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Abstract

The effects of age on neophobia and exploration are best described in birds and primates,
and broader comparisons require reports from other taxa. Here we present data showing
age-dependent exploration in a long-lived social species, the common vampire bat (Desmo-
dus rotundus). A previous study found that vampire bats regurgitated food to partners
trapped in a cage. Interestingly, while only a few adult bats visited the trapped bat, in every
trial all or most of the eight young males in the colony would visit the trapped bat without
feeding it. To test whether this behavioral difference resulted from age class differences in
exploration, we compared responses of the bats to a trapped conspecific versus an inani-
mate novel object. Some adults and young showed interest in trapped conspecifics, but only
the young males explored the novel objects. Additional novel object tests in a second cap-
tive colony showed that higher rates of novel object exploration were shown by young of
both sexes. Our results corroborate past findings from other mammals and birds that age
predicts exploration. If age-dependent exploration is indeed adaptive, then the role of age
as a predictor of exploration tendency should depend on species-specific life history traits.
Finally, because younger vampire bats also appear to have higher exposure to pathogens
such as rabies virus, there may be implications for pathogen transmission if younger and
more exploratory vampire bats are more likely to feed on novel hosts.

Introduction

In many birds and mammals, immature individuals appear to be more exploratory and curi-
ous relative to their adult conspecifics [1-12]. Measuring responses to novel objects has been a
simple and standard method of comparing the tendency for exploration between and within
species [1-20]. However, exploration of novel objects has also been found to increase with age
[12, 21]. One hypothesis that may reconcile these observations is that exploration is predicted
to peak during a critical period in development, when individuals are old enough to be inde-
pendent but are still assessing their environment through trial-and-error learning [22, 23].
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If an early period of enhanced exploration increases opportunities for learning, this could
be particularly adaptive for long-lived animals with flexible foraging strategies [24]. Most
mammals appear to become proficient at foraging before their growth and reproductive devel-
opment is complete. However, foraging proficiency is delayed and closer to the age of first
reproduction for mammalian species with complex foraging strategies, slow development,
post-weaning provisioning, high sociality, and sharing of food resources [24]. These traits have
been argued as causal factors for the unusually delayed age for skill acquisition in humans rela-
tive to other primates [24].

Common vampire bats (Desmodus rotundus) also possess all these traits. They use flexible
stalking tactics to feed upon the blood of diverse vertebrate hosts, and they are characterized
by a long lifespan, slow reproduction, high parental investment, and long-term cooperative
social relationships [25-29]. Individuals can survive for more than 29 years in captivity (GGC,
personal observation) and more than 17 years in the wild [28]. The gestation period has been
estimated at 5.5 to 7.3 months, and sexual maturity can take up to 9.5 months [29, 30]. Young
vampire bats depend on mothers for longer than other bat species. Lactation periods for tem-
perate and neotropical bats are typically 3-12 weeks, but female vampire bats nurse pups for
8-10 months [29, 31-36]. Regurgitated food sharing is important for young bats because indi-
viduals die after three consecutive unfed nights, and individuals younger than two years fail to
feed on roughly one-third of nights, even when parasitizing abundant livestock [27]. Such age-
dependent foraging success [37-39] is also consistent with a greater role for learning in mam-
mals with slow development and food provisioning [24].

During a previous experiment [40], an isolated unfed bat was placed in a small cage within a
larger flight cage housing a vampire bat colony, and food donors were found to regurgitate food
across cage bars to a trapped recipient bat. We noticed that the trapped bat was also consistently
visited by a group of eight young male bats that never provided food. The same eight young
males would often visit collectively and also explore novel objects in the cage such as micro-
phones and cables and would land and crawl upon people entering the cage. This increased
boldness and exploration in young males could be due to the fact that males typically disperse
from their natal colony between the age of 12-18 months [41, 42], or it could be due to a general
effect of age. We define ‘young’ bats as those less than 18 months.

To determine if young males, or young bats in general, are more likely than older bats to
explore novel objects, we conducted tests of novel object exploration first in the same captive
group of vampire bats described above, which had eight young males and two young females,
and then in a second mixed-age captive colony which had six young female and six young
male vampire bats.

Experiment 1
Methods

This work was approved by the University of Maryland Institutional Animal Care and Use
Committee (Protocol R-10-63). The first captive colony contained two young females, eight
young males, 12 adult females, and 20 adult males. All individuals were born in captivity, and
this colony is described in more detail elsewhere [40, 43, 44]. The eight young males were
unmarked, and the other 34 bats had unique forearm band combinations. The fact that eight
young males could not be individually distinguished did not lead to double-counting because
we simply counted the maximum number of these bats seen simultaneously at any one time to
get a conservative low-end estimate of how many unmarked bats visited. This approach
worked because all eight unmarked bats often visited and explored the cage simultaneously
(see below).

