to Crichton 
& Krutzch (2000), vaginal cytology remains 
mostly unchanged during both the breeding 
season and pregnancy. This may explain why 
intermediate cells are highly abundant dur-
ing estrus and why examining superficial cell 
abundance is a more nuanced way to evaluate 
reproductive states. A previous study done by 
Stone et al. (1975) on humans indicated that 
even with estradiol supplements intermediate 
cells were most abundant, with superficial cells 
only being moderately abundant. 

To our knowledge, this is the first study to 
examine all cell types present at different repro-
ductive stages and to try to differentiate metes-
trus and pregnancy in free-ranging bats. During 
metestrus and pregnancy, intermediate cells 
were highly abundant, but superficial cells were 
more abundant during metestrus than during 
pregnancy. Our logistic regression indicated 
good predictive power, but could be improved 
by including more females. Our AUC is also 
within the range of acceptable discrimination 
for the model (Hosmer et al. 2013). Because 
of a developing fetus, time post-implantation 

is more energetically expensive than time pre-
implantation (Gittleman & Thompson 1988). 
By being able to predict these two stages, we 
may better answer ecological questions (i.e. 
how environmental characteristics and fetal 
developmental demands influence pregnancy), 
understand reproductive characteristics of free-
ranging bats or assist with conservation efforts 
by increasing the odds of reproductive success.

ACKNOWLEDGEMENTS
This study was supported by the Texas Tech University 
Department of Natural Resources Management, Texas 
Tech University Health Sciences Center and the Biology 
Department at Pontificia Universidad Javeriana. We would 
also like to thank the Museum of Texas Tech Univer-
sity and the Museum of Pontificia Universidad Javeriana, 
Dr.  Beverly Chilton, Dr. Lisa Smith, Dr. Teri Orr, Dennis 
Castillo, Alejandra Cely Gomez, Daniel Ricardo Peña, and 
the Laboratorio de Ecología Funcional at the Pontificia 
Universidad Javeriana (Bogotá, Colombia). The collecting 
license was transacted through the project “Ecology of bats 
in cave systems in the department of Santander” supported 
by the Pontificia Universidad Javeriana (ID 5696).

LITERATURE CITED
Albrecht, E. D., G. W. Aberdeen, & G. J. Pepe. 2000. 

The role of estrogen in the maintenance of primate 
pregnancy. American Journal of Obstetrics & 
Gynecology 182:432-438.

Alviz-Iriarte, A. 2014. Dinámica temporal de la dieta 
de Carollia perspicillata en la Cueva Macaregua 
Santander-Colombia. Master’s Thesis. Pontificia 
Universidad Javeriana.

Badwaik, N. K., & J. J. Rasweiler. 2000. Pregnancy. 
Reproductive Biology of Bats (E. G. Crichton & P. H. 
Kritzch, eds.). Academic Press. San Diego, California.

Behie, A. M., M. S. M. Pavelka, & C. A. Chapman. 2010. 
Sources of variation in fecal cortisol levels in howler 
monkeys in Belize. American Journal of Primatology 
72:600-606.

Berger, J. 1983. Induced abortion and social factors in 
wild horses. Nature 303: 59-61. 

Bernard, R. T. F., C. Bojarski, & R. P. Millar. 1991. 
Plasma progesterone and luteinizing hormone 
concentrations and role of corpus luteum and LH 
gonadotrophs in the control of delayed implantation in 
Schreibers’ long-fingered bat (Miniopterus schreibersii). 
Journal of Reproduction & Fertility 93:31-42. 

Beyürek, T., N. Liman, & G. Bayram. 2002. Diagnosis 
of sexual cycle by means of vaginal smear method 
in the chinchilla (Chinchilla lanigera). Laboratory 
Animals 36:51-60.

Bohlender, E. E., J. Pérez-Torres, N. A. Borray-
Escalante, & R. D. Stevens. 2018. Dietary variation 
during reproduction in Seba’s short-tailed fruit bat. 
Journal of Mammalogy 99:440-449.



HORMONAL DYNAMICS DURING REPRODUCTION IN Carollia perspicillata 161

Bronson, F. H. 1985. Mammalian reproduction: an 
ecological perspective. Biology of Reproduction 
32:1-26.

Buchanan, G. D., & E. V. Younglai. 1986. Plasma 
progesterone levels during pregnancy in the little 
brown bat Mytois lucifgus (Vespertilionidae). Biology 
of Reproduction 34:878-884. 

