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CHAPTER I 

INTRODUCTION 

 

Many factors influence the reproduction and fitness of organisms but lack 

extensive research (Crichton and Krutzsch 2000). Reproductive endocrinology influences 

the estrous cycle of mammals, and consequently, their ability to bear and rear young 

(Jöchle and Anderson 1977; Daniel 1978; Arck 2007). Moreover, dietary decisions made 

to satisfy nutritional requirements during pregnancy and lactation can impact 

development of offspring (Crichton and Krutzsch 2000). Female physiological or dietary 

strategies, if compromised, may lead to unsuccessful reproduction (Crichton and 

Krutzsch 2000). 

The estrous cycle is mediated by a multitude of reproductive hormones that direct 

physiological changes and reproductive behaviors (Daniel 1978). Progesterone and 

estrogen are gonadal hormones that influence the estrous cycle (Jöchle and Anderson 

1977) by stimulating sexual receptiveness, and maintaining pregnancy (Jöchle and 

Anderson 1977; Arck 2007). Whereas hormone levels influence reproduction, there are 

complications involved with collecting samples for hormonal analysis outside of 

laboratory settings which have likely contributed to lack of research for many taxa. 

(Pukazhenth and Wildt 2004). 

Alternatively, researchers may analyze reproductive hormone expression by 

examining vaginal cytology. By analyzing abundance of three cell types (superficial, 

intermediate, and parabasal cells) present in the upper layer of vaginal epithelium, 

researchers may be able assess estrogen and progesterone activity and link individual bats 
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to a stage within the estrous cycle (Mills et al. 1979; McEndree 1999).  Whereas hormone 

analysis and vaginal cytology are effective for assessing reproductive condition, it can be 

difficult to differentiate metestrus from pregnancy with these techniques (Racey 2009; 

Vela-Vargas et al. 2016). Metestrus is identified by the development of the corpus luteum 

(Tulsiani 2003). Once the egg is fertilized and implants, a female transitions from 

metestrus to early pregnancy. If fertilization does not happen, the female will re-enter the 

estrous cycle. Metestrus and early pregnancy are very different from each other both 

physiologically and energetically, but often there is no clear way to identify one from the 

other in the field due to there being no difference in external morphology, such as a 

palpable fetus. Due to the inability to differentiate these two phases non-invasively in 

many free-ranging organisms, many researchers have grouped these two stages together, 

which possibly leads to inaccurate estimation of factors influencing reproduction (Vela- 

Vargas et al. 2016). 

The first step toward understanding reproductive behaviors that may result from 

environmental influences on reproductive status is assessing hormonal concentrations and 

vaginal cytology during different reproductive periods. My research is the first to 

determine the probability of a female bat being in putative metestrus or pregnant based on 

measurements of superficial cell proportions. 

Reproductive demands can influence foraging behavior and dietary choices. 

Pregnancy and lactation are both energetically expensive (Loundon and Racey 1987). 

Moreover, calcium (for bone growth) and nitrogen (a major constituent of protein) are 

essential for fetal and neonate development, but are limited in the diets of many 

frugivorous bat species (Barclay 1994; Crichton and Krutzsch 2000). Due to differing 
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nutritional and energetic demands, dietary composition should be different among males, 

non-reproductive, pregnant, and lactating females (Fleming 1988). 

Seba’s short-tailed fruit bat (Carollia perspicillata) belongs to one of the most 

abundant genera in the Neotropical family Phyllostomidae. Extensive research has 

examined dietary composition at different geographic locations (Fleming 1988) and 

temporal variation in diet of this species throughout the year (Alviz Iriarte 2014), but 

studies evaluating dietary differences between reproductive stages or resource selection 

to satisfy nutritional demands have not been conducted. The purpose of my study is to 

analyze dietary variation during reproduction. 

Objectives 
 

In Chapter II, I analyze variation in progesterone and estrogen concentrations 

expressed in fecal samples of females categorized into one of six reproductive stages: 

estrus, metestrus, putative implantation, early pregnancy, late pregnancy, and early 

lactation. I also analyzed vaginal cytology and hormonal concentrations as possible 

predictors of pregnancy. In Chapter III, I evaluate dietary composition of males, non- 

pregnant, early pregnant, late pregnant, and lactating females. Specifically, I analyze if 

nitrogen-rich and calcium-rich food items were more common in the diets of pregnant 

and lactating females, as is predicted by increased nutritional demands. Chapter II and III 

will be submitted for publications separately. Authors for Chapter II include Beverly 

Chilton, Lisa Smith, Jairo Pérez-Torres, and Richard Stevens. Authors for Chapter III 

include Natalia Borray-Escalante, Jairo Pérez-Torres, and Richard Stevens. 
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CHAPTER II 
 

INVESTIGATING VAGINAL CYTOLOGY, PROGESTERONE AND ESTROGEN METABOLITES OF 
 

SEBA’S SHORT-TAILED FRUIT BAT (CAROLLIA PERSPICILLATA) DURING REPRODUCTION 

ABSTRACT 

One of the major factors influencing population growth or reduction is 

reproductive output, which can be influenced by multiple factors. Analyzing reproductive 

hormones provides insight into reproduction and how environmental characteristics 

(temperature, rainfall, food abundance, and photoperiod) may influence reproductive 

patterns. Due to cost and difficulties obtaining and preserving biological samples, 

reproductive endocrinology remains poorly studied in most free-ranging organisms. This 

study is one of the first to examine differences in fecal hormone (progesterone and 

estrogen) metabolites at different reproductive stages and in particular to determine the 

probability that a female bat (Seba’s short-tailed fruit bat, Carollia perspicillata) is in 

putative metestrus or pregnancy by correlating vaginal cytology with hormone 

metabolites. Fifty-five females collected throughout the reproductive season were 

examined for the presence of a conceptus. Furthermore, populations of cells (superficial, 

intermediate, and parabasal cells) in exfoliate vaginal cytology were quantified for each 

individual. Progesterone and estrogen 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 estrogen levels increased. A logistic 

regression indicated that progesterone and estrogen concentrations and parabasal cell 

proportions were not significant predictors of whether a female was pregnant or in 
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putative metestrus. Superficial cell proportions were highest during putative metestrus 

and were an effective predictor of this phase of the reproductive cycle. 

INTRODUCTION 
 

Levels of gonadal sex hormones, such as estrogen and progesterone, are key 

indicators of reproductive status, infertility, influences of environmental characteristics 

on patterns and timing of pregnancy, unique reproductive strategies (e.g., embryonic 

diapause, reflex ovulation, etc.), or progression through the estrous cycle (i.e., early 

pregnancy, multiple cycles, lengths of cycles; Buchanan and Younglai 1986; Wasser et 

al. 1991; Yellon and Tran 2002; De Rensis and Scaramuzzi 2003). Whereas hormone 

analysis is a useful tool for understanding reproductive characteristics, information is 

lacking for many taxa, in particular free-ranging wildlife species. 

The estrous cycle integrates complex hormonal and physiological changes and 

can be divided into four stages: proestrus, estrus, metestrus, and diestrus. Anestrus is a 

period of reproductive inactivity (Daniel 1978; Vaughan et al. 2013). Proestrus is 

characterized by follicle development, which then leads into estrus. During estrus, 

estrogen, which stimulates sexual receptivity in females, peaks in conjunction with 

ovulation (Jöchle and 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 and Anderson 1977; Tulsiani 2003). The corpus luteum produces some 

estrogen and large amounts of progesterone (Tulsiani 2003). Progesterone is crucial for 

maintaining pregnancy (Piccinni et al. 1995; Arck 2007). Due to progesterone’s critical 

role in uterine maintenance, there are higher concentrations in pregnant than non- 

pregnant females (Hoffman et al. 1978; Buchanan and Younglai 1986). To establish a 
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successful pregnancy, the ovum is fertilized during metestrus. If the ovum is not 

fertilized, the female will repeat the estrous cycle. 