PLOS ONE | https://doi.org/10.1371/journal.pone.0196889 May 3, 2018 2/11


https://doi.org/10.1371/journal.pone.0196889

@° PLOS | ONE

Age-based exploration in vampire bats

We exposed the captive bat colony to two different kinds of stimuli: (1) a conspecific group-
mate trapped in a small cage and (2) an inanimate novel object. We first conducted 17 one-hour
trials, during which we placed a bat inside a small cage on the floor of the larger flight cage and
recorded infrared-illuminated video using a Sony Nightshot camcorder (see [40] for details). We
counted a ‘visit’ as a bat approaching then touching the small cage holding the trapped bat (e.g.
sniffing or crawling on it). We counted visits for the first 30 min of each of the 17 trials. To test
whether bats were responding to novelty, we also exposed the colony to eight different novel
inanimate objects, including the same cage but empty, and seven similarly-sized objects such as
cardboard or plastic boxes. Again, we defined “visits” as a bat touching the novel object.

We counted the number of unique visitors as the response. To get a conservative minimum
estimate of this response for the unmarked young males, we counted the greatest number of
young males seen to visit the object together at one time in the trial (i.e. the minimum number
of visitors in that trial). For example, if seven unmarked young males were observed crawling
on the cage in one video frame, then the number of visiting young males was scored as seven.
This approach is highly conservative because we should underestimate visits by young males,
and we tested the alternative hypothesis of more visits by young males.

To test if young males were more likely than other bats to explore novel objects, and if they
were more likely to visit trapped groupmates than novel inanimate objects, we first used Fish-
er’s exact test to compare the number of visits summed across all trials to each stimulus type
(trapped bat or novel object) by category (young male or other). Second, we used permutation
tests applied to generalized linear models (binomial distribution, logit link function) to test for
the effect of stimulus type on the probability of visits by young males and by others. These tests
compare the observed coefficients to those expected under the null hypothesis, simulated by
randomizing the stimulus type across visits (5000 randomizations). To calculate 95% confi-
dence intervals (CI) around the mean proportion of bats of each category that visited each
stimulus type, we used nonparametric bootstrapping via the BCa method in the boot package
in R [45, 46]. Data and R code are attached as a supplement (S1 Script).

Results

The response towards trapped conspecifics versus novel objects depended on the category of bat.
Most notably, all the observed visits to the novel objects were by the same eight young males. The
17 trapped bats resulted in at least 106 unique visits by the eight young males (six per trial) but
only 18 unique visits from the 34 other bats (1 per trial), whereas the eight novel objects resulted
in at least 59 unique visits by the young males (7 per trial) but zero visits from all other bats (Fish-
er’s exact test: odds ratio ~ 0, p < 0.001, permutation test interaction effect: p = 0.002, Fig 1). The
young males did not visit trapped conspecifics significantly more or less than novel objects (per-
mutation test, p = 0.1), but the other bats did (permutation test, p = 0.004). The minimum propor-
tion of young males that visited did not differ between a trapped bat (mean = 0.78, 95% CI: 0.63—
0.88) and a novel object (mean = 0.92, 95% CI: 0.81-0.97), but for the other bats, the proportion
of visitors was greater for trapped bats (mean = 0.03, 95% CI: 0.02-0.05) than for novel objects
(zero visits in 25 trials). We could not disentangle the effects of age and sex because only two
young bats were female. We therefore performed more novel object presentations in a second
captive group of bats sourced from a different wild population.

Experiment 2
Methods

This work was approved by the Smithsonian Tropical Research Institute Animal Care and Use
Committee (#2015-0915-2018-A9), and by the Panamanian Ministry of the Environment
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Fig 1. Young male vampire bats were more likely to visit trapped bats and novel objects compared to other bats.
Dots of each color show responses in each trial. The lowest observed proportion of visiting young males was higher
than the highest observed proportion of visiting bats that were female or adult male. Novel objects were always visited
by more than five of the eight young males, whereas the other bats never visited a novel object.

https://doi.org/10.1371/journal.pone.0196889.g001

(#SE/A-76-16). We worked with a second captive colony of 24 wild-caught female common
vampire bats and their 12 captive-born offspring (six females, six males), which ranged in age
from 3 to 15 months at the time of the tests. The colony had been housed for one year ina 1.7
x 2.1 x 2.3 m outdoor flight cage in Gamboa, Panama. All subjects were individually marked
with visible unique forearm-bands.