Burns, J. M., & R. J. Easley. 1977. Hormonal control 
of delayed development in the California leaf-
nosed bat, Macrotus californicus: III. Changes in 
plasma progesterone during pregnancy. General & 
Comparative Endocrinology 32:163-166.

Burns, J. M., & W. E. Wallace. 1975. Hormonal control 
of delayed development in Macrotus waterhousii. II. 
Radioimmunoassay of plasma estrone and estradiol 
17-β during pregnancy. General & Comparative 
Endocrinology 25:529-533.

Byers, S. L., M. V. Wiles, S. L. Dunn, & R. A. Taft. 2012. 
Mouse estrous cycle identification tool and images. 
Plos one 7:1-5.

Chelini, M. O. M., N. L. Souza, A. M. Rocha, E. C. G. 
Felippe, & C. A. Oliveira. 2005. Quantification of 
fecal estradiol and progesterone metabolites in Syrian 
hamsters (Mesocricetus auratus). Brazilian Journal of 
Medical & Biological Research 38:1711-1717. 

Cloutier, D., & D. Thomas. 1992. Carollia perspicillata. 
Mammalian Species 417:1-9

Creel, S., D. Christianson, S. Liley, & J. A. Winnie. 
2007. Predation risk affects reproductive physiology 
and demography of elk. Science 315:960-960.

Cretekos, C. J. et al. 2005. Embryonic staging system 
for the short-tailed fruit bat, Carollia perspicillata, a 
model organism for the mammalian order Chiroptera, 
based upon timed pregnancies in captive-bred animals. 
Developmental Dynamics 233:721-738. 

Crichton, E. G., & P. H. Krutzch. 2000. Reproductive 
Biology of Bats. Academic Press. San Diego, California.

Daniel, J. C., Jr.1978. Methods in Mammalian 
Reproduction. Academic Press. New York City, New 
York. 

De Bonilla, H. O., & G. T. Romero. 1988. Presencia de 
estro post-parto en el murciélago frugívoro Carollia 
Perspicillata. Acta Biológica Colombiana 1:63-74.

De Catanzaro, D., E. Macniven, & F. Riccuiti. 
1991. Comparison of the adverse effects of adrenal 
and ovarian steroid on early pregnancy in mice. 
Psychoneuroendocrinology 16:525-536. 

De Rensis, F., & R. J. Scaramuzzi. 2003. Heat stress and 
seasonal effects on reproduction in the dairy cow—a 
review. Theriogenology 60:1139-1151.

Desaulniers, D. M., A. K. Goff, K. J. Betteridge, J. E. 
Rowell, & P. F. Flood. 1989. Reproductive hormone 
concentrations in faeces during the oestrous cycle 
and pregnancy in cattle (Bos taurus) and muskoxen 
(Ovibos moschatus). Canadian Journal of Zoology 
67:1148-1154.

Dey, S. K., H. Lim, S. K. Das, J. Reese, B. C. Paria, 
T. Daikoku, & H. Wang. 2004. Molecular cues to 
implantation. Endocrine Reviews 25:341-373.

Elizalde-Arellano, C., J. C. López-Vidal, E. Uría-
Galcia, H. M. Rosales, J. Aarroyo-Cabrales, & 
R. A. Medellín. 2008. Citología vaginal y ciclo estral 

de Diphylla ecaudata. Avances en el Estudio de los 
Mamíferos de México (C. Lorenzo, E. Espinoza & 
J. Ortega, eds.). El Colegio de la Frontera Sur. San 
Cristóbal de Las Casas, Chiapas. 

Fleming, T. 1988. The Short-tailed Fruit Bat: A Study 
in Plant-Animal Interactions. University of Chicago 
Press. Chicago, Illinois.

Foley, C. A. H., S. Papageorge, & S. K. Wasser. 2001. 
Noninvasive stress and reproductive measures of 
social and ecological pressures in free‐ranging African 
elephants. Conservation Biology 15:1134-1142.

Frederick, C., R. Kyes, K. Hunt, D. Collins, B. Durrant, 
& S. K. Wasser. 2010. Methods of estrus detection and 
correlates of the reproductive cycle in the sun bear 
(Helarctos malayanus). Theriogenology 74:1121-1135.

Games, P. A., & J. F. Howell. 1976. Pairwise multiple 
comparison procedures with unequal n’s and/or 
variances: a Monte Carlo study. Journal of Educational 
and Behavioral Statistics 1:113-125.