Whereas hormone levels can indicate reproductive status, there can be 

complications collecting samples for analyses.  Once a biological sample (e.g. plasma, 

feces, urine, etc.) is collected, it must be frozen within a couple of hours, which is 

difficult in many field settings. In addition, pilot studies may be required to assess 

presence or absence of hormones within some biological materials of certain species 

before samples can yield useful quantitative information. Adequate serum samples, from 

which plasma must be isolated by centrifugation, are notoriously difficult to obtain from 

small and free-ranging animals without sacrificing them (Voigt and Schwarzenberger 

2008). As a result, many free-ranging species have been under-researched with respect to 

reproductive endocrinology (Pukazhenth and Wildt 2004). Nonetheless, fecal samples are 

purported to have steroid concentrations similar to blood (Voigt and Schwarzenberger 

2008; Reeder and Widmaier 2009), and have been deemed the best biological material for 

hormone analysis for my study. 

Another way to estimate female reproductive status that may be more feasible 

under field settings is through the use of vaginal cytology. Estrogen and progesterone 

states can be analyzed by examining the epithelial lining of the vagina (McEndree 1999). 

The abundance of maturate cells (superficial cells and intermediate cells) expressed by 

the vaginal wall is an indicator of the systemic estrogen effect (McEndree 1999).  The 

dominance of superficial cells is a strong indicator of estrogen stimulation (McEndree 

1999). Depending on the degree of cornification, dominance of superficial cells within 

vaginal smears may be linked to stages of the estrous cycle. During proestrus nucleated 
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superficial cells are dominant, whereas enucleate cells are dominant in estrus (Vela- 

Vargas et al. 2016). Dominance of intermediate cells indicates progesterone stimulation 

and that a female may be in metestrus or may be pregnant (McEndree 1999; Mills et al. 

1979; Vela-Vargas et al. 2016). Finally, an abundance of parabasal cells, the least mature 

cell type, is indicative of reduced sexual steroid hormone stimulation, when the female is 

anestrus (Mills et al. 1979; McEndree 1999; Vela-Vargas et al. 2016). 

Whereas vaginal cytology is a useful and inexpensive tool to determine 

reproductive status, some claim it cannot differentiate metestrus from pregnancy (Racey 

2009; Vela-Vargas et al. 2016).  For this reason, researchers often will group these two 

stages together even though they are physiologically and energetically very different 

(Crichton and Krutzch 2000; Vela-Vargas et al. 2016). 

Bats, especially those from the New World family Phyllostomidae, have great 

diversity in their reproductive strategies (Voigt and Schwarzenberger 2008), but little is 

known about their reproductive endocrinology. Even tropical bats, whose environments 

are more stable than those of their temperate counterparts, manifest a wide range of 

reproductive adaptations (e.g. delayed implantation, postpartum estrus, etc.; Heideman 

1989; Voigt and Schwarzenberger 2008). Although these reproductive strategies are 

regulated by hormone concentrations, reproductive endocrinology and vaginal cytology 

of bats are under-researched (Crichton and Krutzch 2000). Instead, less precise external 

reproductive characteristics (e.g. vulva size, palpation of a fetus, etc.) are often used to 

indicate reproductive status. Recently, the efficacy of analyzing reproductive hormones 

and vaginal cytology for determining reproductive status in some bats has been 

demonstrated (Voigt and Schwarzenberger 2008; Vela-Vargas et al. 2016). 
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I analyzed reproductive endocrinology and vaginal cytology of Seba’s short-tailed 

fruit bat (Carollia perspicillata). Carollia perspicillata makes an excellent model species 

due to being a well-studied species and belonging to one of the most common genera 

within the family Phyllostomidae. It has a range that extends from Mexico to Northern 

Argentina (Cloutier and Thomas 1992). This medium-sized bat (weight averaging 18.5 g 

and forearm length averaging 40 mm for males and 42.3 mm for females) has the 

characteristic leaf-nose, with a warty V-shaped lower lip, and a tri-colored, dense coat 

that can be black, gray or brown (Cloutier and Thomas 1992). It has a diet consisting of a 

wide variety of fruits, insects, and occasionally flowers during the dry season (Cloutier 

and Thomas 1992). Carollia perspicillata is known for playing an influential ecosystem 

role of maintaining plant diversity, as a seed disperser, and a potential pollinator 

(Fleming and Hiethaus 1981; Charles- Dominique 1991; Cloutier and Thomas 1992). It 

has two breeding periods, from May to February and June to August, in Costa Rica and 

Colombia (Cloutier and Thomas 1992; Alviz Iriarte 2014).  Reproduction is 

asynchronized (Fleming 1988), with no indication of delayed implantation (Cloutier and 

Thomas 1992). Gestation lasts from 115 - 120 days, and the fetus is palpable after 5 to 6 

weeks of pregnancy (Cloutier and Thomas 1992). After parturition, females may 

experience postpartum estrus (Cloutier and Thomas 1992). 

I tested the hypothesis that there is a difference in estrogen concentrations 

between non-pregnant and pregnant C. perspicillata, as has been found in other 

Neotropical species, such as Saccopteryx bilineata (Voigt and Schwarzenberger 2008), 

and that progesterone concentrations are different among bats in metestrus and putative 

implantation, early pregnancy, and late pregnancy. I postulated that progesterone 
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concentrations can be used to differentiate putative metestrus and putative implantation, 

early pregnancy, and late pregnancy. Ultimately, I tested whether a combination of 

vaginal cytology and hormone concentrations can distinguish putative metestrus from 

pregnancy. Others have reported that pregnancy can be identified by progesterone 

concentrations or intermediate cell abundance; however, progesterone concentrations 

cannot distinguish between pregnancy and metestrus, at least in other bat species (Racey 

2009; Vela-Vargas et al. 2016). 

During estrus, superficial cells tend to be one of the most abundant of all cell 

types. As the female transitions from estrus to metestrus, intermediate cells become most 

abundant, with superficial and parabasal cells present in reduced numbers (Bekyürek 

2002). In other non-model organisms, it has been shown that if pregnancy transpires, 

parabasal and intermediate cells tend to be found at intermediate densities and superficial 

cells decrease in abundance (Bekyürek 2002). I tested the hypothesis that females in 

metestrus and pregnancy have a high abundance of intermediate cells, with variable 

proportions of superficial and parabasal cells. 

MATERIALS AND METHODS 
 

Sample Collection 
 

Fecal and vaginal lavage samples were collected from June to August 2015 

following American Society of Mammalogists guidelines (ASM; Sikes et al. 2011) and 

Texas Tech University IACUC protocol No. 15027-004. My study colony was at the 

Macaregua Cave in Santander, Colombia (006°39ʹ36.2ʺ N, 073°06′32.3″ W). The cave 

has two caverns: the smaller cavern is dry, whereas the larger one has a stream running 
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through it. The cave has the highest richness in bat species within Colombia, with C. 

perspicillata being the most abundant species (Pérez-Torres et al. 2015). It is embedded 

in a seasonal dry forest. However, due to an increase in agricultural production there are 

only remnants of secondary and gallery forests and small areas of primary forest in the 

region (Pérez-Torres et al. 2015). Regional temperature ranges from 12 - 30°C and 

annual rainfall averages 1,550 mm with humidity reaching 60-80%. The wet season 

extends from April to October (≈ 250 mm in April) and the dry season from November to 

March (≈ 10 mm in January; Alviz Iriarte 2014; Pérez-Torres et al. 2015). Precipitation is 

highest during the months of April to May and September to October. 

Bats were captured in mist nets and placed individually into clean cloth bags. 
 

They were fed with banana in the morning and fecal samples and vaginal lavage 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 

Lypohilizer and stored frozen until analysis at the Texas Tech University Health Sciences 

Center. Bats were tattooed and fitted with an individual numbered metal band on their 

forearm. Sixty-six females were euthanized, of which fifty-five produced sufficient 

quantity/quality of fecal materials for analyses. Collected females were necropsied for the 

presence of a conceptus. Forearm and crown-to-rump length were measured for each 

conceptus. 

