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ABSTRACT

Handley, Charles O., Jr., Don E. Wilson, and Alfred L. Gardner, editors. Demography and
Natural History of the Common Fruit Bat, Artibeus jamaicensis, on Barro Colorado Island,
Panamd. Smithsonian Contributions to Zoology, number 511, 173 pages, 69 figures, 62 tables,
1991.—Bats were marked and monitored on Barro Colorado Island, Panamé, to study seasonal
and annual variation in distribution, abundance, and natural history from 1975 through 1980.
Data gathered advances our knowledge about flocking; abundance; feeding strategies; social
behavior; species richness; population structure and stability; age and sex ratios; life expectancy
and longevity; nightly, seasonal, and annual movements; synchrony within and between species
in reproductive activity; timing of reproductive cycles; survival and dispersal of recruits;
intra-and inter-specific relationships; and day and night roost selection.

Barro Colorado Island (BCI) harbors large populations of bats that feed on the fruit of canopy
trees, especially figs. These trees are abundant, and the individual asynchrony of their fruiting
rhythms results in a fairly uniform abundance of fruit. When figs are scarce, a variety of other
fruits is available to replace them. This relatively dependable food supply attracts a remarkably
rich guild of bats.

Although we marked all bats caught, we tried to maximize the number of Artibeus
Jjamaicensis netted, because it is abundant (/3 of the total catch of bats on BCI), easily captured
by conventional means (mist nets set at ground level), and responds well to handling and
marking.

An average Artibeus jamaicensis is a 45 g frugivore that eats roughly its weight in fruit every
night. These bats prefer figs and often seek them out even when other types of fruit they might
eat are far more abundant. They commute several hundred meters to feeding trees on the
average, feeding on fruit from one to four trees each night, and returning to a single fruiting tree
an average of four nights in succession. The bats tend to fly farther when fewer fig trees are
bearing ripe fruit, and they feed from fewer trees, on the average, when the moon is nearly full.
These bats, like their congeners, do not feed in the fruiting tree itself. Instead, they select a fruit
and carry it to a feeding roost typically about 100 m away before eating it. We utilized radio
telemetry to assess feeding rates from the number of “feeding passes”—transits between fruit
tree and feeding roost. Bats are often netted while carrying fruit, revealing their diet. Feces also
reveal dietary information.

Adult female A. jamaicensis live in harems of three to 30 individuals with a single adult male.
On BCI the harem groups roost during the day in hollow trees. There is presumably a large
population of surplus males that roost together with nonadults of both sexes in foliage. Females
commute an average of 600 m from their day roosts to feeding sites, and harem males travel less
than 300 m. Twice a year most females give birth to a single young, once in March or April, and
again in July or August; active gestation averages about 19 weeks. Juveniles are first netted
when they are about ten weeks old, and females usually first bear young in March or April
following their year of birth.

OFFICIAL PUBLICATION DATE is handstamped in a limited number of initial copies and is

recorded in the Institution’s annual report, Smithsonian Year. SERIES COVER DESIGN: The coral
Montastrea cavernosa (Linnaeus).

Library of Congress Cataloging-in-Publication Data

Handley, Charles O. (Charles Overton), 1924-

Demography and natural history of the common fruit bat, Artibeus jamaicensis, on Barro Colorado Island, Panama /
Charles O. Handley, Jr., Don E. Wilson, and Alfred L. Gardner.

p. cm. — (Smithsonian contributions to zoology, no. 511)

Includes bibliographical references (p. ).

1. Artibeus jamaicensis—Panama—Barro Colorado Island.

I. Wilson, Don E. II. Gardner, Alfred L. [IIL. Tite. IV. Series.

QL1.S54 no.511 [QL737.C57] 591 s-dc20 [599.4] 91-13449

© The paper used in this publication meets the minimum requirements of the American
National Standard for Permanence of Paper for Printed Library Materials Z39.48—1984.



11.
12.

Contents

. INTRODUCTION by Charles O. Handley, Jr., Don E. Wilson, and Alfred L.
Gardnel & . v s s mavsw o ww s @ s wsm s B H WA R E N B EH E B 5
. PHYSIOLOGY by Eugene H. Studier and Don E. Wilson . . . . . ... ... ..
. REPRODUCTION IN A CAPTIVE COLONY by Lucinda Keast Taft and Charles

O.Handley, JT. & - v ¢ 5 s m w5 w s m 56 8id @ s s @em s dws @86 ass s

. REPRODUCTION ON BARRO COLORADO ISLAND by Don E. Wilson,

Charles O. Handley, Jr., and Alfred L. Gardner . . . . .............

. SURVIVAL AND RELATIVE ABUNDANCE by Alfred L. Gardner, Charles O.

Handley,Jr,andDonE. Wilson. . . . . ... ... ..............

. POPULATION ESTIMATES by Egbert G. Leigh, Jr., and Charles O. Handley, Jr. . .
. MOVEMENTS by Charles O. Handley, Jr., Alfred L. Gardner, and Don E.

WilSOm . . . e e e e e e e e e e e e e e e e e e e

. ROOSTING BEHAVIOR by Douglas W. Morrison and Charles O. Handley, Jr. . .
. FORAGING BEHAVIOR by Charles O. Handley, Jr., and Douglas W. Morrison . .
. FooD HABITS by Charles O. Handley, Jr., Alfred L. Gardner, and Don E.

Wilson . . . . o e e e e e e e e e e e e
DIET AND FooD SUPPLY by Charles O. Handley, Jr., and Egbert G. Leigh, Jr. .
APPENDIX: METHODS OF CAPTURING AND MARKING TROPICAL BATS . . . . .

LITERATURE CITED . . + & i v v v v e e e e e e e e e e e e e e e e e e et e

iii



FRONTISPIECE.—Artibeus jamaicensis. Pencil sketch by Nancy Moran, Barro Colorado Island, Panam4, October,
1976.



Demography and Natural History
of the Common Fruit Bat,
Artibeus jamaicensis,
on Barro Colorado Island, Panama

1. Introduction

Charles O. Handley, Jr., Don E. Wilson,
and Alfred L. Gardner

BCI Bat Project

In 1974, Charles Handley was invited to develop a project to
monitor bats as part of the Smithsonian Tropical Research
Institute’s (STRI) long-term environmental monitoring pro-
gram on Barro Colorado Island (BCI). The STRI monitoring
program, launched in 1970 and supported by the Smithsonian
Environmental Sciences Program (ESP), sought to monitor a
wide array of biotic and physical environmental components of
the island continuously over a long period of time.

The BCI Bat Project was born under the administrative title:
“Biomass and energetics of selected populations in Panama:
Bats.” We wanted to monitor demographic parameters and
natural history of all the bats regularly found on BCI. Based on
our earlier experiences, we thought the fauna might total 40
species of bats. The length of the project was designed to
continue through a generation of bats, however long that might
be. The only clue to possible duration was the report (Wilson
and Tyson, 1970) of a seven-year-old Artibeus jamaicensis on
BCIL.

At the outset it was evident that ESP funds were spread over

Charles 0. Handley, Jr., and Don E. Wilson, National Museum of
Natural History, Smithsonian Institution, Washington, D.C. 20560.
Alfred L. Gardner, NERC, US. Fish and Wildlife Service, National
Museum of Natural History, Washington, D.C. 20560.

Review Chairman: W. Ronald Heyer, Smithsonian Institution. Three
anonymous reviewers are gratefully acknowledged.

too many projects to be able to support a really meaningful
monitoring project for bats. Clyde Jones, then Director of the
National Fish and Wildlife Laboratory, U.S. Fish and Wildlife
Service, offered to provide both financial and personnel
support, and the Bat Project became a joint venture of the
Smithsonian Institution and the U.S. Fish and Wildlife Service,
with Michael A. Bogan, Alfred L. Gardner, and Don E. Wilson
joining Handley as field crew leaders.

Handley made several trips to BCI in 1975 and 1976 to
become familiar with the island and its bats, as well as to
determine what was feasible and how to organize the project.
On 2 July 1977 a year-round capture and marking program
began. With the help of collaborators and dozens of volunteers,
we took turns manning the field survey on BCI until November
1980 when this phase of the Project was completed. Thereafter,
Handley continued work on BCI on a periodic basis—the fall
of 1981, the fall of 1982, and the 12 months from September
1984 through August 1985—with the support of the Smith-
sonian’s ESP, STRI, and National Museum of Natural History
(NMNH). The purpose of the continuing study was to maintain
the pool of marked bats, refine the demographic data, and gain
further information on the biology of the bats, particularly their
responses to food sources.