From November 3 to 11, 2016, we conducted the first 12 trials starting at sunset (1750-1825
h) and then conducted eight additional trials from March 19 to April 12, 2017, later at night
(2000 h). In each trial, a novel object roughly the size of a shoebox was placed on the flight cage
floor for one hour and filmed with infrared illumination and a Sony Nightshot camcorder.
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Examples of novel objects were a 2-liter water bottle, a cardboard box, a tripod, and a rubber
boot. The novel object and location was different for each trial. We used the statistical methods
described above for experiment 1 to test if observed visits were disproportionately made by
young bats, and to test for a difference in the mean proportion of bats that visited for each of
three categories: young females, young males, and adult females.

Results

We only analyzed visits in which bats could be reliably identified. In the first 12 trials con-
ducted at sunset, we observed only a single visit, and the visiting bat could not be identified. In
the next eight trials that we conducted later in the night at 2000 h, we could reliably identify
the visiting bat in 23 of 54 total visits. Therefore, the visitation rate differed dramatically the
first and second set of trials (permutation test: p = 0.005). In the second set, the identified visi-
tors included two adult females, three young females, and three young males. As in experiment
1, age category influenced the proportion of bats that visited the novel object long enough to
be identified; 19 of these 23 visits were by young bats (Fisher’s exact test: odds ratio = 0.09,

p < 0.001; permutation test, p = 0.005, Fig 2), with 8 visits by young females and 11 visits by
young males. The per capita probability of detecting a given individual visiting the novel object
differed by age category (average visit probability for adult females: mean = 2%, 95% CI: 0-4%;
for young bats: mean = 20%, 95% CI: 10-32%). There was not a large difference between the
probability of visits by young females (mean = 17%, 95% CI = 4-29%) versus young males
(mean = 23%, 95% CI = 8-46%). The young bats that visited the novel objects ranged in age
from 7 to 12 months.

Discussion

As previously demonstrated in other mammals and birds [1-12], we found that young com-
mon vampire bats were more likely to explore novel objects than adult conspecifics. In experi-
ment 1, six to eight of the eight young males visited the novel objects compared to none of the
32 adults. The propensity for novel object exploration in young females was unclear due to an
inadequate sample (n = 2). Young males could be especially exploratory because in the wild
males typically disperse from their natal colony between 12-18 months of age, while young
females are philopatric. Alternatively, young of both sexes could be more exploratory. In
experiment 2, we confirmed our original age bias and found that female young bats were also
more likely than adult females to visit novel objects.

By explicitly testing responses to novelty, our results also corroborate and extend previous
evidence of age-dependent exploration in vampire bats [47]. Park [47] observed a captive col-
ony of 15 common vampire bats that included three young males (3, 9, and 15 months old),
two young females (2 and 10 months old) and noted that younger bats were more likely to
engage in behavior interpreted as “play” and to explore inanimate objects. Exploration behav-
ior was observed in the 2-month-old bat, increased with age until a peak in the two bats that
were 9-10 months old, then diminished with age until adulthood [47].

Taken together, these observations suggest that, in comparison to adults, both young male
and young female common vampire bats are more exploratory than are adult vampire bats of
either sex. The age difference in our results corroborates other observations that young mam-
mals might be more inclined to explore novel objects and situations as they are learning about
their environment. In some species, immatures or adolescents peak in explorative behavior
compared to younger infants and older adults [48-51], and exploration tendency might
increase as dependence on maternal care ends. It might appear that the age-dependent effects
of exploration we observed could have resulted from age-dependent food motivation, but we
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Fig 2. Young bats (six females and six males) visited novel objects more often compared to 24 adult females. Dots of each color
show responses for trials in which the individual could be reliably identified. The majority of the proportions of visiting young bats
were higher than the highest observed proportion of visiting adults.

https://doi.org/10.1371/journal.pone.0196889.9002

find this unlikely because fed bats also show the same apparent age difference in boldness and
exploration. Even after feeding, the eight young males in experiment 1 were also likely to
explore novel objects and to land and crawl on humans (GGC, personal observation).

Age-dependent “neophobia” might result from mechanisms other than fear. In experiment
1, adults responded to trapped conspecifics and not novel objects, but it is unclear whether this
difference is due to greater fear or less interest in the inanimate objects. More experienced
adults might simply be faster to classify a novel object as irrelevant or uninteresting, rather
than dangerous [52].