Hormone Assay 
 

Estrogen and progesterone metabolites were extracted using a methanol and 

diethyl procedure modified from Greiner et al. (2011) and Voigt and Schwarzenberger 

(2008). Fecal sample dry weights ranged from 0.01 to 0.74 g. Each sample was placed 
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into 0.5 mL of distilled water plus 0.5 mL of 5% NaHCO3 and pulverized with a 

Kinematrica polytron homogenizer/sonicator.  Four milliliters of methanol were added to 

each homogenate and extracted for at least 48 hours. Extracts were centrifuged at 800x 

gravitational acceleration and 1 mL of supernatant was transferred to a clean tube. Three 

milliliters of diethyl ether were added to each supernatant sample for re-extraction for 24 

hours. The ether phase of each extract was transferred to a clean tube and air dried. Dry 

samples were re-dissolved in diluted assay buffer (1:100). Concentrations were analyzed 

with Enzo17 β-estradiol and a modified progesterone enzyme-linked immunosorbent 

assay (ELISA) kit. The ELISA for estrogen 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 with a standard curve for each assay. Hormone concentrations were 

normalized to fecal dry weight. 

Measurements of progesterone and estrogen concentrations were grouped 

according to their association with the presence or absence of a conceptus.  Pregnancy 

was divided into three stages: putative implantation, early, and late. Females in early 

pregnancy had an unpalpable fetus (fetus forearm length < 8mm), whereas late pregnancy 

consisted of females with palpable fetuses (fetus forearm length > 8mm). 

Vaginal Cytology 
 

Exfoliate vaginal cytology was assessed by vaginal lavage (Vela- Vargas et al. 

2016). 0.5 μl of saline solution was pipetted into the vagina, aspirated and placed on 

slides and air dried, fixed with 90% ethanol, and stained for microscopic evaluation with 

hematoxylin. Cells were then classified according to their morphology (Figure 1) and 



Texas Tech University, Erin Bohlender, August 2016 

14 

 

 

 
 

counted. Parabasal cells are the least mature cell. They are round with the largest nucleus 

to cytoplasm ratio (Bekyürek 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 are the smallest (Bekyürek 2002). Presence of fungus, 

neutrophils, sperm, and possible plant matter were also noted. 

Statistical Analyses 
 

All analyses were conducted using SPSS 23. Due to violation of the assumption 

of homogeneity of variances, among group differences regarding progesterone and 

estrogen concentrations and vaginal cytology were examined with Welch’s Analysis of 

Variance (ANOVA; Welch 1947) and a Games-Howell post hoc test (Games and Howell 

1976). Normality was not a concern due to ANOVA’s robustness to violations of this 

assumption (Glass et al. 1972). To determine the predictability of a female being in 

putative metestrus or pregnant, I conducted a logistic regression with independent 

variables being superficial cell proportions, parabasal cell proportions, and progesterone 

and estrogen metabolites using a forward conditional variable entry method. With results 

from the logistic regression, I was able to predict if females were pregnant or not. 

To analyze variation of progesterone and estrogen concentrations from 

unsacrificed bats, I categorized my bats into the following categories: bats that had a 

palpable fetus were categorized as late pregnant, early lactating bats expressed milk and 

had a latched pup, late lactating bats expressed milk and no pup, female bats that were 

not palpable or lactating and had a probability based on the logistic regression over 51% 
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were labeled as early pregnant, and bats that had a probability based on the logistic 

regression below 51% were categorized as non-pregnant. 

RESULTS 

Of the bats collected (n = 55) and necropsied during the breeding season, 18% 

were not pregnant, 58% were pregnant and 24% were lactating. Early lactating bats 

included females carrying pups with forearms ranging from 22.6 to 37mm. Two pregnant 

females were removed from analyses due to aberrantly low progesterone and estrogen 

concentrations. These were an early pregnant female (fetus forearm length of 3.3mm) that 

had progesterone of 0.93 ng/mL and estrogen concentration of 1.37 ng/mL, and a late 

pregnant female (fetus forearm length 18.1) with progesterone concentration of 

0.25ng/mL and estrogen concentrations of 0.45 ng/mL. The possible reasons for low 

concentrations, is the female may have aborted the fetus or entered parturition. 

Estrogen and progesterone concentrations exhibited similar patterns among 

reproductive states (Table 1, Figure 2). Concentrations rose from estrus to pregnancy then 

decreased to late pregnancy. Progesterone continued to decrease into lactation, while 

estrogen increased into lactation. 

Welch’s test indicated significant differences in estrogen concentrations (F5, 22.21 = 

14.17, P < 0.001) and progesterone concentrations (F5, 23.07 = 16.18, P < 0.001) among 

reproductive stages (Table 2). According to a Games-Howell post hoc test (Table 2), 

progesterone concentrations (-6.51 ± 3.81 ng/mL, P = 0.001 and -32.99 ± 16.17 

respectively, P < 0.001) and estrogen concentrations (-7.23 ± 7.27, P = 0.048 and -62.12 
 

± 27.47 respectively, P < 0.001) during estrus were lower than in metestrus and during 

putative implantation. Progesterone and estrogen concentrations during metestrus were 
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comparable during early and late pregnancy. Progesterone and estrogen concentrations 

peaked at putative implantation, and were significantly different than all other 

reproductive stages, except early pregnancy (Figure 2). Concentrations were equivalent 

during early pregnancy, late pregnancy, and lactation. 

Although intermediate cells were most abundant during all five reproductive 

stages (Figure 3), the most variation was present in parabasal and superficial cell 

proportions. Welch’s test indicated that superficial cell proportions (F5, 19.97 = 3.56, P = 

0.018; Table 3 and Figure 3) were significantly different, while there was no difference in 

parabasal cell proportions (Levene’s = 0.125, F5, 54 = 1.78, P = 0.131) among 

reproductive groups. The significant difference in superficial cell proportions was 

between females in estrus and females in early pregnancy. Superficial cells were much 

lower during early pregnancy (P = 0.047) compared to estrus. Observationally, 

superficial cells were moderately abundant during estrus and metestrus, and then 

decreased during implantation, early pregnancy, and late pregnancy. Parabasal cells were 

the least abundant during estrus and metestrus, then increased during presumptive 

implantation, early pregnancy, and late pregnancy. 

To determine if vaginal cytology and hormonal concentrations can predict 

classification of metestrus (0) and pregnancy (1), a logistic regression was conducted 

using the forward conditional variable entry method. The model was able to successfully 

classify 87.8% of individuals into their appropriate groups. Parabasal cell proportions, 

estrogen and progesterone concentrations were not good predictors of classification. 

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). Non-pregnant females 
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were more likely to have higher abundances of superficial cells compared to pregnant 

females. The model was able to significantly predict group membership (χ2 = 4.94, d.f. = 

1, P = 0.026). Goodness-of-fit was assessed with Nagelkereke R2 (0.20) and a Hosmer 

and Lemeshow test (χ2 = 5.59, d.f. = 8, P = 0.694). My Nagelkereke R2 indicates that 

improvements could be made to the model. Area under the curve was 0.71 and indicates 

good predictive power of the model. 