Gidley-Baird, A. A., C. O’neill, M. J. Sinosich, R. 
N. Porter, I. L. Pike, & D. M. Saunders. 1986. 
Failure of implantation in human in vitro fertilization 
and embryo transfer patients: the effects of altered 
progesterone/estrogen ratios in humans and mice. 
Fertility & Sterility 45:69-74. 

Gittleman, J. L. & S. D. Thompson. 1988. Energy 
allocation in mammalian reproduction. American 
Zoologist 28:863-875.

Glass, G. V., P. D. Peckham, & J. R. Sanders. 1972. 
Consequence of failure to meet assumptions underlying 
the fixed effects analysis of variance and covariance. 
Review of Education Researcher 42:237-288.

Greiner, S., F. Schwarzenberger, & C. C. Voigt. 2011. 
Predictable timing of oestrus in the tropical bat 
Saccopteryx bilineata living in a Costa Rican rain forest. 
Journal of Tropical Ecology 27:121-131.

Gudermuth, D. F., P. W. Concannon, P. F. Daels, & 
B. L. Lasley. 1998. Pregnancy-specific elevations in 
fecal concentrations of estradiol, testosterone and 
progesterone in the domesteic dog (Canis familiaris). 
Theriogenology 50:237-248.

Hoffman, B., D. Barth, & H. Karg. 1978. Progesterone 
and estrogen levels in peripheral plasma of the 
pregnant and nonpregnant roe deer (Capreolus 
capreolus). Biology of Reproduction 19:931-935. 

Hosken, D. J., J. E. O’shea, & M. A. Blackberry. 
1996. Blood plasma concentrations of progesterone, 
sperm storage and sperm viability and fertility in 
Gould’s wattled bat (Chalinolobus gouldii). Journal of 
Reproduction & Fertility 108:171-177. 

Hosmer D. W., Jr., S. Lemeshow, & R. X. Sturdivant. 
2013. Assessing the fit of the model. Applied Logistic 
Regression, 3rd edition (D. J. Balding et al., eds.). John 
Wiley & Sons Inc. Hoboken, New Jersey, USA. 

Hurn, P. D., & I. M. Macrae. 2000. Estrogen as a 
neuroprotectant in stroke. Journal of Cerebral Blood 
Flow & Metabolism 20:631-652.

Jochle, W., & A. C. Andersen. 1977. The estrous cycle in 
the dog: a review. Theriogenology 7:113-140.

Johnson, M., & B. J. Everitt. 2000. Essential Reproduction 
(5th ed.). Oxford: Blackwell Science. Malden, 
Massachusetts.



Mastozoología Neotropical, 25(1):151-162, Mendoza, 2018
http://www.sarem.org.ar - http://www.sbmz.com.br

E. E. Stukenholtz et al.162

Khan-Dawood, F. S. 2003. The ovarian cycle. Introduction 
to Mammalian Reproduction (D. R. P. Tulsiani, ed.). 
Kluwer Academic Publication. Boston, Massachusetts.

Kleiman, D. G., & T. M. Davis. 1979. Ontogeny and 
maternal care. Biology of Bats of the New World 
Family Phyllostomatidae, Part III (R. J. Baker, J. K. 
Jones, Jr., and D. C. Carter, eds.). Special Publications, 
The Museum, Texas Tech University Press 16:1-441.

Loudon, A. S., & P. A. Racey. 1987. Reproductive 
energetics in mammals. Published for the Zoological 
Society of London by Clarendon Press; Oxford 
University Press, Oxford.

Marshall, F. H. A. 1904. The oestrous cycle in the 
common ferret. Quarterly Journal of Microscopial 
Science 48:323-346.

McEndree, B. 1999. Clinical application of the vaginal 
maturation index. The Nurse Practitioner 24:48-57. 

Mills, J. N., V. E. Valli, & J. H. Lumsden. 1979. Cyclical 
changes of vaginal cytology in the cat. The Canadian 
Veterinary Journal 20:95-101.

Muir, C., E. Spironello-Vella, N. Pisani, & D.  de 
Catanzaro. 2001. Enzyme immunoassay of 
17β-estradiol, estrone conjugates, and testosterone in 
urinary and fecal samples from male and female mice. 
Hormone & Metabolic Research 33:653-658.

Oxberry, B. A. 1979. Female reproductive patterns in 
hibernating bats. Journal of Reproduction & Fertility 
56:359-367.

Pérez-Torres, J., D. Martínez-Medina, M. Peñuela-
Salgado, M. C. Ríos-Blanco, S. Estrada-Villegas, 
& L. Martínez-Luque. 2015. Macaregua: the cave with 
the highest bat richness in Colombia. Check List 11:1-6.