The social environment is also likely to influence reactions to novelty because risk is
reduced in groups. In social species, such as vampire bats, younger individuals are expected to
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use social cues for when and what to explore in their environment [53]. Bats in our study typi-
cally approached the novel objects together and it is likely that exploration rates were increased
by bats being drawn to the presence of other individuals (i.e. local enhancement) [54]. If
young bats attend more to the actions of their similar-aged peers, then age differences in explo-
ration could be exaggerated [53]. To disentangle these effects, further experiments are needed
that test exploration by individuals both alone and in groups.

In birds, dietary specialists are reported to be less exploratory and more neophobic, com-
pared to opportunistic foragers that require increased behavioral flexibility [55, 56]. It is
unclear whether to classify vampire bats as dietary specialists or opportunistically flexible
foragers. On one hand, vampire bats drink only blood and this specialization has led to
numerous adaptive changes in morphology [57], physiology [58], microbiome [59], and
even cognition—specifically a loss of taste aversion learning [60]. On the other hand, they
are capable of using different approach strategies to feed on a diversity of hosts [57, 61-64].
Today, the primary hosts of most vampire bats are livestock that were introduced only half
a century ago.

Novel object exploration rates can vary with time of day and with situational risk [55, 65,
66]. The first set of 12 trials in experiment 2 yielded only a single visit, probably because they
were conducted too early in the night. Vampire bats are often not active until late in the night
when their hosts and potential predators are less active and able to detect them. Captive envi-
ronments are clearly less risky, and captive individuals are often less neophobic than their wild
counterparts [19, 67-69]. Our observations were likely to be influenced by captivity and the
lack of negative reinforcement. Given the roles of age and situation in influencing exploration
proclivity, it would be interesting to compare the influences of these factors in exploration of
novel objects across species with different foraging strategies using both captive and wild pop-
ulations. If age-dependent exploration is indeed adaptive, then the role of age as a predictor of
exploration tendency should be greater in species where young individuals acquire some for-
aging skills through learning.

Finally, it would be interesting to test if younger vampire bats are more likely to feed on
host species that are unfamiliar to them or that are in novel locations. If younger vampire bats
are more likely than adults to feed on atypical hosts, such as dogs or humans, rather than cattle,
this could have implications for pathogen spillover because younger vampire bats appear to
experience higher exposure to pathogens such as rabies virus [70] and hemotropic Mycoplasma
[71].

Ethics

Experiments were approved by the Smithsonian Tropical Research Institute Animal Care and
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Supporting information

S1 Script. Code and embedded data for reproducing analyses and plots.
(R)

Acknowledgments

We thank Jana Nowatzki, Ellen Jacobs, and Katharina Eggert for help with data collection. We
thank Rob Mies, Jessica Fabian, Amanda Felk, and the Smithsonian Tropical Research Insti-
tute for logistical support.

PLOS ONE | https://doi.org/10.1371/journal.pone.0196889 May 3, 2018 7/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0196889.s001
https://doi.org/10.1371/journal.pone.0196889

@° PLOS | ONE

Age-based exploration in vampire bats

Author Contributions

Conceptualization: Gerald G. Carter.

Investigation: Gerald G. Carter.

Methodology: Gerald G. Carter.

Project administration: Rachel A. Page.

Resources: Rachel A. Page.

Writing - original draft: Gerald G. Carter.

Writing - review & editing: Sofia Forss, Rachel A. Page, John M. Ratcliffe.

References

1. Menzel EW. Responsiveness to objects in free-ranging Japanese monkeys. Behav. 1966; 26(1):130—
50.

2. Goodrick CL. Exploration of nondeprived male Sprague-Dawley rats as a function of age. Psychol Rep.
1967; 20(1):159-63. https://doi.org/10.2466/pr0.1967.20.1.159 PMID: 6037779

3. Pellis SM. Exploration and play in the behavioural development of the Australian magpie Gymnorhina
tibicen. Bird Behav. 1981; 3(1-1):37—49.

4. McGuire MT, Raleigh MJ, Pollack DB. Personality features in vervet monkeys: the effects of sex, age,
social status, and group composition. Am J Primatol. 1994; 33(1):1-13.

5. Mayeaux D, Mason WA. Development of responsiveness to novel objects in the titi monkey, Callicebus
moloch. Primates. 1998; 39(4):419-31.