With the logistic regression I was able to determine the probability that a female 
 

C. perspicillata is pregnant or not. An additional 189 live females were categorized in the 

following order:  if a fetus was palpable she was categorized as late pregnant, females 

expressing milk and had a latched pup were early lactating, females expressing milk with 

no latched pup were late lactating, and with the logistic regression equation I assessed 

likelihood of females being early pregnant (51% or higher probability) or non-pregnant 

(51% or lower probability). Of the bats assessed for progesterone concentrations, 13% 

were predicted to be non-pregnant, 33% were predicted to be early pregnant, 37% late 

pregnant, 9% early lactating, and 8% late lactating. 150 bats were assessed for estrogen 

concentrations, 15% non-pregnant, 31% early pregnant, 35% late pregnant, 9% early 

lactating, and 10% late lactating. Estrogen concentrations (F4, 47.79 = 10.68, P < 0.001) 

and progesterone concentrations (F4, 60.83 = 6.94, P < 0.001; Table 4) were higher during 

early pregnant than non-pregnant and late lactating bats. This is very similar to the 

sacrificed bats, where estrogen and progesterone concentrations were highest during 

putative implantation (Figure 5). The results also verify the inability to assess 

reproductive status, with concentrations being comparable between pregnant, non- 

pregnant, and lactating bats. 
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DISCUSSION 
 

This is the first study to analyze fecal estrogen and progesterone metabolites in 

free-ranging female C. perspicillata during reproduction. Estrogen and progesterone 

concentrations during estrus were not different from early pregnancy and early lactation. 

Steroid concentrations during putative metestrus were not significantly different from 

definitive early and late pregnancy, contradicting my hypotheses. Progesterone persisting 

into lactation may indicate that the corpus luteum is not deteriorating as seen in Myotis 

lucifugus from pregnancy into lactation (Buchanan and Youglai 1986). 

Estrogen concentrations exhibited a rise from estrus into putative implantation, 

then a decrease into late pregnancy and a second rise during early lactation. This peak at 

putative implantation suggests the possible importance of estrogen for blastocyst 

attachment.  Estrogen is essential for the blastocyst to implant within the uterus at least 

for rodents (Dey et al. 2004). Progesterone alone maintains a state of embryonic diapause 

until there is a surge of estrogen that allows for attachment (Dey et al. 2004). Once the 

blastocyst is implanted, estrogen plays an important role in fetal development (Albrecht 

et al. 2000). Once the female enters a state of parturition, there is a shift in the 

estrogen/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 and Everitt 2000). 

There was a rise in progesterone concentrations from estrus to implantation, then 

a decrease throughout pregnancy and into early lactation. The highest concentration of 

progesterone occurred during putative implantation (64 ng/mL). Just like estrogen, 
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progesterone is crucial for implantation and cell proliferation in rodents (Dey et al. 2004). 

In sows, progesterone has been found to be high during implantation and to steadily 

decrease into parturition (Robertson and King 1974). The progesterone concentrations 

analyzed within this study are similar to those found in other free-ranging bats (Buchanan 

and Youglai 1986). Estrogen concentrations are rarely studied in bats, but the trend is 

similar to other non-model organisms, such as a few agricultural mammals (Robertson 

and King 1974). While estrogen and progesterone concentrations were not effective for 

differentiating metestrus from pregnancy in my study, multiple analyses of hormone 

concentrations for the same individual and/or colonies that have more synchronized 

reproductive timing may be useful to determine reproductive status (Voigt and 

Schwarzenberger 2008). 

Hormone levels stimulate changes in the vaginal epithelium, specifically 

superficial cell proportions, which may be a better predictor of reproductive status due to 

subtle changes from one stage to the next (Bekyürek 2002). Intermediate cells were the 

most abundant cell type within all six reproductive groups. According to Crichton and 

Krutzch (2000), vaginal cytology remains mostly unchanged during the breeding season 

and pregnancy, which may explain why intermediate cells were very abundant during 

estrus. A previous study done by Stone et al. (1975), showed that even with estrogen 

supplements, intermediate cells were most abundant, with superficial cells only being 

moderately abundant in humans. To my knowledge, this is the first study to examine all 

cell types present at different reproductive stages and to try to differentiate metestrus and 

pregnancy in free-ranging bats. During metestrus and pregnancy, intermediate cells were 

highly abundant, but superficial cells were more abundant in putative metestrus than 
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during pregnancy. Apparently, the transition from estrus to metestrus produces 

progressive yet subtle change and a transition from intermediate to superficial cells. My 

predictive model may be improved by including a greater number of females in 

metestrus. By being able to predict these two stages that are physiologically and 

energetically different, we may better answer ecological questions and understand 

reproductive characteristics of free-ranging bats. 

Final Remarks 
 

Analyzing reproductive endocrinology in free-ranging bats and other mammals 

has been vastly understudied, possibly due to the difficulties collecting and analyzing 

biological materials in field settings. My study helps demonstrate the possibility of 

analyzing hormone concentrations from fecal material of free-ranging species. Better yet, 

it introduces the possibility of determining if a female is pregnant or in metestrus. 

Vaginal cytology has been examined for several different species of mammals, but there 

has been no way to analyze if a female is in metestrus or pregnancy with a noninvasive 

technique. By analyzing hormone concentrations and superficial cells from vaginal 

cytology during reproduction, researchers can better understand what influences 

reproduction and reproductive output, which can influence population reduction or 

growth. 
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Table 1: Progesterone (P4) and estrogen (E3) metabolite concentrations from sacrificed C. perspicillata in different 
reproductive stages from June to August 2015 (Santander, Colombia). There were 15 early lactating bats for progesterone 
analysis and 13 for estrogen analysis. 

 
Reproductive 
Status 

 
No. of bats 

 
P4 range (ng/mL) 

 
x̄ ± SD 

E3 range 
(ng/mL) 

 
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 6 11.6 - 42.8 23  ± 12 19.7 - 96.4 43.3  ± 28.6 
Late Pregnancy 21 6 – 61.1 16.7 ± 12.2 9.6- 102 27.5 ± 20.38 
Early Lactation 15(P) 13(E) 3.1 – 56.9 16.9 ± 15 8 – 98 32.7 ± 30.9 
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Table 2: Results from Games-Howell post hoc tests of differences in estrogen and 
progesterone concentrations among different reproductive stages. P-values for 
progesterone concentrations are in the top right of the matrix values for estrogen 
concentrations are on the bottom left. E.P. = early pregnancy, L.P. = late pregnancy, and 
E.L. = early lactating. Bold values are significant P-values. 

 

Est rus Metestrus Implantation E.P L. P. E.L. 
Estrus 0.001 <0.001 0.1 10 0.0 11 0.207 
Metestrus 0.048 0.002 0.4 18 0.7 23 0.959 
Implantation <0.001 <0.0 01 0.2 19 0.0 07 0.011 
E.P. 0.291 0.526 0.250 0.8 55 0.874 
L.P. 0.102 0.848 0.001 0.7 92 0.999 
E.L. 0.479 0.903 0.009 0.9 54 0.9 99 
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Table 3: Results from Games-Howell post hoc tests of differences in superficial cell 
proportions among different reproductive stages. P-values are in the top right of the 
matrix, mean differences are 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  0.998 0.123 0.047 0.111 0.697 
Metestrus 0.05  0.742 0.533 0.721 0.990 
Implantation 0.22 0.17  0.733 1 0.670 
E. P. 0.27 0.22 0.05  0.837 0.212 
L.P. 0.23 0.17 0.01 -0.04  0.623 
E.L. 0.13 0.08 -0.09 -0.14 -0.10  
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Table 4: A comparison of progesterone and estrogen concentrations of female bats 
captured in the June to August 2015 in Santander, Colombia. P-values for progesterone 
concentration is on the top right, values for estrogen concentration is on the bottom left. 
N.P. = not pregnant, E.P. = early pregnancy, L.P. = late pregnancy, and E.L. = early 
lactation, L.L. = late lactation. Bold value was significant P-value. 

 
 N.P. E.P. L.P. E.L. L.L. 