During the reconnoitering phase at the beginning of the
project we focused much of our attention on developing a
reliable, long-lasting, harmless marking system. We estab-
lished colonies of bats at the National Zoological Park (NZP)
that we used in marking experiments and in establishing
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standards for describing age and reproductive state. As a result,
we discarded forearm banding, tattooing, and heat branding and
settled on necklacing with stainless steel ball chain. Band-
bearing necklaces were first attached to free-living bats on BCI
on 18 October 1976. By the fall of 1980 we had placed 18,953
necklaces on bats.

The project evolved rapidly. We soon realized that our
resources were not sufficient to monitor simultaneously all
species of bats on BCI in an effective manner. We settled on
studying the bat that had proved to be our principle
catch—Artibeus jamaicensis Leach, the common fruit-eating
bat.

At first we established netting stations at places that, based
on experience elsewhere, “looked good for bats,” such as
stream valleys, trails through open forest, and gaps along ridges

* The use of product brand names in this publication is not intended as
an endorsement of the products by the Smithsonian Institution.
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where underbrush and other vegetation did not interfere with
the nets or obstruct flyways. However, it became apparent that
abundance of bats coincided with nearby fruit sources and that
what at first appeared to be complicated distributional patterns
for the island’s bats proved to be nothing more that a direct
correlation between foraging activity and the uneven distribu-
tion and availability of fruit. We improved our netting success
by making systematic surveys along the trails on BCI to locate
pellets of fruit pulp dropped by feeding bats and then setting
our nets nearby where they were most likely to catch bats.

We realized early in the project that squeaking bats often
attracted others, and in 1978 we began to use the wooden
Audubon Bird Call as a substitute to attract bats into the nets.
At a good site, an Audubon Bird Call*, an occasional
squeaking bat, and one or two nets could produce enough bats
to keep everyone busy for hours.

In the beginning we sometimes caught only two or three bats
in a night, and we were satisfied with catches of 30 bats. Later,

TABLE 1-1.—Bats recorded on Barro Colorado Island, Ganin Lake, Panama4.

Family EMBALLONURIDAE

Rhynchonycteris naso (Wied)
Saccopteryx bilineata (Temminck)
Saccopteryx leptura (Schreber)
Cormura brevirostris (Wagner)
Centronycteris maximiliani (Fischer)

Family NOCTILIONIDAE

Noctilio albiventris Desmarest
Noctilio leporinus Linnaeus

Family MORMOOPIDAE

Pteronotus gymnonotus Wagner
Pteronotus parnellii (Gray)

Family PHYLLOSTOMIDAE
Subfamily PHYLLOSTOMINAE

Micronycteris brachyotis (Dobson)
Micronycteris hirsuta (Peters)
Micronycteris megalotis (Gray)
Micronycteris nicefori Sanbom
Micronycteris schmidtorum Sanbom
Macrophyllum macrophyllum (Schinz)
Tonatia bidens (Spix)
Tonatia silvicola D'Orbigny
Mimon crenulatum (E. Geoffroy)
Phyllostomus discolor Wagner
Phyllostomus hastatus(Pallas)
Phylloderma stenops Peters
Trachops cirrhosus (Spix)
Chrotopterus auritus (Peters)
Vampyrum spectrum (Linnaeus)
Subfamily GLOSSOPHAGINAE
Glossophaga ¢ issarisi Gardner
Glossophaga soricina (Pallas)
Lonchophylla robusta Miller

Subfamily CAROLLINAE
Carollia brevicauda (Schinz)

Carollia castanea H. Allen
Carollia perspicillata (Linnaeus)

Subfamily STURNIRINAE

Sturnira luisi Davis

Subfamily STENODERMATINAE

Uroderma bilobatum Peters
Uroderma magnirostrum Davis
Platyrrhinus helleri (Peters)
Vampyrodes caraccioli (Thomas)
Vampyressa nymphaea Thomas
Vampyressa pusilla (Wagner)
Chiroderma villosum Peters
Mesophylla macconnelli Thomas
Artibeus hartii Thomas

Artibeus jamaicensis Leach
Artibeus lituratus (Olfers)
Artibeus phaeotis (Miller)
Artibeus watsoni Thomas
Ametrida centurio Gray
Centurio senex Gray

Subfamily DESMODONTINAE
Desmodus rotundus (E. Geoffroy)

Family THYROPTERIDAE

Thyroptera discifera (Lichtenstein and Peters)
Thyroptera tricolor Spix

Family VESPERTILIONIDAE
Mbyotis albescens (E. Geoffroy

Mpyotis nigricans (Schinz)
Rhogeessa tumida H. Allen

Family MOLOSSIDAE

Tadarida laticaudata (E. Geoffroy)
Molossus bondae J.A. Allen
Molossus coibensis J.A. Allen
Molossus molossus (Pallas)
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we were disappointed with less than 100 bats per night, and we
logged many nights with catches exceeding 200. Our best catch
came on 25 October 1979 at a giant Ficus dugandii with ripe
fruit where we netted 282 bats in about four hours.

As of 1985, we had found 56 species of bats on BCI (Table
1-1). Bonaccorso (1979) categorized the bats of the island into
nine “feeding guilds.” The distribution of the 56 species among
Bonaccorso’s guilds is: canopy frugivores (14), groundstory
frugivores (4), scavenging frugivores (2), omnivores (4),
sanguinivores (1), gleaning camnivores (12), slow-flying hawk-
ing insectivores (14), fast-flying hawking insectivores (4), and
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piscivores (1). A. jamaicensis, the major subject of this report,
is a canopy frugivore.

By every measure A. jamaicensis is the most widespread and
abundant bat on BCI (Table 1-2). On a yearly basis, it averaged
60% of the total catch of bats, and we caught it almost every
night that nets were set. Altogether, in the period 1975-1980
(including bats captured before marking with necklaces began),
we recorded 17,820 captures of A. jamaicensis.

By the end of 1980, we had leamed enough about A.
Jamaicensis including its populations, reproduction, move-
ments, foraging, and physiology to justify a pause to

TABLE 1-2.—Measures of abundance of bats captured on BCI during 1979. Bats were netted on 157 nights, and

captures (including both marks and recaptures) totalled 9118 bats. Tabul

(number and perc ge of nights

ions are by frequency of capture

ght), number caught (total), catch per species night (total of a species caught

divided by number of nights it was caught), and catch per netting night (total of a species caught divided by total

nights of netting).

Mean catch Mean catch Nights caught
Species per species per netting

night Rank Total night N %
Artibeus jamaicensis 36.3 1 5484 349 151 96
Uroderma bilobatum 9.2 2 551 35 60 38
Artibeus lituratus 6.0 3 n7 46 120 76
Chiroderma villosum 44 4 172 1.1 39 25
Carollia perspicillata 4.0 5 428 27 107 68
Vampyrodes caraccioli 3.9 6 325 21 83 53
Phyllostomus discolor 33 7 130 08 40 25
Artibeus phaeotis 22 8 235 15 108 (&4
Carollia castanea 2.0 9 154 1.0 78 50
Micronycteris hirsuta 1.8 10 91 0.6 52 33
Vampyressa pusilla 1.8 10 87 0.6 49 31
Vampyressa nymphaea 1.8 10 51 03 28 18
Pteronotus parnellii 1.7 13 86 0.6 51 32
Tonatia silvicola 1.6 14 113 0.7 71 45
Tonatia bidens 1.6 14 77 0.5 49 31
Artibeus watsoni 1.6 14 67 04 43 27
Micronycteris megalotis 1.6 14 35 02 22 14
Glossophaga soricina 1.6 14 28 0.2 17 11
Phyllostomus hastatus 1.6 14 26 0.2 16 10
Mimon crenulatum 1.5 20 50 03 33 21
Rhogeessa tumida 15 20 3 0.02 2 1
Trachops cirrhosus 14 2 70 04 49 31
Cormura brevirostris 14 22 7 0.05 5 3
Platyrrhinus helleri 13 24 31 02 23 15
Micronycteris brachyotis 1.2 25 13 0.08 11 7
Macrophyllum macrophyllum 12 25 11 0.07 9 6
Micronycteris nicefori 1.1 27 21 0.1 19 12
Saccopteryx bilineata 1.1 21 8 0.05 7 4
Desmodus rotundus 1.0 29 12 0.08 12 8
Glossophaga commissarisi 1.0 29 8 0.05 8 5
Myotis nigricans 1.0 29 7 0.05 7 4
Micronycteris schmidtorum 1.0 29 5 0.03 5 3
Phylloderma stenops 1.0 29 5 0.03 S5 3
Centurio senex 1.0 29 3 0.02 3 2
Vampyrum spectrum 1.0 29 2 0.01 2 1
Uroderma magnirostrum 1.0 29 2 0.01 2 1
Lonchophylla robusta 1.0 29 1 0.01 1 1
Carollia brevicauda 1.0 29 1 0.01 1 1
Artibeus hartii 1.0 29 1 0.01 1 1
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summarize the information for publication. Handley, Wilson,
and Gardner shared the manuscript preparation. Fortunately,
Cindy Taft, Gene Studier, Doug Morrison, and Bert Leigh, who
were heavily involved with various aspects of the Bat Project,
joined us in the authorship of several of the sections.