6. Siwak CT, Tapp PD, Milgram NW. Effect of age and level of cognitive function on spontaneous and
exploratory behaviors in the beagle dog. Learn Mem. 2001; 8(6):317-25. https://doi.org/10.1101/Im.
41701 PMID: 11773431

7. Bergman TJ, Kitchen DM. Comparing responses to novel objects in wild baboons (Papio ursinus) and
geladas (Theropithecus gelada). Anim Cogn. 2009; 12(1):63. https://doi.org/10.1007/s10071-008-
0171-2 PMID: 18574603

8. BiondiLM, B6 MS, Vassallo Al. Inter-individual and age differences in exploration, neophobia and prob-
lem-solving ability in a Neotropical raptor (Milvago chimango). Anim Cogn. 2010; 13(5):701-10. https://
doi.org/10.1007/s10071-010-0319-8 PMID: 20300791

9. Morand-Ferron J, Cole EF, Rawles JE, Quinn JL. Who are the innovators? A field experiment with 2
passerine species. Behavioral Ecology. 2011 Jul 11; 22(6):1241-8.

10. Benson-Amram S, Holekamp KE. Innovative problem solving by wild spotted hyenas. Proc. R. Soc. B.
2012 Oct 7; 279(1744):4087-95. https://doi.org/10.1098/rspb.2012.1450 PMID: 22874748

11.  Biondi LM, Guido J, Madrid E, B6 MS, Vassallo Al. The effect of age and sex on object exploration and
manipulative behavior in a Neotropical raptor, the Chimango Caracara, Milvago chimango. Ethol. 2013;
119(3):221-32.

12. Sherratt TN, Morand-Ferron J. The adaptive significance of age-dependent changes in the tendency of
individuals to explore. Anim Behav. 2018 Apr 30; 138:59-67.

13. Verbeek ME, Drent PJ, Wiepkema PR. Consistent individual differences in early exploratory behaviour
of male great tits. Anim Behav. 1994; 48(5):1113-21.

14. Mettke-Hofmann C, Winkler H, Leisler B. The significance of ecological factors for exploration and neo-
phobia in parrots. Ethol. 2002; 108(3):249-72.

15. KimD, Chae S, Lee J, Yang H, Shin HS. Variations in the behaviors to novel objects among five inbred
strains of mice. Genes Brain Behav. 2005; 4(5):302—6. https://doi.org/10.1111/1.1601-183X.2005.
00133.x PMID: 16011576

16. Stéwe M, Bugnyar T, Heinrich B, Kotrschal K. Effects of group size on approach to novel objects in
ravens (Corvus corax). Ethol. 2006; 112(11):1079-88.

17.  Nilsson AL, Nilsson J-A, Alerstam T, Backman J. Migratory and resident blue tits Cyanistes caeruleus
differ in their reaction to a novel object. Naturwissenschaften. 2010; 97(11):981-5. https://doi.org/10.
1007/s00114-010-0714-7 PMID: 20842492

18. Heyser CJ, Chemero A. Novel object exploration in mice: not all objects are created equal. Behav Pro-

cesses. 2012; 89(3):232-8. https://doi.org/10.1016/j.beproc.2011.12.004 PMID: 22183090

PLOS ONE | https://doi.org/10.1371/journal.pone.0196889 May 3, 2018 8/11


https://doi.org/10.2466/pr0.1967.20.1.159
http://www.ncbi.nlm.nih.gov/pubmed/6037779
https://doi.org/10.1101/lm.41701
https://doi.org/10.1101/lm.41701
http://www.ncbi.nlm.nih.gov/pubmed/11773431
https://doi.org/10.1007/s10071-008-0171-2
https://doi.org/10.1007/s10071-008-0171-2
http://www.ncbi.nlm.nih.gov/pubmed/18574603
https://doi.org/10.1007/s10071-010-0319-8
https://doi.org/10.1007/s10071-010-0319-8
http://www.ncbi.nlm.nih.gov/pubmed/20300791
https://doi.org/10.1098/rspb.2012.1450
http://www.ncbi.nlm.nih.gov/pubmed/22874748
https://doi.org/10.1111/j.1601-183X.2005.00133.x
https://doi.org/10.1111/j.1601-183X.2005.00133.x
http://www.ncbi.nlm.nih.gov/pubmed/16011576
https://doi.org/10.1007/s00114-010-0714-7
https://doi.org/10.1007/s00114-010-0714-7
http://www.ncbi.nlm.nih.gov/pubmed/20842492
https://doi.org/10.1016/j.beproc.2011.12.004
http://www.ncbi.nlm.nih.gov/pubmed/22183090
https://doi.org/10.1371/journal.pone.0196889

@° PLOS | ONE

Age-based exploration in vampire bats

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Forss SI, Schuppli C, Haiden D, Zweifel N, Van Schaik CP. Contrasting responses to novelty by wild
and captive orangutans. Am J Primatol. 2015; 77(10):1109-21. https://doi.org/10.1002/ajp.22445
PMID: 26119509

Blaszczyk MB. Boldness towards novel objects predicts predator inspection in wild vervet monkeys.
Anim Behav. 2017; 123:91-100.