Piccinni, M. P. et al. 1995. Progesterone favors the 
development of human T helper cells producing Th2-
type cytokines and promotes both IL-4 production and 
membrane CD30 expression in established TH1 cells 
clones. Journal of Immunology 155:128-133. 

Pukazhenth, B., & D. Wildt. 2004. Which reproductive 
technologies are most relevant to studying, managing 
and conserving wildlife? Reproduction, Fertility and 
Development 16:33-46. 

Racey, P. A. 2009. Reproductive assessment of bats. 
Ecological and Behavioral Methods for the Study of 
Bats (T. H. Kunz & S. Parsons, eds.). Johns Hopkins. 
Baltimore, Massachusetts.

Rasweiler, J. J., IV, & N. K. Badwaik. 1997. Delayed 
development in the short-tailed fruit bat, Carollia 
perspicillata. Journal of Reproduction and Fertility 
109:7-20.

Rasweiler, J. J., IV, C. J. Cretekos, & R. R. Behringer. 
2009. Collection of short-tailed fruit bats (Carollia 
perspicillata) from the wild. Cold Springs Harbor 
Protocols 3.

Reeder, D. M., & E. P. Widmaier. 2009. Hormone analysis 
in bats. Ecological and Behavioral Methods for the 
Study of Bats (T. H. Kunz & S. Parsons, eds.). John 
Hopkins. Baltimore, Massachusetts.

Robertson, H. A., & G. J. King. 1974. Plasma 
concentrations of progesterone, oestrone, oestradiol-
17β and of oestrone sulphate in the pig at implantation, 
during pregnancy and at parturition. Journal of 
Reproduction & Fertility 40:133-141.

Sikes, R. S., W. L. Gannon, & The Animal Care and 
Use Committee of the American Society of 
Mammalogists. 2016. Guidelines of the American 
Society of Mammalogists for the use of wild mammals 
in research and education. Journal of Mammalogy 
97:663-688. 

Stone, S. C., A. Mickal, & P. H. Rye. 1975. Postmenopausal 
symptomatology, maturation index and plasma 
estrogen levels. Obstetrics & Gynecology 45:625-627. 

Thompson, S. D. 1992. Gestation and lactation in small 
mammals: basal metabolic rate and the limits of energy 
use. Mammalian Energetics: Interdisciplinary Views 
of Metabolism and Reproduction (F. Tomasi & T.H. 
Horton, eds.). Cornell University Press, New York.

Van der Merwe, M., & R. J. Van Aarde. 1989. Plasma 
progesterone concentrations in the female natal 
clinging bat (Miniopterus schreibersii natalensis). 
Journal of Reproduction & Fertility 87:665-669.

Vaughan, T. A., J. M. Ryan, & N. J. Czaplewski. 
2013. Mammalogy (5th edition). Jones and Bartlett 
Publishers. Sudbury, Massachusetts. 

Vela-Vargas, I. M., J. Pérez-Torres, L. Pérez-Pabón, 
& P. Larrín. 2016. Vaginal smears: a key source of 
information on the estrous cycle of Neotropical bats. 
Mastozoloogía Neotropical 23:139-145.

Voigt, C. C., & F. Schwarzenberger. 2008. Reproductive 
endocrinology of a small tropical bat (female 
Saccopteryx bilineata; Emballonuridae) monitored by 
fecal hormone metabolites. Journal of Mammalogy 
89:50-57.

Wasser, S. K. et al. 1993. Effects of dietary fibre on faecal 
steroid measurements in baboons (Papio cynocephalus 
cynocephalus). Journal of Reproduction & Fertility 
97:569-574.

Wasser, S., S. Monfort, & D. Wildt. 1991. Rapid 
extraction of faecal steroids for measuring reproductive 
cyclicity and early pregnancy in free-ranging yellow 
baboons (Papio cynocephalus cynocephalus). Journal 
of Reproduction & Fertility 92:415-423.

Watts, H. E., & K. E. Holekamp. 2008. Interspecific 
competition influences reproduction in spotted hyenas. 
Journal of Zoology 276:402-410.

Welch, B. L. 1947. The generalization of Students’ 
problem when several different population variances 
are involved. Biometrika 34:28-35.

Ziegler, T. E., & D. J. Wittwer. 2005. Fecal steroid 
research in the field and laboratory: improved methods 
for storage, tansport, processing and analysis. American 
Journal of Primatology 67:159-174.