The Environment

Protected by its isolation in Gatin Lake, and by the vigilance
of its caretakers, BCI long has attracted biologists secking to
understand life in the tropical forest. The island provides an
ideal outdoor laboratory for the curious naturalist. The
long-term protection provided by the Smithsonian Institution
and the Government of Panam4, combined with easy access
and excellent working and living conditions, make available a
small, but manageable bit of tropical habitat where intensive
and long-term studies of the ecosystem are practical (Figure
1-1).

Once known as West Hill, which sloped to the Rio Chagres
on the north, and the Rio Gigantito to the east, and bordered by
the Gigante and Pefia Blanca swamps on the south and west,
BCI came into being following completion of Gatiin Dam in
1914 and the subsequent flooding that formed Gatin Lake.
However, because Gatiin Lake took about four years to fill
(Chapman, 1938) we don’t know exactly when West Hill
became separated from the mainland.

The resulting island consists of about 1500 ha (3 x 5 km) and
at its highest point (the Plateau) rises to 137 m above the lake.
The remaining hilltop, which comprises the island, is a broad
and flat basaltic cap covered with red clay soils (for which the
island was named) up to 1 m thick.

About 90% of the yearly rainfall occurs between May and
December, followed by a pronounced dry season extending
from January to April. Rainfall is not spread evenly, and when
it occurs it often pours. The monthly average during the rainy
season is 31 cm, and the yearly average is about 260 cm (Rand
and Rand, 1982). High rates of transpiration from the forest and
evaporation of the surrounding water of Gatiin Lake contribute
to a high relative humidity throughout the year.

The vegetation of BCI has been characterized by Foster and
Brokaw (1982) as semideciduous lowland forest. Some species
of trees lose all of their leaves for a period of months while
others remain evergreen. Although most species lose their
lcaves in the dry season, some do so in the rainy season. Just as
BCI is intermediate in the amount of rainfall it receives,
compared with both coasts of Panam4, so is the forest of an
intermediate type, containing elements of both the wetter
Caribbean and dryer Pacific slope forests (Foster and Brokaw,
1982).

Although the structure of forests is shaped by substrates and
climate, the forest on BCI, like forests all over the world, has
been reshaped by the activities of human beings. Foster and
Brokaw (1982) suggested that even the older forest on BCI
might have been cleared 300-400 years ago.

SMITHSONIAN CONTRIBUTIONS TO ZOOLOGY

The younger forest on BCI has considerably more evidence
of recent human settlements, including some commonly
cultivated trees and an abundance of crockery and bottles.
Much of the younger forest may date from the 1880’s when the
French were attempting to build a trans-isthmian canal (Foster
and Brokaw, 1982).

Bananas and other fruits and vegetables were raised in small
patches near the lab clearing up to the 1950’s when all
agriculture on the island was stopped. Trees now cover all of
the former cleared land, except around the laboratory buildings
and in a narrow strip between the canal navigational lights on
Miller Ridge.

Methods

We conducted studies at three sites: (1) Mostly we worked
on BCI, where we mist-netted bats on a large scale and gathered
data on their basic demographic and biological variables. (2) To
gain additional information on movements and fidelity, we
netted on nearby islands and on the adjacent mainland, where
forests are younger and prime age fig trees are more abundant
than on BCI. From navigational lights on Buena Vista Island
and on Palenguilla Point (“Pefia Blanca” light) we regularly
trapped the bats of a pair of maternity roosts (referred to in the
text as the “canal marker roosts”). (3) In addition, to gather
baseline data on reproduction and ontogeny and to establish
standards for describing age and reproductive state in the field,
we maintained colonies of bats at the National Zoological Park
in Washington, D.C., from March 1975 through August 1981.

There was no precedent for the Bat Project, so we learned
techniques and developed protocols and standards by trial and
error throughout the life of the project. What we learned might
be useful for reducing start-up time in future projects. Adoption
of similar standards and terminology could make data
comparable among projects, and greatly enhance the value of
the data. For these reasons we have included only a brief
summary of methods in the body of the text, but have provided
a detailed and fully illustrated treatment of methods as an easily
reprintable appendix.

CAPTURING BATS.—Bats were captured in 12 m nylon mist
nets hung between 3 m tubular aluminum poles. We found it
more productive to net in the vicinity of trees bearing ripe fruit
than in sites selected at random. When it was practical we
placed the nets along a trail near a fruiting tree, around the base
of the tree, or on a ridge overlooking the tree. The nets were set
where underbrush would not impede the flight of bats. As far as
was possible, the nets were arranged in a zig-zag pattern with
ends overlapping about one meter, thereby blocking as much of
an underbrush-free area as possible. The standard netting
station contained ten nets.

We stretched the shelf strings of the nets tight (but not as
tight as possible) to minimize tangling of large Artibeus, and
high enough to keep heavy bats entering the lower shelf from
touching the ground. These tactics facilitated the capture of the
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BARRO COLORADO ISLAND
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FIGURE 1-1.—Barro Colorado Island, Gatin Lake, Panam4, showing topography and approximate alignment of
trails.

larger bats, but somewhat diminished our chances of catching  flying, regardless of light conditions. Sometimes we closed up

smaller species. after an hour or two if netting was slow, but occasionally we
We usually netted five nights each week. Normally the  netted until dawn. We furled the nets during heavy rains.

netting sessions began at dusk and ended when the bats quit The distress calls of particularly vocal bats were useful for
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attracting other bats into the nets. In the absence of such bats,
the squeaks of an Audubon Bird Call often were effective in
bringing in bats.

For safety of the bats we preferred bare hands throughout the
capture and marking process. Using folded capture bags as
baffles that the bats might bite, we seldom were bitten
ourselves. Everyone handling bats was protected with rabies
vaccine.

We caught bats at 106 netting localities on BCI (plus 15
others on the mainland and other islands), which was far too
many sites for convenient analysis. Consequently, we arbitrar-
ily allocated the 106 localities on BCI to 20 regional groups of
approximately equal area (Figure 13-5), which we refer to as
“locality groups.” We netted often where access was easy and
fig trees were common, and locality groups that encompassed
such areas often included many netting localities. In parts of the
island where access was difficult or fig trees were few, a
locality “group” sometimes included only a single netting
locality. Complete details on marking bats and recording data
can be found in the Appendix.

CANAL MARKER R0OSTS.—In the fall of 1977 we examined
all of the land-based navigational lights (used in pairs to orient
ship’s pilots on straight “reaches” of the canal) between
Gamboa and Gatin. Many contained maternity colonies of
Phyllostomus hastatus, Saccopteryx bilineata, and Micro-
nycteris hirsuta. Two (on Buena Vista Island and Palenguilla
Point) contained harems of A. jamaicensis. Fortuitously, both
of the Artibeus roosts were near BCI, and were used by bats that
we mist-netted on BCI and on the mainland. We sampled these
roosts at intervals throughout the project, using a plastic
funnel-like trap, with which we always caught most or all of the
bats in a roost. These roosts gave us information on harem
composition, stability, and recruitment and were our best link
between netting sites and roost locations.