N.P.  0.002 0.069 0.915 0.994 
E.P. <0.001  0.461 0.169 <0.001 
L.P. 0.013 0.180  0.761 0.022 
E.L. 0.698 0.307 0.988  0.963 
L.L. 0.302 0.003 0.616 0.995  
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Figure 1: Reproductive tract of a bat in metestrus a). Stages of folliculogenesis b) 
distinguish the left ovary from the contralateral ovary c) with a corpus hemorrhagicum. 
Formed immediately after ovulation, the corpus hemorrhagicum will become a corpus 
luteum and will produce progesterone. Straight tubular glands in the endometrium d) and 
superficial cells lining the vaginal canal e) confirm estrogen 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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Figure 2: (a) Mean estrogen 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. +/- 1 Standard error 
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Figure 3: Vaginal cell proportions and estrogen/progesterone (E/P) concentrations during 
different reproductive stages of C. perspicillata during the reproductive period in 
Colombia. Est. = estrus, Met. = metestrus, Imp. = implantation, E.P. = early pregnancy, 
L.P. = late pregnancy, E.L. = early lactation.  +/- 1 Standard error 
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Figure 4: Predictability of female C. perspicillata being in metestrus or pregnancy based 
on superficial cell proportions. 

Superficial Cell Proportions 



33 

Texas Tech University, Erin Bohlender, August 2016 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: Estrogen (a) and progesterone (b) concentrations of live bats after 
analyzing the predictability with superficial cell proportions. N.P. = non-pregnant, 
E.P. = early pregnant, L.P. = late pregnant, E.L. = early lactation, and L.L. = late 
lactation.  +/- 1 Standard error 

N.P. E.P. L.P. E.L. L.L. 

N.P. E.P. L.P. E.L. L.L. 
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CHAPTER III 

BAT CRAVINGS: DIETARY VARIATION DURING REPRODUCTION IN 

SEBA’S SHORT-TAILED FRUIT BAT 
 
 

ABSTRACT 

Reproductive status can influence dietary choices and foraging behavior. 

Generally, pregnancy and lactation are energetically expensive. Whereas energy 

availability may be one of the main precursors to reproductive success, nutrients such as 

calcium and nitrogen can also limit reproduction. Since energy and nutrient costs are high 

during reproduction, foraging strategies or choices of particular dietary items may be 

critical for survival of both mother and offspring. The goal of this study was to analyze 

dietary variation and consumption of nitrogen-rich and calcium-rich items during 

different reproductive stages in Seba’s short-tailed fruit bat (Carollia perspicillata). 

Dietary analysis was done on fecal samples from males, non-pregnant, pregnant, and 

lactating females at the Macaregua Cave in Santander (Colombia). Diets were similar 

among males, non-pregnant, and pregnant females, but lactating females had the most 

distinct diet. All groups were general in their diets, eating a wide variety of items. 

Nitrogen-rich items, such as Piper and insects, were not prevalent within the diet of 

pregnant bats, while Piper aduncum exceeded expected frequencies in the diets of 

lactating bats. Pregnant females may not be nitrogen limited and may be able to satisfy 

the requirement with fruits that are low in protein. Lactating females may have a more 

difficult time fulfilling the nitrogen requirement and must consume Piper. Calcium- 

rich Ficus was not common or found in the diets of lactating or pregnant bats, therefore, 

calcium requirements must have been satisfied through other avenues. 
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INTRODUCTION 
 

Optimal foraging theory is based on the premise that an individual will efficiently 

collect and handle food while maintaining a diet that maximizes fitness (MacArthur and 

Pianka 1966; Shoener 1971). Generalists will collect and consume a large variety of food 

items over a shorter period of time, while specialists will spend more time foraging for 

particular food items to satisfy nutritional and energetic needs (McArthur and Pianka; 

1966; Altringham 2011). Extrinsic and intrinsic factors influence dietary decisions and 

can affect foraging behavior. Extrinsic factors include environmental characteristics such 

as abundance, seasonality, diversity, spatial distribution, handling time, or nutritional 

value of food items, or predation risks involved with foraging. Intrinsic factors include 

health, size, populational social status, or reproductive stage of the forager. Males and 

females have been found to exhibit different foraging strategies (e.g. mammals: Rose 

1994; Stokke 1999; Barclay and Jacobs 2011; birds: Clarke et al. 1998; Weimerskirch et 

al. 2006; fish: Berglund et al. 2006), potentially relating to intrinsic factors such as 

reproduction (Main et al. 1996; Beck et al. 2007). 

Pregnancy and lactation in females can be energetically costly, with lactation 

being the reproductive stage constituting the highest energy demand (Loundon and Racey 

1987). Pregnant bats may increase their body mass by 25% to 40% (Kurta and Kunz 

1987). Once born, the pup may weigh up to 28% of the mother’s postpartum weight 

(Cloutier and Thomas 1992). Milk production and energy demand peak just before 

offspring are weaned (Neuweiler 2000). For example, Mexican free-tailed bats (Tadarida 

brasiliensis) exhibit energy intake of 57 kJ/day at the beginning of lactation that increases 

to 104 kJ/day during mid-lactation (Neuweiler 2000). With high energy demand, females 
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should reproduce when food is at peak production so they can allocate energy efficiently 

and reproduce successfully (Bronson 1985; Tomasi and Horton 1992). 

Nitrogen and calcium are important for pre- and postnatal growth, but are limited 

in the diets of many bat species (Barclay 1994; Crichton and Krutzch 2000). Nitrogen, a 

major constituent of protein, can be limited in the diet of frugivorous bats (Thomas 

1984). In other mammals, nitrogen requirements increase dramatically during lactation 

(Bell 1995). Calcium is important for bone growth and adult bats must provide most of 

the calcium a pup will need to reach approximate adult skeletal dimensions (Barclay 

1994, 1995). Calcium may dictate food choices more than energy during reproduction 

(Crichton and Krutzch 2000) and if unavailable, skeletal mass of the mother may 

decrease (Kwiecinski et al. 1987). According to the Nutritional Wisdom Hypothesis, 

foragers (e.g. reproductive females) should seek food items that contain certain 

nutritional qualities (e.g. high nitrogen or calcium; Tracy et al. 2006). Therefore, 

nitrogen-rich and calcium-rich food items should be common within the diet of 

reproductive females. If not, then reproductive females may be satisfying nutritional 

requirements by ingesting a larger quantity of food items during pregnancy and/ or 

lactation (Thomas 1984; Barclay 1994). 

Due to different nutritional and energetic demands, reproductive females likely 

have different diets and possibly a different foraging strategy when compared to non- 

reproductive females and males (Fleming 1988). The purpose of my study was to analyze 

diets of reproductive females and to compare them to males and non-reproductive 

females of Seba’s short-tailed fruit bat (Carollia perspicillata). 
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I made three predictions regarding the relationship between diet and reproduction. 
 

First, with pregnancy and lactation being energetically expensive and reproductive 

periods occurring during high fruiting periods, reproductive females (lactating and 

pregnant) will have a more generalist diet compared to males and non-reproductive 

females. My next two predictions are based on the Nutritional Wisdom Hypothesis: 2) 

Piper and/or insects will be the most common constituent in the diets of pregnant bats 

(especially late pregnant females), and 3) Ficus will be the most common constituent in 

the diets of lactating bats. Piper and insects are rich in nitrogen (Fleming 1988; Courts 

1997); therefore, pregnant females should actively consume insects or Piper so as to 

increase muscle mass of growing fetuses. Of the fruits Carollia has been recorded to eat, 

Ficus is believed to be an important source of calcium for frugivores (Shanahan et al. 

2001). Ficus also has been shown to be three times higher in calcium than non-Ficus 

fruits in Belize, Uganda, and Indonesia, but is very low in protein content (Dinerstein 

1986; Shanahan et al. 2001). Due to calcium being important for bone growth, lactating 

females should be actively consuming Ficus over other fruits. 