Kendal R, Coe R, Laland K. Age differences in neophilia, exploration, and innovation in family groups of
callitrichid monkeys. Am J Primatol. 2005; 66(2):167—88. https://doi.org/10.1002/ajp.20136 PMID:
15940712

Welker W. An analysis of exploratory and play behavior in animals. Functions of varied experience.
1961:175-226.

Murphey RM, Duarte FAM, Novaes WC, Penedo MCT. Age group differences in bovine investigatory
behavior. Dev Psychobiol. 1981; 14(2):117-25. https://doi.org/10.1002/dev.420140205 PMID:
7202849

Schuppli C, Isler K, van Schaik CP. How to explain the unusually late age at skill competence among
humans. J Hum Evol. 2012; 63(6):843-50. https://doi.org/10.1016/j.jhevol.2012.08.009 PMID:
23141772

Carter GG, Wilkinson GS. Food sharing in vampire bats: reciprocal help predicts donations more than
relatedness or harassment. Proc R Soc Lond B Biol Sci. 2013; 280:20122573.

Wilkinson GS. The social organization of the common vampire bat: . Pattern and cause of association.
Behav Ecol Sociobiol. 1985; 17:111-21.

Wilkinson GS. Reciprocal food sharing in the vampire bat. Nature. 1984; 308:181—4.

Delpietro H, Russo R, Carter G, Lord R, Delpietro G. Reproductive seasonality, sex ratio and philopatry
in Argentina’s common vampire bats. R Soc Open Sci. 2017; 4(4):160959. https://doi.org/10.1098/rsos.
160959 PMID: 28484615

Delpietro H, Russo RG. Observations of the common vampire bat (Desmodus rotundus) and the hairy-
legged vampire bat (Diphylla ecaudata) in captivity. Mamm Biol. 2002; 67(2):65—-78. PMID:
200200349011.

Schmidt C. Reproduction. In: Greenhall AM, Schmidt U, editors. Natural History of Vampire Bats. Boca
Raton, FL: CRC Press; 1988. p. 246.

Jenness R, Studier EH. Lactation and milk. In: Baker RJ, Knox Jones J Jr, Carter DC, editors. Biology of
Bats of the New World Family Phyllostomatidae Part 1. Special Publications of the Museum Texas
Tech University. Lubbock, Texas: Texas Tech Press; 1976.

Hamilton IM, Barclay RM. Ontogenetic influences on foraging and mass accumulation by big brown
bats (Eptesicus fuscus). J Anim Ecol. 1998; 67(6):930—40. https://doi.org/10.1046/j.1365-2656.1998.
6760930.x PMID: 26412372

Kunz TH, Robson SK. Postnatal growth and development in the Mexican free-tailed bat ( Tadarida brasi-
liensis mexicana): birth size, growth rates, and age estimation. J Mammal. 1995; 76(3):769-83.

Chaverri G, Kunz TH. Roosting Ecology of the Tent-Roosting Bat Artibeus watsoni (Chiroptera: Phyllos-
tomidae) in Southwestern Costa Rica. Biotropica. 2006; 38(1):77-84.

Kwiecinski GG, Falzone M, Studier EH. Milk concentration and postnatal accretion of minerals and
nitrogen in two phyllostomid bats. J Mammal. 2003; 84(3):926-36.

Crichton EG, Krutzsch PH. Reproductive Biology of Bats. San Diego, Calif.: Academic Press; 2000. x,
510 p.

Desrochers A. Age and foraging success in European blackbirds: variation between and with individu-
als. Anim Behav. 1992; 43(6):885-94.

Greig S, Coulson J, Monaghan P. Age-related differences in foraging success in the Herring Gull (Larus
argentatus). Anim Behav. 1983; 31(4):1237-43.

Gochfeld M, Burger J. Age differences in foraging behavior of the American Robin ( Turdus migratorius).
Behav. 1984; 88(3):227-39.

Carter GG, Wilkinson GS, Page RA. Food-sharing vampire bats are more nepotistic under conditions of
perceived risk. Behav Ecol. 2017; 28(2):565-9.