THE Zoo BATs.—Studies on the captive bats at the NZP
were indispensable to the field work on BCI. In 1975, we took
Artibeus jamaicensis, A. lituratus, Uroderma bilobatum,
Glossophaga soricina, Carollia castanea, and C. perspicillata
to the NZP. The Artibeus died in an accident a few months after
we established the colony, but the others survived and were the
subjects of marking experiments that led to our necklacing
technique. In 1978, we established a new colony, consisting
entirely of A. jamaicensis. This colony is described in detail in
Section 3, Reproduction in a Captive Colony.
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2. Physiology

Eugene H. Studier and Don E. Wilson

Although most of our work on Barro Colorado Island (BCI)
was dedicated to marking and recapturing large numbers of
Artibeus jamaicensis, we continually faced questions regarding
the animal’s physiology. As our data on population dynamics,
movements, reproductive cycle, and other natural history
variables increased, we needed answers to our physiological
questions. Clearly, the issues of energy, water, and mineral
budgets are critical to understanding factors limiting the bat’s
populations. Thus, we conducted physiological studies on
newly captured animals in the laboratories available on BCIL.
Most involved nutritional economy as it relates to feeding
behavior, thermoregulation, metabolism, and other mainte-
nance variables.

Energy Balance

FEEDING BEHAVIOR.—Although A. jamaicensis consumes a
variety of foods (Gardner, 1977), the fruits of figs are at the
fore. On BCI, where Ficus insipida and F. yoponensis are
unusually abundant, F. insipida is the fig of choice (Morrison,
1978a); in the Llanos of Venezuela it is F. trigonata (August,
1981).

A. jamaicensis extracts juices of the fruit of these figs
(Morrison, 1980b; Studier, Boyd et al., 1983). The bat bites off
a chunk of pulp and skin and rolls it back and forth with its
tongue against its heavily corrugated hard palate. Juice is
extracted by chewing and by squeezing the shredded pulp
against the hard palate with the tongue. Juices are swallowed
and the shredded pulp is dropped as a “dry” pellet. These bats
are highly efficient at extracting juice from pulp. The technique
of sucking dry one small bite at a time extracted almost as much
juice (91%) as Morrison (1980b) was able to obtain with a
C-clamp press.

Fruits of F. insipida carried into mist nets by A. jamaicensis
on BCI had an average wet mass of 7.0 g (see Section 11, Diet
and Food Supply). However, note that fruit weighed by

Eugene H. Studier, Department of Biology, University of Michigan—
Flint, Flint, Michigan 48503.

Don E. Wilson, National Museum of Natural History, Smithsonian
Institution, Washington, D.C. 20560.

Bonaccorso (1975) averaged 9.5 g. Variation in fruit mass from
tree to tree, from season to season, or from year to year may
account for this discrepancy. When humans sense that these
figs are ripe, their average wet mass is 0.58 times less than
when bats select them (Morrison, 1978d). In other words, bats
consider figs ripe at a later stage than humans do. This fact is
important in interpreting results of studies on energetics,
feeding physiology, and fruit composition because there are
marked rapid changes in the composition and concentrations of
nutrients during terminal ripening in fruit (Hulme, 1970). We
know the composition and concentrations of many of the
nutritionally important components of the fruit of F. insipida
(Hladik et al., 1971; Morrison, 1980b; Nagy and Milton, 1979;
Studier, Boyd et al., 1983). Analysis of the juice of this fig is
pertinent to understanding nutritional balance in A. jamaicen-
Sis.

The digestive ability of A. jamaicensis is comparable to that
of other nonruminant mammals, at least when it is feeding on
F. insipida (Morrison, 1980b). In this case the bat exhibits an
overall digestive efficiency of 25%-30% of whole fruit
calories. However, such efficiency is misleading because 57%
of the metabolizable energy is dropped as pellets and never
swallowed. Sixty-four per cent of potential energy in food
actually swallowed is assimilated. This value is slightly lower
than assimilation efficiencies of other mammals on low-fiber
diets (Maynard and Loosli, 1969) and may correlate with the
extremely rapid transit time through the bat’s digestive tract.
The passage of 25%-33% of swallowed energy as undigested
seeds also contributes significantly to the lowered assimilation
efficiency. On the other hand, 93% of swallowed soluble
carbohydrates are absorbed (Morrison, 1980b), and these
carbohydrates account for almost all retained calories in A.
Jjamaicensis.

THERMOREGULATION.—We studied thermoregulation in
many species of bats on BCI, but particularly in A. jamaicensis.
We found this bat to be a heterothermic endotherm when we
measured body temperature (T,) as a function of ambient
temperature (T,) within 12 hours of capture (Studier and
Wilson, 1970). We determined a relation between T, and T,
expressed by

T, = 88 + 0933 T,
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in a T, range of 8.0°-33.2°C. The regression coefficient for this
relationship (0.933; SE = 0.202) does not differ significantly
from 1.0 and we conclude that in A. jamaicensis, T, parallels
T,. Individual bats maintain a constant range of T, 6.6°-8.3°C
higher than T, throughout the tested T, range.

Previously, Morrison and McNab (1967) reported little daily
fluctuation in T, cycles in captive A. jamaicensis at an
estimated T, of 27°C. During daylight, some of their data points
(13/128 = 10.1%) were significantly lower than average. They
demonstrated that A. jamaicensis exhibited the thermoregula-
tory pattern of a homeothermic endotherm throughout a T,
exposure range of 5°-39°C. McNab (1969) obtained similar
results in captive A. jamaicensis held for up to two weeks
before testing; no bats had reduced T, relative to their mean
temperatures.

We reinvestigated these contradictory results and concluded
that although differences in thermoregulatory patterns might
have been related to genetic differences in the populations
studied, more likely the variation reflected different methodo-
logical approaches (Studier and Wilson, 1979). The primary
significance of our 1979 study was the demonstration of a
transition from a heterothermic pattern of Ty, regulation on the
day of capture to a homeothermic pattern after three days of
captivity. Such a “captivity effect” for A. jamaicensis may help
to resolve apparently conflicting thermoregulatory patterns in
other mammals, for example, Myotis lucifugus (Stones and
Wiebers, 1967; Studier and O’Farrell, 1972) and Peromyscus
leucopus (Gaertner et al., 1973; Hill, 1977).

Although the captivity effect explains divergent data on
thermoregulation, it does not show which data represent the
natural thermoregulatory pattern. Studier and O’Farrell (1972)
found that the T, of Myotis lucifugus and M. thysanodes in their
natural roosting sites was highly variable and similar to the data
for newly caught, laboratory-tested individuals. Apparently,
data from bats tested soon after capture better reflect natural
thermoregulatory performance, whereas data from captive bats
held longer reflect their greatest homeothermic capabilities.

We did not attempt to determine which components of the
captivity effect are responsible, either singly or in combination,
for the changeover in thermoregulatory performance, but
several possibilities exist. The increased homeothermic re-
sponse probably does not result from thermal acclimation. We
did not try to hold captive bats at constant T,. Instead, T, for
captive bats fluctuated in slightly muted fashion with that of
BCI’s natural environment (Studier and Wilson, 1970).
Furthermore, the captivity effect does not seem to be a general
stress response because stress would be greatest during the
initial hours of captivity; thus bats would be expected to exhibit
the most rigid homeothermy in day zero testing. The captivity
effect may result from individual or combined actions of
reduced activity while caged or the continual presence of
excess food, which the bats can eat at will.

In its natural environment, A. jamaicensis is probably a
homeothermic endotherm during periods of feeding and flight

SMITHSONIAN CONTRIBUTIONS TO ZOOLOGY

activity, but loosens T, control (becoming a nonhomeothermic
endotherm) during roosting (nonfeeding and nonflying epi-
sodes). The slight reduction in T, at such times would conserve
large amounts of energy (Studier, 1981). Heterothermy in A.
jamaicensis conserves 38.7% and 67.4% of the energy that
would be required of homeothermic individuals at ambient
temperatures of 30°C and 25°C, respectively (Studier and
Wilson, 1970). This would amount to a major energy cost
reduction during a roosting period. We assume that the slight
T, reduction in A. jamaicensis (T, of 35.2°C at T, of 30°C and
T, of 32.5°C at T, of 25°C) would not reduce responsiveness to
environmental stimuli during roosting nor would it preclude
initiation of flight.