MATERIALS AND METHODS 
 

Focal Species 
 

Carollia perspicillata (Linnaeus 1785) is a medium-sized frugivorous bat (16- 

18g) that belongs to one of the most abundant and widespread genera within 

Phyllostomidae (Fleming 1988). Carollia perspicillata makes an excellent model species 

due to being one of the most well studied bats and having a geographic range extending 

from Mexico to Northern Argentina (Cloutier and Thomas 1992). Carollia perspicillata 

is known for playing an influential ecosystem role of maintaining plant diversity, as a 
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seed disperser, and a potential pollinator (Fleming and Hiethaus 1981; Charles- 

Dominique 1991; Cloutier and Thomas 1992). Of the variety of items consumed, C. 

perspicillata has a preference for plants of the genera Piper and Solanum (Fleming 1988, 

1991). In tropical dry forests, C. perspicillata has been reported to eat high amounts of 

Cecropia and Vismia (Ríos-Blanco and Pérez-Torres 2015). In Costa Rica, C. 

perspicillata is highly specialized on Piper spp., to the point of possibly exhibiting a 

mutualistic relationship (Fleming 1988). An important adaptation C. perspicillata has is 

the ability to detect when Piper fruit reach maturity, which is important as these fruits 

have short periods of maturation (Theis and Kalko 2004). Although C. perspicillata has 

been shown to be selective toward Piper, males and females are more dynamic in their 

diet throughout the year. In Colombia, diets of C. perspicillata were relatively different 

month to month, especially during reproductive peaks (Alviz and Pérez-Torres in 

preparation). 

In Costa Rica, Panama, and Colombia C. perspicillata has two reproductive 

periods, June through August and February through May (Fleming et al. 1972; Wilson 

1973; Heithaus et al. 1975; Williams 1986; Alviz and Pérez-Torres in preparation). The 

reproductive period in the wet season (June to August) coincides with fruit production, 

whereas the dry season (February to May) reproductive period is related to abundance of 

flowers (Fleming 1988). 

Study Site 
 

Research was conducted at Macaregua Cave in Santander, Colombia (06°39′36.2″ 

N, 073°06′32.3″ W; Figure 1). The cave is made up of two main caverns: the smallest 

cavern is dry and the larger has a stream running through it (Pérez-Torres et al. 2015). 
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The cave has the highest richness of bat species in Colombia, with C. perspicillata being 

the most abundant (Pérez-Torres et al. 2015). The cave is embedded in a tropical dry 

forest. Only remnants of forest are left due to agricultural development (Pérez-Torres et 

al. 2015). Annual temperature in the area ranges from 12-30°C and rainfall averages 

1,550mm (Pérez-Torres et al. 2015). The wet season extends from April to October (≈250 

mm in April) and the dry season from November to March (≈10 mm in January; Pérez- 

Torres et al. 2015; Alviz and Pérez-Torres in preparation). Precipitation is highest during 

the months of April to May and September to October. 

Capture of Bats and Collections of Fecal Samples 
 

Fecal samples were collected between June and August 2015 according to 

American Society of Mammalogists (ASM; Sikes et al. 2011) guidelines and Texas Tech 

University IACUC protocol No. 15027-004. Bats were captured between 3:00-6:00 a.m. 

with mist nets and placed into a clean cloth bag. Data were recorded on sex (male or 

female) and age (juvenile or adult). Reproductive status of female bats (non-pregnant, 

early pregnant, late pregnant, or lactating) were determined based on vaginal cytology 

from Chapter II, palpability of the fetus, or milk expression. Bats were also weighed and 

their right forearm was measured. Fecal samples (444 samples from unique bats) 

collected for dietary analysis were kept in Eppendorf tubes and preserved using 70% 

ethanol. In the lab, sample was placed in a Petri dish with 70% ethanol, and separated 

into seeds, fruit parts, exoskeletons, and unknown parts using a microscope. 

Morphotypes were separated into insect parts and seed groups that were similar in 

shape and color. Seeds were identified to the species or genus level if possible, those that 

weren’t identified were classified as unknowns. A presence/absence matrix of 
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morphotypes was used for statistical analyses. To categorize a food item as nitrogen-rich 

or calcium-rich, I followed nutritional analyses done by Herbst (1983, 1986), Dinerstein 

(1984), Fleming (1988), Barclay (1994), Shanahan et al. (2001), and Borray-Escalante et 

al. (in preparation). 

Statistical Analyses 
 

Bats were separated into groups: males, non-pregnant, early pregnant, late 

pregnant, and lactating females. Independence of bat groups (non-pregnant, early 

pregnant, late pregnant, lactating, and males) and diet (Myrcia popayanensis, Solanum 

mauritianum, Vismia sp., Piper aduncum, Neosprucea sp., Maclura tictoria, and others) 

were determined by a G-test analyzed in R (version 3.2.3). Comparisons (with sequential 

Bonferroni correction) of Shannon’s diversity of males, non-pregnant, early pregnant, 

late pregnant, and lactating females was analyzed with permuted P-values (9,999 times) 

conducted in Past 3 (Hammer et al. 2001). Frequency of nitrogen and calcium-rich food 

items in the diets of pregnant and lactating bats were analyzed with goodness-of-fit G- 

tests (Sokal and Rolf 2012). The null hypothesis for this test assumes that all dietary 

items occur in similar frequencies.  A Canonical Correspondence Analysis (CCA; Ter 

Braak 1986) was conducted in CANOCO5 (Ter Braak and Šmilauer 2012) to determine 

amount of variation in morphotype composition that was related to reproductive status. 

RESULTS 
 

I caught 709 C. perspicillata in 109 mist-net-hours of effort. In June, the majority 

of females caught were in early pregnancy, with a few in late pregnancy or lactating 

(Figure 2). In July, there was an increase in the number of late pregnant and lactating 

females, and a decrease in early pregnant females. The highest abundance of lactating 
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females occurred in August. From fecal samples collected (4.7% non-pregnant, 19.1% 

early pregnant, 18.7% late pregnant, 11.5% lactating, and 45.9% males), twenty-two 

different seed morphotypes were identified (~ 50% identified to genus or species; Table 

1). Myrcia popayanensis (31.99%) was the most abundant seed type when all groups 

were combined, followed by Solanum mauritianum (12.21%), Vismia spp. (9.4%), and 

Piper aduncum (8.06%). Rarefaction curves for all five reproductive groups (males, non- 

pregnant, early and late pregnant, and lactating females) were asymptotic, and continued 

sampling would not have generated many more new seed species in fecal samples of bats 

during the reproductive season (Figure 3). 

Diet composition was associated with reproductive groups (G = 84.50, d.f. = 24, P 
 

< 0.001; Figure 4). Males, non- pregnant, and pregnant bats had similar diets (early 

pregnant vs. males: G = 11.03, d.f. = 6, P = 0.087, non-pregnant vs. early pregnant: G = 

3.469, d.f. = 6, P = 0.748). Myrcia popayanensis (43.59% to 32.35%), S. mauritianum, 

(16.41% to 13.51%) and Vismia sp. (13.51% to 8.55%) were the most common 

constituents (Figure 4). Insects (10.81% to 7.69%) were more prevalent in non-pregnant 

female and late pregnant bat diets than in other groups. Maclura tictoria (4.69% to 

5.98%) was one of the top five most abundant seed morphotypes in the diets of late 

pregnant bats. The least species rich diets were non-pregnant (9 seed morphotypes) and 

lactating bats (8 seed morphotypes), while late pregnant females (17 seed morphotypes) 

and males (18 morphotypes) had the richest diets. 

Diets were most distinct in lactating bats (G’s of pairwise comparison ranged 

from 26.88 to 52.38, d.f. = 6, P < 0.001; Table 2) due to high amounts of Neosprucea sp. 

and P. aduncum.  Neosprucea sp. (25.30%) was the most common in the diets of 
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lactating bats, and had the highest deviation from the expected value, followed by P. 

aduncum (20.48%). Myrcia popayanensis (19.28%) and an unidentified morphotype 

(Unk-7; 15.67%) were the next most abundant. According to the permutation test, 

diversity of lactating bats was significantly lower compared to males (P = 0.004; Figure 

5). 