Wilkinson GS. Social organization and behavior. In: Greenhall AM, Schmidt U, editors. Natural History
of Vampire Bats. Boca Raton, Florida: CRC Press; 1988.

Wilkinson GS. The social organization of the common vampire bat: Il. Mating system, genetic structure,
and relatedness. Behav Ecol Sociobiol. 1985; 17:123-34.

Carter GG, Wilkinson GS. Common vampire bat contact calls attract past food-sharing partners. Anim
Behav. 2016; 116:45-51. https://doi.org/10.1016/j.anbehav.2016.03.005

PLOS ONE | https://doi.org/10.1371/journal.pone.0196889 May 3, 2018 9/11


https://doi.org/10.1002/ajp.22445
http://www.ncbi.nlm.nih.gov/pubmed/26119509
https://doi.org/10.1002/ajp.20136
http://www.ncbi.nlm.nih.gov/pubmed/15940712
https://doi.org/10.1002/dev.420140205
http://www.ncbi.nlm.nih.gov/pubmed/7202849
https://doi.org/10.1016/j.jhevol.2012.08.009
http://www.ncbi.nlm.nih.gov/pubmed/23141772
https://doi.org/10.1098/rsos.160959
https://doi.org/10.1098/rsos.160959
http://www.ncbi.nlm.nih.gov/pubmed/28484615
http://www.ncbi.nlm.nih.gov/pubmed/200200349011
https://doi.org/10.1046/j.1365-2656.1998.6760930.x
https://doi.org/10.1046/j.1365-2656.1998.6760930.x
http://www.ncbi.nlm.nih.gov/pubmed/26412372
https://doi.org/10.1016/j.anbehav.2016.03.005
https://doi.org/10.1371/journal.pone.0196889

@° PLOS | ONE

Age-based exploration in vampire bats

44,

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Carter GG, Wilkinson GS. Social benefits of non-kin food sharing by female vampire bats. Proc R Soc
Lond B Biol Sci. 2015; 282(1819):20152524. https://doi.org/10.1098/rspb.2015.2524 PMID: 26582031

Puth MT, Neuhauser M, Ruxton GD. On the variety of methods for calculating confidence intervals by
bootstrapping. J Anim Ecol. 2015; 84(4):892—7. https://doi.org/10.1111/1365-2656.12382 PMID:
26074184

Canty A, Ripley B. boot: Bootstrap R (S-Plus) Functions. R package version 1.5. 2015.

Park SR. Observation on the behavioral development of the common vampire bat Desmodus rotundus
play behaviors. Journal of the Mammalogical Society of Japan. 1990; 15(1):25-32. PMID:
199191103195.

Visalberghi E. Responsiveness to objects in two social groups of tufted capuchin monkeys (Cebus
apella). Am J Primatol. 1988; 15(4):349-60.

Fairbanks LA. Risk-taking by juvenile vervet monkeys. Behav. 1993; 124(1):57-72.

Fairbanks LA, McGuire MT. Maternal protectiveness and response to the unfamiliar in vervet monkeys.
Am J Primatol. 1993; 30(2):119-29.

Biro D, Inoue-Nakamura N, Tonooka R, Yamakoshi G, Sousa C, Matsuzawa T. Cultural innovation and
transmission of tool use in wild chimpanzees: evidence from field experiments. Animal Cogn. 2003; 6
(4):213-23.

Greggor AL, Thornton A, Clayton NS. Neophobia is not only avoidance: improving neophobia tests by
combining cognition and ecology. Curr Opin in Behav Sci. 2015; 6:82-9.

Forss Sl, Koski SE, van Schaik CP. Explaining the paradox of neophobic explorers: the social informa-
tion hypothesis. Int J Primatol. 2017; 38(5):799-822.

Thorpe WH. Learning and Instinct in Animals. London: Methuen; 1956.

Greenberg R. The role of neophobia and neophilia in the development of innovative behaviour of birds.
In: Reader SM, Laland KN, editors. Animal innovation. New York: Oxford University Press; 2006. pp.
175-196.

Greenberg R, Mettke-Hofmann C. Ecological aspects of neophobia and neophilia in birds. Curr Ornithol:
Springer; 2001. p. 119-78.

Greenhall AM, Joermann G, Schmidt U. Desmodus rotundus. Mammalian Species. 1983; 202:1-6.