Thermoregulation probably is dependent on nutritional state
in captive bats. In the wild, A. jamaicensis feeds on fruit that
varies seasonally from scarce to plentiful. Individual bats may
undergo a natural period of diel torpor, whereas captive animals
with unlimited food may never become torpid as long as their
food supply is constant and plentiful. Captive bats routinely
weigh more than wild-caught individuals (see Section 3,
Reproduction in a Captive Colony).

The significant questions regarding possible effect of
nutrition on the variability of T, in A. jamaicensis are: Does the
heterothermic pattern of bats tested immediately after capture
reflect undernourished individuals? Or, is the homeothermic
pattern of bats kept in captivity a response to overnourishment
and inactivity? Undernourished or not, poor T, regulation in
newly caught A. jamaicensis is not related to physiological
competence, but reflects reduced metabolic heat production
and rate of depletion of energy stores. Manakins, which are
small frugivorous birds, also exhibit heterothermy on BCI
(Bartholomew et al., 1983).

McNab (1969) reported a resting metabolic rate of 1.70
cc/g/r for A. jamaicensis within its thermal neutral zone (TNZ)
and a thermal conductance of 0.17 cc/g/hr/°C (below its TNZ).
As with other frugivorous bats, this mass-specific standard
metabolic rate is slightly higher than would be predicted by
Kleiber's (1932) classic relation between metabolism and mass
in mammals. The energetic cost of high T, homeothermy in A.
Jamaicensis is, therefore, higher than expected for a mammal of
its size.

McNab (1983) presented extensive arguments concerning
energetics, body sizes, and the limits to endothermy that can be
expressed by a minimum boundary curve for high T,
homeothermy. This curve estimates the smallest mass at which
continuous endothermy can occur for a given metabolic rate.
When this minimum boundary curve is drawn by relating the T,
to T, differential as a function of body mass, data for A.
Jamaicensis falls almost exactly on the curve (McNab, 1982).
A. jamaicensis, therefore, would be predicted to be marginally
able to maintain its reported high homeothermic T, to T,
differential. It is, therefore, not surprising that undernourished
(or normally nourished) bats tested immediately after capture
maintain a markedly lower T, and, consequently, lower T, to T,
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differentials. As stated previously, the slight T, reduction found
in A. jamaicensis saves 38.7%-67.4% of the energy required
for maintenance of higher T,. Such energy conservation would
seem critically important in a species such as A. jamaicensis
that has severely limited reserves of stored energy.

BoDY FAT.—Total body fat is a direct indication of overall
nutritional status in vertebrates. Annual variability in body fat
content in numerous Neotropical bats, including A. jamaicen-
sis, has been reported (McNab, 1976; 1982). However,
Neotropical frugivores and nectarivores demonstrate less of the
seasonal variation and none of the gender-related differences
that characterize temperate zone insectivores. All Neotropical
bats exhibit low peak fat reserve levels when compared with
temperate zone bats (Baker et al., 1968; Ewing et al., 1970;
Pagels, 1975; Weber and Findley, 1970). The extremely low fat
reserves reported by McNab (1976) for A. jamaicensis
emphasize its need to reduce daily energy expenditures. Lack
of fat reserves and high intake of dietary carbohydrate suggest
that glycogen should be examined as the normal energy reserve
of A. jamaicensis.

Glycogen levels have not been reported for A. jamaicensis,
but comparable data are available from megachiropterans that,
although not related to A. jamaicensis, are nutritional equiva-
lents. Daily variation in glycogen and fat levels in liver and
flight muscle tissue in Eidolon helvum, a Paleotropical
frugivorous bat, have been reported by Okon et al. (1978).
Their findings show that liver glycogen levels at sunrise (90.0
mg/g) are extremely high in comparison with levels seen in
large domesticated mammals (Watt and Merrill, 1963). Liver
glycogen then drops precipitously in E. helvum until sunset
when levels (35.0 mg/g) reach a range normal for large
mammals. Breast muscle glycogen in this bat remains low
(6.0-8.1 mg/g) and constant throughout the roosting period.
The extreme drop in liver glycogen suggests that glycogen (as
glucose) is the primary energy source of E. helvum throughout
its roosting period. Fat concentrations in liver and breast
muscle in E. helvum show slight increases at sunset, but the
range of all values (5.0-10.3 mg/100 g) is nearly two orders of
magnitude less than fat levels in liver and muscle in other
mammals, large and small (Kirkham and Allfrey, 1972; Watt
and Merrill, 1963). These glycogen levels reflect the high
carbohydrate, low lipid composition of the diet of these bats.

Van der Westhuyzen’s (1978) report on another Paleotropi-
cal fruit bat, Rousettus aegyptiacus, provides additional support
for the extreme importance of glucose or glycogen and the
relative unimportance of fat as an energy source in tropical
frugivorous bats. He reported the diurnal cycle of several
metabolites including glucose, free fatty acids, lactic acid, and
pyruvic acid in captive bats during normal feeding cycles as
well as after a “prolonged” fast. The most salient features of
this study are the cycles of blood glucose and free fatty acid
levels. He found that blood glucose levels follow the expected
pattern and fall within normal concentrations for mammals in
general. Most of the bats studied died during 31-32 hour fasts;
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however, bats that survived showed no further change in blood
glucose level at 35.3 mg/100 ml. The diurnal pattern of free
fatty acid (FFA) plasma levels follows the expected general
inverse relation to blood glucose levels. Nighttime FFA’s are
essentially constant at about 0.5 milliequivalents/liter (mEq/L),
which is quite normal for mammals. If food is withheld for
three hours after sunset, plasma FFA concentrations rise to 4.0
mEg/L concomitant with the fall in blood glucose level.

Although histochemical studies of the muscles of bats
(Armstrong et al., 1977; Talesara and Kumar, 1974) demon-
strate the relative importance of fats and glucose as energy
substrates, muscle enzyme profile studies such as those of
Muller and Baldwin (1978) and, especially, those of Yacoe et
al. (1982), are particularly germane to the present discussion.
Yacoe et al. (1982) determined enzyme activity levels for
citrate synthetase, hexokinase, 3-hydroxyacyl-CoA dehydroge-
nase (HOAD), and phosphorylase in two frugivorous species
(one of which was Artibeus lituratus) and eight insectivorous
species of bats. The four enzymes measured are indirect
indicators (in sequence) of citric acid cycle capacity, blood
glucose oxidation capacity, beta-oxidative capacity, and glyco-
genolytic capacity.

As expected, citrate synthetase activity was extremely high,
among the highest reported for mammalian skeletal muscle,
and there were no interspecific differences. Elevated HOAD
activity levels in all species indicated the expected high
capacity for fatty acid oxidation. Enzymes participating in
glucose storage, mobilization, and cell entry, however, pro-
vided the most intriguing picture. Hexokinase activity in the
frugivorous species was from two to three times higher than in
the insectivorous species. Phosphorylase activity in all species
was on the high end of the normal mammalian range, and,
although not statistically significant, phosphorylase activity in
A. lituratus was higher than in any other species tested.

Frugivorous bats, therefore, retain the capability of rapidly
metabolizing fats as a fuel source but also have unusually high
glycogenolytic ability. The combination of high aerobic and
high glycogenolytic activities previously has been thought to
be mutually exclusive in mammalian muscle fiber (Burleigh
and Schimke, 1969). Such a combination defies easy classifica-
tion in the slow (I) and fast (IIA) and fast (1IB) categories for
mammalian muscle fiber types (Lamb, 1984). Although similar
results have been reported for Australian bats (Muller and
Baldwin, 1978), extremely high capacities for aerobic glucose
oxidation have been reported primarily in flight muscle of
insects, which have a normal diet with high glucose density
(Beenakkers, 1969; Beenakkers et al., 1975; Heinrich, 1979).