Piper was more common in the diets of early pregnant females (6.7%) than late 

pregnant females (4.3%), while insects were more common in the diets of late pregnant 

females (7.7%) than early pregnant females (6%). According to goodness-of-fit G-test 

observed values of seeds and insect consumption differed from expected frequencies 

(early pregnant: G = 97.53, d.f. = 8, P < 0.001; late pregnant G = 73.67, d.f. = 6, P < 

0.001; Figure 6ab). Piper aduncum (most common Piper species) and insects were lower 

than expected in both early and late pregnant bats. For early pregnant bats, M. 

popayanensis, S. mauritianum, and Vismia sp. exceeded expected frequencies, while in 

late pregnant females, only M. popayanensis surpassed expectations. 

Ficus was not very abundant in the diets of any of the groups.  Males consumed 

more Ficus than any other group (2%), while there was none recorded in the diets of 

lactating females. A goodness-of-fit G-test for lactating bats, indicated that frequency of 

dietary items differed from the null hypothesis (G = 39.55, d.f. = 7, P < 0.001; Figure 6c). 

Observed values of Neosprucea sp., M. popayanensis, P. aduncum, and Unk-7 exceeded 

expectations within the diet of lactating bats. 

Based on the CCA, reproductive groups (males, non-pregnant, early pregnant, late 

pregnant, and lactating females) accounted for 2.2% of the variation of the weighted 

averages of all morphotypes found within fecal samples (Monte Carlo permutation: F = 
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2.48, P = 0.001; Figure 7). The first axis separates lactating females from the other bat 

groups based on diet, while the second axis is defined by the contrast between pregnant 

females and males. A high percentage of Neosprucea sp., Unknown 7, and P. aduncum 

was found in the diets of lactating bats.  With the exception of M. tictoria, almost all 

morphotypes were found to be in high proportions in the diets of males, non-pregnant, 

and pregnant females. 

DISCUSSION 
 

Nutritional quality, especially protein and calcium, is very low in most fruits 

consumed by bats (Rasweiler 1977, Barclay 1994). Therefore, frugivorous bats may be 

forced to make dietary choices in order to achieve a balance in nutritional and energetic 

requirements, especially during reproduction (Fleming 1988). Extensive research has 

been done on how intrinsic and extrinsic factors influence the diets of C. perspicillata 

(Lockwood et al. 1977; Herbst 1985; Fleming 1988, 1991; Alviz and Pérez-Torres in 

preparation), but analyses on food choice during reproductive stages is lacking. 

The goal of this study was to analyze dietary differences and frequency of 

nitrogen-rich and calcium-rich food items consumed by different reproductive groups of 

C. perspicillata. Reproduction is the most energetically expensive period in the life cycle 

of female mammals, with the demand increasing from pregnancy through lactation 

(Fleming 1988). Males spend considerably less energy in their reproductive physiology 

(spermatogenesis; Barros et al. 2013) than females (fetus development and milk 

production); instead males spend more energy on harem maintenance (Kunz and Orrell 

2004; Voigt et al. 2001) or other mating strategies. The costs of competition and mating 

strategies for males may influence the number of foraging bouts taken per night. For 
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example, the greater spear-nosed bat (Phyllostomus hastatus) went on fewer foraging 

bouts than females, in order to spend more time defending their harem (Kunz et al. 1998). 

If male C. perspicillata are exhibiting similar behavior, they may be consuming a greater 

variety of items due to limited foraging time, which explains their rich diet. Due to these 

different energetic and nutritional demands potentially influencing foraging behavior, 

dietary choices should be different among males, non-pregnant, pregnant, and lactating 

females. 

Diets only slightly differed among males, non-pregnant and pregnant females, 

while lactating females had the most distinctive diet. Neosprucea sp. was the major 

constituent of the diet of lactating females. With the majority of lactating bats captured in 

August, and with Neosprucea sp. being the most abundant within their diet, it may seem 

that Neosprucea sp. was only available during August. Nonetheless, Neosprucea sp. was 

found in the diet of other bats in June and July, indicating that it was available at other 

times during the reproductive season (Table 2). 

There are subtle differences in the diets of males, non-pregnant, pregnant, and 

lactating females. Diversity and similarity to other reproductive groups was lowest in 

lactating females. The least rich diets were non-pregnant and lactating females. Males, 

non-pregnant, pregnant, and lactating females maintained a generalist diet, eating eight or 

more different food types during the reproductive season. No group specialized on one or 

a few food items. 

Nitrogen can limit reproduction, and can be poorly represented in frugivorous bat 

diets (Crichton and Krutzsch 2000). Although I expected that reproductive females would 

predominantly consume nitrogen-rich food items, Piper and insects were not common 
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within the diet of pregnant females. Instead, M. popayanensis, Vismia sp. and S. 

mauritianum were found in high proportions of early pregnant bats. Solanum spp. is 

considered to be relatively high in nitrogen and protein content (Fleming 1988), yet 

protein content of S. mauritianum (0.4% protein) was found to be lower than Vismia 

(0.5% protein; Borray-Escalante et al. in preparation), which is substantially lower than 

protein content in Piper (Fleming 1988). While protein content is lower than Piper, it 

may be enough to suffice nutritional demand. Delorme and Thomas (1996) found that 

non-reproductive C. perspicillata are not nitrogen constrained and can satisfy nutritional 

requirements with a variety of fruits.  Although, nitrogen requirements increase during 

reproduction, pregnant bats may still satisfy this requirement through the consumption of 

Myrcia, Vismia, and Solanum without resorting to Piper. If reproductive females are not 

consuming fruit to satisfy nitrogen requirements, they may be consuming leaves and 

pollen (Kunz and Diaz 1995; Courts 1997), or insects may still be a major constituent in 

the diet of pregnant females, but not always evident in fecal samples (York and Billings 

2009). Carollia perspicillata has been recorded to discard exoskeletons and only 

consume soft body parts, possibly leading to underestimation of insect consumption 

(Fleming 1988). 

Piper may play a more important role during lactation than during pregnancy, 

evidence being P. aduncum surpassing expectations within the diets of lactating bats and 

its relationship to lactating bats in the CCA. Delorme and Thomas (1996) showed that 

while non-reproductive C. perspicillata was not nitrogen limited, lactating bats had more 

difficultly fulfilling the requirement and could only do so through certain fruits. 
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In Central America, Piper has been found to be a major constituent in the diet of 
 

C. perspicillata, while Ficus was less abundant (Fleming 1988). I expected that during 

the reproductive period in the wet season, lactating females would actively consume 

Ficus. Instead, Ficus was not a commonly consumed item within any group, and wasn’t 

found in the diet of any lactating females, possibly due to low protein content. 

Information on calcium content in fruits is very limited, but many fruits consumed by 

bats have been found to be low in calcium (Barclay 1994). This begs the question as to 

how lactating bats are fulfilling calcium requirements. Reports have indicated that 

skeletal mass of the mother decreases, especially during lactation (Kwiecinski et al. 

1987). This transfer of calcium from mom to pup may limit future reproduction due to 

decreasing body condition. The female may also consume more food items, surpassing 

energy requirements, but satisfying calcium requirements (Barclay 1994). Besides 

obtaining calcium from food, bats have been found to consume calcium via other 

avenues. Reproductive bats with an insectivorous diet were captured in higher 

frequencies around water sources with high levels of dissolved calcium (Adams et al. 

2003). In Peru, female frugivorous bats were captured around collpas, also known as a 

mineral lick (Bravo et al. 2008), that are good source of minerals, and may be a 

secondary source of calcium. 

In conclusion, Myrcia was the most abundant food item during reproduction at the 

Macaregua cave. Within reproductive groups, males, non-pregnant and pregnant bats had 

similar diets, while lactating bats had the most distinct diet, due to differences in the 

amount of consumed Neosprucea sp. (first recording of C. perspicillata eating this item) 

and P. aduncum. While nutritional demands increase during pregnancy, pregnant bats did 
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not consume a greater amount of nitrogen-rich items such as Piper and insects, but 

instead probably satisfied nitrogen requirements through fruits with lower nitrogen 

content. Nitrogen requirements during lactation are probably more difficult to satisfy, and 

Piper consumption may be more important during this period of reproduction. Calcium 

requirements were probably satisfied through the consumption of other fruits with lower 

calcium content or via other avenues, such as water sources. 