Harlow HJ, Braun EJ. Gastric Na+ K+ ATPase activity and intestinal urea hydrolysis of the common
vampire bat, Desmodus rotundus. Comp Biochem Physiol A Physiol. 1997; 118(3):665-9. PMID:
9406442

Mendoza MLZ, Xiong Z, Escalera-Zamudio M, Runge AK, Thézé J, Streicker D, et al. Hologenomic
adaptations underlying the evolution of sanguivory in the common vampire bat. Nature Ecol Evol.
2018:1.

Ratcliffe JM, Fenton MB, Galef BG. An exception to the rule: common vampire bats do not learn taste
aversions. Anim Behav. 2003; 65(2):385-9. https://doi.org/10.1006/anbe.2003.2059

Greenhall AM. Feeding behavior. In: Greenhall AM, Schmidt U, editors. Natural History of Vampire
Bats. Boca Raton: CRC Press; 1988. p. 111-31.

Bobrowiec PED, Lemes MR, Gribel R. Prey preference of the common vampire bat (Desmodus rotun-
dus, Chiroptera) using molecular analysis. J Mammal. 2015; 96(1):54—63. https://doi.org/10.1093/
jmammal/gyu002

Greenhall AM, Schmidt U, Lopez-Forment W. Attacking behaviour of the vampire bat, Desmodus rotun-
dus, under field conditions in Mexico. Biotropica. 1971; 3(2):136—41.

Greenhall AM, Schmidt U, Lopez-Forment W, editors. Field observations on the mode of attack of the
vampire bat (Desmodus rotundus) in Mexico. Anales del Instituto de Biologia UNAM Serie Zoologia;
1969.

Mitchell D. Experiments on neophobia in wild and laboratory rats: a reevaluation. J Comp Physiol Psy-
chol. 1976; 90(2):190. PMID: 1249271

Barnett SA. Experiments on ‘neophobia’ in wild and laboratory rats. Br J Psychol. 1958; 49(3):195-201.
PMID: 13572791

Benson-Amram S, Weldele ML, Holekamp KE. A comparison of innovative problem-solving abilities
between wild and captive spotted hyaenas, Crocuta crocuta. Anim Behav. 2013; 85(2):349-56.

Kronenberger J-P, Medioni J. Food neophobia in wild and laboratory mice (Mus musculus domesticus).
Behav Processes. 1985; 11(1):53-9. hitps://doi.org/10.1016/0376-6357(85)90102-0 PMID: 24924361

Tanast, Pisula W. Response to novel object in Wistar and wild-type (WWCPS) rats. Behav Processes.
2011; 86(2):279-83. https://doi.org/10.1016/j.beproc.2010.12.018 PMID: 21215302

PLOS ONE | https://doi.org/10.1371/journal.pone.0196889 May 3, 2018 10/11


https://doi.org/10.1098/rspb.2015.2524
http://www.ncbi.nlm.nih.gov/pubmed/26582031
https://doi.org/10.1111/1365-2656.12382
http://www.ncbi.nlm.nih.gov/pubmed/26074184
http://www.ncbi.nlm.nih.gov/pubmed/199191103195
http://www.ncbi.nlm.nih.gov/pubmed/9406442
https://doi.org/10.1006/anbe.2003.2059
https://doi.org/10.1093/jmammal/gyu002
https://doi.org/10.1093/jmammal/gyu002
http://www.ncbi.nlm.nih.gov/pubmed/1249271
http://www.ncbi.nlm.nih.gov/pubmed/13572791
https://doi.org/10.1016/0376-6357(85)90102-0
http://www.ncbi.nlm.nih.gov/pubmed/24924361
https://doi.org/10.1016/j.beproc.2010.12.018
http://www.ncbi.nlm.nih.gov/pubmed/21215302
https://doi.org/10.1371/journal.pone.0196889

o @
@ ’ PLOS | ONE Age-based exploration in vampire bats

70. Streicker DG, Recuenco S, Valderrama W, Benavides JG, Vargas |, Pacheco V, et al. Ecological and
anthropogenic drivers of rabies exposure in vampire bats: implications for transmission and control.
Proc R Soc Lond B Biol Sci. 2012 Sep 7; 279(1742):3384—92.

71. Volokhov DV, Becker DJ, Bergner LM, Camus MS, Orton RJ, Chizhikov VE, et al. Novel hemotropic
mycoplasmas are widespread and genetically diverse in vampire bats. Epidemiology & Infection. 2017
Nov; 145(15):3154-67.

PLOS ONE | https://doi.org/10.1371/journal.pone.0196889 May 3, 2018 11/11


https://doi.org/10.1371/journal.pone.0196889