Because of its presumed high dietary glucose density and
extremely high glucose assimilation efficiency (Morrison,
1980b), A. jamaicensis, along with other frugivores and
nectarivores, should have much more glucose available for
oxidation than do bats of other dietary preferences. However,
there is a significant energy penalty for converting dietary
carbohydrate to fat (Martin and Lieb, 1979).
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From the foregoing, it may be presumed that A. jamaicensis
produces little fat from glucose and does not take advantage of
the reduced weight and high caloric density gained by storing
energy as fat. Furthermore, A. jamaicensis must exhibit an
extreme facility in the storage, mobilization, and turnover of
glycogen. Finally, the overall energy reservoir in A. jamaicen-
sis is severely limited. In their natural environment, these bats
maintain no significant positive daily energy balance that
would allow for storage of surplus caloric energy.

SALIVATION.—Like many frugivores, A. jamaicensis has
exceptionally large salivary glands (Phillips et al., 1977).
Results of our histological examination of these glands in A.
Jjamaicensis (Studier, Boyd et al., 1983) are in agreement with
those of Wimsatt (1956). In spite of the large size of the glands
there is no relative increase in number of ducts, nor is there
evidence of relative excess production of serous secretion. The
functional significance of these structural observations include
possible increases in salivary amylase production, increased
involvement in regulation of mineral and water balance, and
overall increase in production of saliva, all related to the
unusually large size of the glands.

Salivary components may act chemically to neutralize
alkaloids in figs. Mucus may hold together the pellets that are
dropped during feeding (Dalquest et al., 1952). We have
suggested that the abundant saliva may strongly buffer gastric
secretions, thus preventing gastric contents from becoming
acidic, while simultaneously coating the gastric epithelium
with an extensive buffering barrier (Studier, Boyd et al., 1983).
If gastric fluid remains above pH 4, salivary amylase should
continue to function. This may be of considerable importance
in view of the rapid passage time and consequent brief
digestion exhibited by A. jamaicensis (Morrison, 1980b;
Studier, Boyd et al., 1983).

The gastric glands in the stomach and duodenum of many
frugivorous bats contain typical parietal and zymogen cells
(Bhide, 1980; Forman, 1972; Rouk and Glass, 1970). Brun-
ner’s glands are reduced or absent in frugivorous bats,
including species of Artibeus. The function of Brunner’s glands
among mammals is still debated, but for a long time a
connection with protection of the duodenum from damage by
highly acidic chyme leaving the stomach has been suspected. If
saliva of A. jamaicensis has sufficient buffering capacity to
prevent chyme from becoming highly acidic, reduction or
absence of Brunner’s glands in these frugivores would be
compensated. Salivary bicarbonate concentration has been
shown to be directly proportional to the rate of saliva formation
(Burgen and Emmelin, 1961). Because the bicarbonate buffer
system accounts for the bulk of the buffering power of the
saliva (Izutsu, 1981), increased or high relative rates of saliva
production may indicate elevated salivary buffering capacity in
A. jamaicensis. For further discussion of this possibility and for
details of gastric ultrastructure see Phillips et al. (1984).
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Caloric Balance

Total daily energy requirements can be estimated by various
methods (Kunz and Nagy, 1988). Maintenance energy (ME)
requirements are most simply calculated as a function of body
mass (W). For endothermic mammals, which maintain constant
high T,, ME (Kcal/day) = 106 W75, where W is in kilograms
(National Research Council, 1978). For an A. jamaicensis
weighing 45 g, estimated ME equals 10.3 Kcal (43.3 Kj)/day
(Table 2-1). Daily energy requirements for an A. jamaicensis
weighing 45 g also can be estimated based on time partitioning
(Table 2-1). The first estimate is based on Morrison’s (1978d)
data, in which he partitioned flight time into various activities
and flight distances. Metabolic cost of flight was based on the
wind tunnel studies of Thomas (1975) on other frugivorous
bats where metabolic cost of horizontal flight for a 45 g bat is
0.30 Kj. At an average flight speed of 5 m/sec, the cost of flying
100 m is 0.092 Kj. Appropriate increases in the energy cost of
flight for transport of figs to feeding roosts also are included
(Morrison, 1978d). These flight costs are added to energy needs
for maintaining the basal metabolic rate.

Using data from McNab (1969) for well- or overfed A.
Jamaicensis (1.7 cc/g/h), we estimated a basal energy cost of

TABLE 2-1.—Daily energy expenditures for a 45 g Artibeus jamaicensis. All
values are Kcal/days; equivalent Kj/day are given in parentheses. See text for
further details.

Parameters Kcal/day Kj/day
Based on mass* 10.30 (43.30)
Based on time partitioning
Flight costs®
searching 0.20 (0.84)
commuting 0.28 (1.17)
between feeding passes 0.19 (0.79)
feeding passes 1.04 (433)
transmitter 0.11 (0.50)
subtotal 1.82 (7.63)
Basal metabolism (well- or overfed)d 8.77 (36.70)
Total®>+d 10.59 (44.33)
Basal metabolism (normally- or underfed) 3.87 (16.20)
Totalb*e 5.69 (23.83)
Based on time partitioning
Flight costs! 3.20 (13.40)
Basal metabolism (well- or overfed)? 8.77 (36.70)
Totalf*d 11.97 (50.10)
Basal metabolism (normally- or underfed)® 3.87 (16.20)
Totalf*e 7.07 (29.60)

* National Research Council, 1978.

® Morrison, 1978d.

¢ Additional 7% increment as cost of carrying transmitter in flight.
4 McNab, 1969.

¢ Studier and Wilson, 1979.

f Morrison, 1980b.
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8.77 Kcal/day. Using metabolic rates of underfed (= normally
fed) A. jamaicensis (0.75 cc/g/h; Studier and Wilson, 1979),
reduces basal energy cost to 3.87 Kcal/day. In either
circumstance, daily energy cost of basal metabolism represents
the major fraction (67.9%-82.7%) of total daily energy
requirements. An additional time-partitioning energy budget
(Morrison, 1980b) is based simply on a minimum estimated
flight time of 45 min/day (Table 2-1). Although this second
time-partitioning budget markedly increases metabolic energy
expenditure for flight (from 1.8 to 3.2 Kcal/day), basal
metabolic costs still represent the major fraction (54.8%-
73.1%) of total daily energy budgets. Kunz (1980) proposed a
daily energy budget for bats in general in which caloric needs
(in Kcal/day) equal 0.92m%767 (where m is mass in grams).
Kunz’s (1980) estimate of daily energy needs, however,
includes data from lactating and pregnant bats as well as from
reproductively inactive individuals. Therefore, he overesti-
mated caloric needs.

The estimates for total daily energy costs to a reproductively
inactive, endothermic A. jamaicensis, maintaining a high T, are
remarkably consistent with a total range of 10.3-12.0 Kcal/day
(43.3-50.1 Kj/day) and probably represent realistic estimates
for a bat that remains constantly homeothermic. The minimal
daily energy budget of 5.7 Kcal/day (23.8 Kj/day) for
heterothermic individuals is surely an underestimate because
the bats are not continuously heterothermic. The marked
reduction in daily energy demand associated with heteroth-
ermy, however, may be invaluable to free-flying individuals
that have a marginal energy intake. Fleming (1988) estimated
daily energy budgets of 41.9-47.3 Kj/day for Carollia
perspicillata, a smaller phyllostomid with a more varied diet
and different foraging strategy. The similarity between these
figures is striking.

A. jamaicensis extracts 55.5 g of juice per 100 g of fresh fruit
of F. insipida (Morrison, 1980b). Morrison reported that juice
from these ripe figs contained 0.315 Kcal/g; we found 0.415
Kcal/ml (Studier, Boyd et al., 1983). The specific gravity of an
artificial fig juice solution (111 mg glucose per ml) is 1.042
g/cc. Most of the energy in fig juice is in dissolved glucose and
the energy assimilation efficiency of fig juice by A. jamaicensis
is 98.3% (Morrison, 1980b). Using the maximum estimate for
a daily energy budget of 12.0 Kcal/day, an A. jamaicensis
weighing 45 g would need to assimilate all the energy from
28.9 to 36.5 ml of fig juice. Given the 98.3% assimilation
efficiency, this would require 29.4-37.2 ml of ingested fruit
pulp juice or 55.1-69.8 g of fresh ripe fruit. At 7 g per fruit, an
A. jamaicensis would require 8-10 whole fruits of F. insipida
per day to meet its caloric requirement entirely from the
ingestion of the fruits of figs. If average-weight ripe fruits
weighing 5.6 g (Morrison, 1978a) were ingested, required
intake would be 9.8-12.5 figs. These numbers of whole figs
correspond nicely to the 7 + 2 nightly feeding passes observed
by Morrison (1978a) when A. jamaicensis was feeding
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exclusively on fruits of F. insipida.