Final Remarks 
 

Dietary analysis has been analyzed extensively within bats, but diets during 

reproduction have been understudied. Reproduction is a very energetically and 

nutritionally demanding time within a female mammal’s life. My study demonstrated 

dietary similarities and differences within a population during reproduction. This analysis 

helps to develop the necessary understanding that dietary items may play on offspring 

development. By further understanding what affects diet, especially in a world with plant 

communities consistently changing due to human intervention, we can better understand 

reproductive output of a population. 
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Table 2: Morphotypes of seeds found in fecal samples of C. perspicillata between June to 
August 2015 in Santander, Colombia. 

 
Morphotypes N Percent Protein % 

Myrcia popayanensis 262 31.99 0.4 a 

Solanum mauritianum 100 12.21 0.4 a 

Vismia sp. 77 9.40 0.5a 

Piper aduncum 66 8.06 16.5c 

Acacia sp. 66 8.06 2.6d 

Unk-7 49 5.98 -- 
Maclura tictoria 47 5.74 0.4 a 

Neosprucea sp. 46 5.62 0.3 a 

Insects 46 5.62 < 37.6e 

Unk-3 20 2.44 -- 
Ficus sp. 11 1.34 2.7- 6.0b* 

Unk-9 10 1.22 -- 
Unk-10 4 0.49 -- 
Solanum sp. 3 0.37 ≈ 7.57b* 

Passiflora sp. 3 0.37 -- 
Piper sp. 2 0.24 ≈ 7.3b* 

Unk-6 2 0.24 -- 
Unk-1 1 0.12 -- 
Unk-2 1 0.12 -- 
Unk-4 1 0.12 -- 
Unk-5 1 0.12 -- 
Unk-8 1 0.12 -- 

 

a = Borray-Escalante in preparation, Vismia glaziovii 
b = Dinerstein 1986 
c = Dousseau et al. 2011, g 100 g-1 

d = Herbst 1983, Acacia collinsii 
e = Fagan et al. 2002, depending on species and trophic level 
* = average of multiple species within the genera 
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Table 3: Presence of seed morphotypes in feces of C. perspicillata during the 
reproductive season in Colombia. 

 

 
Date 

Mid 
June 

Late 
June 

Mid 
July 

Late 
July 

Early 
August 

Mid 
August 

Piper aduncum x x x x x x 
Piper sp. x    x  

Solanum mauritianum x x x x x  
Solanum sp.  x  x   

Myrcia popayanensis x x x x x  
Ficus sp. x x x x   

Vismia sp. x x x x x  
Acacia sp. x  x  x  

Maclura tictoria x  x x x  
Passiflora sp.    x x  
Neosprucia sp. x  x x x x 

Unk-1     x  
Unk-2    x   
Unk-3 x x x    
Unk-4     x  
Unk-5 x      
Unk-6   x    
Unk-7   x x x x 
Unk-8    x   
Unk-9 x x x x   
Unk-10 x  x x x  
Insects x x x x x  
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Figure 3: Study site of the Macaregua Cave in Santander, Colombia (modified Alviz and 
Pérez-Torres in preparation) 
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Figure 2: Proportion of males, not pregnant, early pregnant, late pregnant, and lactating 
female C. perspicillata caught from June to August 2015. 
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Figure 3: Rarefaction curves for seed morphotypes collected from fecal samples of C. 
perspicillata during the reproductive period in Colombia. N.P. = non-pregnant, E.P. = 
early pregnant, L.P. = late pregnant, Lact. = lactating. 
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Figure 5: Estimates of dietary diversity of different reproductive groups 
of C. perspicillata during the reproductive period. N.P. = non-pregnant, 
E.P. = early pregnant, L.P. = late pregnant, Lact. = lactating. 
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Figure 6: Number of observations of consumed items in early pregnant (a), late pregnant 
(b), and lactating (c) females. The grey line indicates the theoretical frequency of what 
the observations should be if there were no difference in consumption of different food 
items. P. adun= Piper aduncum, S. maur= Solanum mauritianum, M. pop= Myrcia 
popayanensis, M. tict= Maclura tictoria, Neo= Neosprucea sp. 
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Figure 7: Distribution of 22 different morphotypes (triangles) found in fecal samples of 
five different reproductive groups (arrows) of C. perspicillata during the reproductive 
season. M. pop = Myrcia popayanesis, S. mau = Solanum mauritianum, P. adu =Piper 
aduncum, M.tic =Maclura tictoria, Neo.=Neosprucea sp., Pass.=Passiflora sp., Fic. = 
Ficus sp., Aca.= Acacia sp., Pip2= Piper sp., Sol.= Solanum sp. Unk =Unknowns , N.P.= 
non-pregnant, E.P. = early pregnant. 
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CHAPTER IV 

SYNTHESIS 

Reproductive success of a species is heavily reliant on multiple factors, such as 

hormone concentrations affecting physiology and nutritional intake influencing fetus and 

pup development (Crichton and Krutzch 2000). Variation of these factors can ultimately 

influence distribution or size of a population (Crichton and Krutzch 2000). By analyzing 

and understanding intricacies that go into reproductive success we may be able to better 

understand population dynamics. 

My analysis found that there is quantitative difference in hormones at different 

reproductive stages, especially during putative implantation. The increase in estrogen 

during putative implantation indicates its importance for blastocyst development in C. 

perspicillata, which has not been documented before. Although hormone concentrations 

were dynamic throughout reproduction, they were poor indicators of reproductive status. 

Instead, estrogen and progesterone concentrations were comparable in females across 

most reproductive stages. A better indicator of reproductive status was vaginal cytology, 

specifically superficial cell proportions. Non-pregnant females had higher proportions of 

superficial cells than females that were pregnant. This difference allows for a better 

assessment of reproductive status. By better distinguishing pregnancy from non- 

pregnancy, especially metestrus from early pregnancy, we can better understand factors 

that can influence reproductive success. 

Nutritional intake, specifically calcium and nitrogen, can be a key limiting factor 

in many bat species during reproduction. Increases in energetic and nutritional 

requirements start during pregnancy and continue into lactation. I postulated that diet 
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would differ between males, non-reproductive, and reproductive females (pregnant and 

lactating).  Instead, I found that males, non-pregnant, and pregnant females had very 

similar diets, while lactating females had the most distinct diet. Nitrogen intake, in the 

form of Piper and insects, was lower than expected in pregnant females, while lactating 

females exceeded expectations. This may be an indicator that pregnant females are not 

nitrogen limited and may be able to fulfill this requirement with fruits that have low 

nitrogen content, while lactating females must fulfill this requirement with Piper 

(Delorme and Thomas 1996). Although Ficus is known to be an important source of 

calcium for frugivores and tends to be higher in calcium than most fruits (Shanahan et al. 

2001), it was rarely found in fecal samples of pregnant and lactating bats. With calcium 

being an important source for bone growth, female bats must be supplementing this 

requirement in other ways, possibly from water sources (Adams et al. 2003). By 

understanding the necessary food items that are important for fetus and pup development, 

we can better understand what influences reproductive success, especially in a world 

where human development is affecting plant communities (e.g. conversion of land for 

agriculture). 

Hormone concentrations and dietary composition during reproduction has been 

rarely studied in C. perspicillata in particular, and bats in general. This species plays an 

influential role in maintaining plant diversity, as a seed disperser, and potential pollinator 

(Cloutier and Thomas 1992). Comprehension of factors influencing reproduction can 

help us better understand population dynamics and reductions that could potentially cause 

negative effects on communities. 
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