In summary, A. jamaicensis has meager, if any, fat reserves;
probably exhibits extraordinary glucose assimilation, storage,
mobilization, and glycolytic capacities; probably has extreme
daily fluctuation in glycogen levels with little reserve capacity;
and is marginally able to maintain caloric balance on a normal
daily intake of 7 + 2 Ficus insipida fruits. Ingestion of nine
fruits probably would allow A. jamaicensis to maintain a high
T, for a 24-hour period but ingestion of fewer fruits would not
allow caloric balance as a high T, homeotherm. Such bats
would conserve energy and thus remain in caloric balance by a
drop in regulated T,, and a corresponding drop in energy needs.

Nitrogen Balance

Nitrogen excretion is related to metabolic rate. Conse-
quently, nitrogen requirements are appropriately related to
metabolic body mass (W075) (Brody, 1945; Kleiber, 1975). The
daily nitrogen requirement (mg/day) for high T, homeotherms
is 200 W97, where W is in kilograms (National Research
Council, 1978). The nitrogen requirement can be converted to
a minimum protein requirement by multiplying by 6.25
(Herbst, 1988). Alternatively, dietary protein requirement can
be calculated as a function of ingested caloric intake. Minimum
protein for maintenance is 10.7 mg protein per Kcal ingested.
For a 45 g A. jamaicensis, the daily minimum protein
requirement is 122 mg, based on body mass alone. Using
maximal estimated daily energy expenditure (12.0 Kcal/day
from Table 2-1), calculated daily minimum maintenance
protein intake is 128 mg. The protein density of F. insipida fruit
juice is 4.7 mg/ml (calculated from Morrison, 1980b).
Assuming fig juice to be the only source of dietary nitrogen of
A. jamaicensis, constantly homeothermic individuals maintain-
ing high T, would require 26.0—27.2 ml of fig juice/day (at
100% assimilation) to maintain nitrogen balance. This esti-
mated required intake is less than the calculated daily volume
of fig juice needed to maintain caloric balance in high T,
homeothermic individuals (29.4—-37.2 ml/day).

Digestibility of protein in low-fiber diets in a variety of
mammals ranges from 77% to 90% (Maynard and Loosli,
1969). Assuming an assimilation of 85% for A. jamaicensis,
daily minimum intake of fig juice would rise to 30.6-32.0
ml/day. This would mean that the daily volume of fig juice
necessary to meet protein needs is equal to or less than that
needed for caloric balance and that maintenance of nitrogen
balance is less of a problem for the bats than maintaining
caloric economy. The calculated protein minimum, however, is
for the “ideal” protein whose amino acid composition exactly
reflects the needs of the subject. Rasweiler (1977) pointed out
that animal proteins generally have amino acid compositions
that correspond more closely to mammalian requirements and
may be more readily digestible than proteins of plant origin,
which often are incomplete in terms of essential amino acids.
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The calculated requirement for fig juice volume given above
is surely a minimum or low estimate of actual juice needs. As
is the case for caloric economy, it seems likely that a high T,
homeotherm such as A. jamaicensis could maintain nitrogen
balance only marginally on a diet of F. insipida fruit. Again, the
ability of a free-living A. jamaicensis to reduce its regulated T,
acts as a safety valve, not only for caloric balance, but also by
reducing dietary nitrogen requirements to a level sufficient to
allow nitrogen balance.

Although studies of the structure and function of kidneys of
Neotropical bats will be discussed in more detail with respect to
water and mineral balance, some of the data are pertinent to
nitrogen balance. Studier, Wisniewski et al. (1983) examined
kidneys in 25 species of Neotropical bats and suggested that
renal morphology is primarily a function of dietary protein
density. Among the phyllostomids, members of the primarily
frugivorous/nectarivorous subfamilies Glossophaginae, Carol-
liinae, and Stenodermatinae (including A. jamaicensis), most of
which have low-protein diets, possess renal medullae that
cannot be subdivided readily into inner and outer zones.
Members of the phyllostomid subfamilies Phyllostominae and
Desmodontinae, as well as all members thus far studied in all
other families of New World bats, have renal medullae that are
easily subdivided into inner and outer zones. The dietary
preferences of this second group of bats are varied, but all
species regularly consume some food of animal origin, which
is high in protein.

Our data on urine composition further support the proposed
relation between dietary protein density and renal function in
Neotropical bats (Studier and Wilson, 1983). We found urinary
ammonia and urea nitrogen levels for A. jamaicensis (495 mg%
N), although highly variable, to be markedly lower than levels
for the insectivorous species, Myotis nigricans (1887 mg% N).
If the minimal nitrogen requirement for a45 g A. jamaicensis is
19.54 mg/day (= 200 x 0.045%75), then total urinary N is 434
mg/kg/day, which approximates urinary nitrogen excretion
rates in many mammalian herbivores (Altman and Dittmer,
1961). If the two abnormally high values for urinary ammonia
and urea nitrogen we found in A. jamaicensis are disregarded,
the recalculated average level is 370 mg% N (n = 17, Studier
and Wilson, 1983).

Water Balance

We now have sufficient data to present a rough water balance
account for A. jamaicensis (Table 2-2). Values in Table 2-2
represent estimates for a 45 g, high T, homeothermic
individual. As previously discussed, daily intake of fig juice is
29.4-37.2 ml. Swallowed juice is 90% water (Morrison,
1980b). Daily intake of water in food, therefore, is 27.6-34.9 g.
Estimated metabolic water assumes complete aerobic oxidation
of all glucose in the consumed juice (111 mg/ml, from Studier,
Boyd et al., 1983). The calculated value for metabolic water is
probably slightly low because oxidation of the small amounts
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TABLE 2-2.—Water economy budget for a 45 g, high T,, homeothermic
Artibeus jamaicensis. All values are g/day. EWL = evaporative water loss. See
text for further details.

Parameters g/day
WATER GAINS
In food 27.6-349
From metabolism 19-24
Drunk 0
Total gain 29.5-37.3
WATER LOSSES
EWL at rest 5.2
EWL in flight 13
In urine 9.4-11.8
In feces 11.8-149
Total loss 27.7-33.2
UNACCOUNTED LOSSES 18-4.1

of dietary fats and proteins will produce a little additional
water. There is no indication that A. jamaicensis needs to
consume free water when feeding on figs. The studies of
Phillips et al. (1984) on gastric ultrastructure in Artibeus also
indicated a lack of importance of free water ingestion.

Assuming constant temperature and humidity, evaporative
water loss (EWL) at rest is calculated as

log EWL = log 0.398 + 0.672 log W

where EWL is grams of water/animal/day and W is in grams
(Studier, 1970). We estimated EWL in flight based on 45
minutes total flying time/day (Morrison, 1980b) and scaling up
the EWL (957 mg/h) found by Carpenter (1969) for flying
Leptonycteris sanborni (24.4 g). Estimates of urinary water
loss and water lost in fecal matrix are derived from Morrison’s
(1980b) data showing that urinary water represents 31.8% and
fecal water represents 40.1% of swallowed fig juice, respec-
tively. If all ingested nitrogen appeared in the urine, A.
Jamaicensis would produce urine volumes of 4.0-5.3 ml/day,
assuming a minimum daily required nitrogen intake of 19.54
mg/day and urinary ammonia and urea nitrogen levels of
370-495 mg%. These values are considerably lower than
estimates based on Morrison’s (1980b) data, but still represent
remarkably high urine output.

Considering the multiple sources and assumptions used to
construct the water economy budget for A. jamaicensis (Table
2-2), the values come remarkably close to balancing and are
probably accurate. Some useful comparisons can be made with
values for other mammals. Water turnover rates for a 45 g A.
Jjamaicensis (655-829 ml/kg/day) are extreme in contrast to
values of 40-273 ml/kg/day reported for a wide variety of
mammals (Altman and Dittmer, 1961). Similarly, preformed
water consumption in A. jamaicensis of 613-775 ml/kg/day is
elevated in comparison with values for other mammals
(35-211 ml/kg/day; Altman and Dittmer, 1961). These
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exceptional values relate to the essentially liquid diet of A.
jamaicensis, coupled with its poor renal water conservation,
and relatively small size. Comparative values for total body
turnover and preformed water turnover are 330 ml/kg/day and
150 ml/kg/day, respectively, for an 8.4 g Myotis thysanodes
(O’Farrell et al., 1971), and 250 ml/kg/day and 180 ml/kg/day,
respectively, for M. lucifugus (O’Farrell et al., 1971). Total
body water turnover in Pizonyx (= Myotis) vivesi is estimated at
480 ml/kg/day (Carpenter, 1968). Preformed water tumover for
a common vampire, Desmodus rotundus, weighing 34.2 g is
410 ml/kg/day (Wimsatt, 1969), assuming bovine blood to be
78.5% water (McNab, 1973). Preformed water turnover also
can be estimated from published data for the nectarivorous bat,
Leptonycteris sanborni, at 465-712 ml/kg/day (Howell, 1974),
and the nectarivorous bird, Selasphorus flammula, at 692
ml/kg/day (Hainsworth and Wolf, 1972).

Urinary output in A. jamaicensis varies from 209 to 262
ml/kg/day in contrast to many other mammals with values that
vary from 2.5 to 74 ml/kg/day (Altman and Dittmer, 1961).
These rates of urine production in A. jamaicensis (6.5-8.2
microliters/min) are roughly 30 times the maximal rate of urine
production (0.23 microliters/min) found by Bassett and
Wiebers (1979) for the insectivorous M. lucifugus. Having
collected urine samples from many species of bats, we have no
difficulty believing that rates of urine production in A.
jamaicensis and other frugivorous/nectarivorous bats far
exceed urine volumes considered normal in other species.

As mentioned earlier, A. jamaicensis and other frugivorous
and nectarivorous bats possess kidneys with undivided renal
medullae. Such species routinely produce natural urine of low
osmotic pressure and low urinary nitrogen levels (Studier and
Wilson, 1983) compared with those species with renal medulla
divisible into inner and outer zones (Studier, Wisniewski et al.,
1983). Mean maximal urine concentration (MMUC) in A.
Jamaicensis is 972 mOsm/kg (Studier, Boyd et al., 1983). The
total medullary (M) thickness to cortical (C) thickness ratio
M/C) for A. jamaicensis (2.4), while typical for frugivores, is
markedly lower than M/C for bats of other feeding preferences
and does not vary with habitat aridity (Studier, Wisniewski et
al., 1983).

Geluso (1980) presented a highly predictive equation
relating MMUC of insectivorous bats to M/C in which MMUC
(mOsm/kg) = 702 + 387 (M/C). Based on this equation, A.
Jjamaicensis would produce MMUC of 1,620 mOsm/kg, a value
nearly double the observed MMUC. Similar observations hold
true for other frugivorous/nectarivorous species with undivided
renal medullae (Carpenter, 1969; Studier and Wilson, 1983).
None of these species produce natural urine concentrations
approaching those predicted by Geluso’s equation, suggesting
that his formula does not apply to bats with undivided renal
medullae (Studier and Wilson, 1983).

We made several attempts to induce MMUC in A.
Jamaicensis, that included dehydration/starvation, loading with
strongly hyperosmotic salt solutions, and feeding dehydrated
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fruits of figs (Studier, Boyd et al., 1983). Although none of
these methods worked well, ingestion of dehydrated figs, the
functional equivalent of Geluso’s (1975, 1978) “water denied”
experiments with insectivorous bats, resulted in the most
uniform and highest urine concentrations for this species. It is
of particular interest that although dehydration and salt loading
caused an expected and predictable increase in osmotic
pressure of the blood, these treatments were not associated with
the expected increase in osmotic pressure of the urine (Studier,
Boyd et al., 1983). Dehydration in Myotis lucifugus, induced by
Bassett and Wiebers (1979), however, resulted in expected
increases of osmotic pressures in both blood and urine. There
seems to be a slow or minimal release of antidiuretic hormone
(ADH) or a slow or reduced renal tubular response to ADH in
response to rising osmotic pressure in the blood of A.
Jjamaicensis.

Urine samples taken from A. jamaicensis at sunset in May
were significantly more concentrated and less variable than
samples taken in November (Studier, Boyd et al., 1983). The
May samples were taken at the end of the dry season and the
November sampling occurred toward the end of the wet season
(Smythe, 1974). Presumably heat/dehydration stress is greater
in the dry season than in the wet. In May, there was a marked
rapid decrease in total urine concentration 0.5-1.5 hours after
sunset in free-flying A. jamaicensis. This decrease is associated
with rapid food passage time in this species, ingestion of
adequate hypotonic fluid for rehydration, and rapid assimila-
tion and equilibration with the ingested fig pulp juice. Urine
then became progressively more concentrated throughout the
remainder of the night. Osmotic pressures of urine in captive,
rehydrated (taken two hours after sunset) individuals were
identical throughout the night with urine concentrations of
free-flying A. jamaicensis (Studier, Boyd et al., 1983). This
suggests that rehydration occurs early in the nightly feeding
period and is unaffected by subsequent feeding bouts. We
know from other studies that A. jamaicensis feeds sporadically
throughout the night (Morrison 1978a; 1978b; 1978c).

Mineral Balance

How herbivorous mammals ingest adequate amounts of
dietary sodium (Na+) has generated considerable interest
(Blair-West et al., 1968; Cowan and Brink, 1949; Dalke et al.,
1965; Herbert and Cowan, 1970; Jordan et al., 1973; Stockstad
et al., 1953; Weeks and Kirkpatrick, 1976; 1978). Sodium
levels in most plants and plant parts are typically low (Likens
and Bormann, 1970; Sauchelli, 1969; Weeks, 1978) and related
to soil Na+ levels, which in turn are highly affected by the Na+
levels in rainfall (Blair-West et al., 1968) and the frequency of
rainfall. Tropical rain forest may be particularly susceptible to
loss of nutrients by leaching due to rapid decomposition of
litter and heavy, frequent rains (Jordan and Herrera, 1981).
Although some data on characteristics and composition of the
soils of BCI are available (Knight, 1975), there is no
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information on soil sodium levels.

Fig fruits contain little sodium (Diem, 1962; Heinz Intena-
tional Research Center, 1964; Oates, 1978). Sodium levels in
ripe fruits of F. insipida and F. yoponensis have been measured
at 0.49 and 0.48 mg/g dry weight, respectively (Nagy and
Milton, 1979). We determined sodium levels in figs carried by
A. jamaicensis to be similar to those found by Nagy and Milton
(1979), but potassium concentrations were lower (Studier,
Boyd et al., 1983). Sodium density in dried pulp is about 2.4
times the sodium level of dried seeds and is identical to the
sodium level of pulp juices. Thus, the consumption of fig juice
rather than the entire fruit greatly increases dietary Na+ density
in A. jamaicensis and significantly reduces the weight of figs
estimated to be required for maintenance of Na+ balance. On
the other hand, the K+ level of fig juice is less than half the
concentration of that ion in dried pulp. This implies that K+ is
concentrated in specific organelles within the fig pulp and is
not likely to be extracted by A. jamaicensis. It is released in the
process of homogenization of the dried pulp for laboratory
analysis. The lowered dietary K+ level obtained from pulp
juices as opposed to whole pulp probably also lowers the Na+
requirements of A. jamaicensis as it does in other mammals
(Meyer et al., 1950; Staaland et al., 1980; Weeks and
Kirkpatrick, 1978).

Minimal sodium requirements have been estimated for few
small mammals. Sodium required for growth in laboratory rats
and mice is estimated at 10 and 18 mg/animal/day, respectively
(National Research Council, 1978). Assuming the average
requirement for growth in A. jamaicensis is 14 mg/animal/day,
bats would require 69 ml (72 gms) of F. insipida fruit juice at
8.8 mEq/L sodium level to maintain sodium balance. Such
amounts far exceeds the requirements of fig juice previously
calculated for maintenance of caloric and nitrogen balance
(29.4-37.2 and 30.6-32.0 ml/day, respectively). Estimated
daily Na+ requirements for growth are probably higher than
requirements for maintenance. However, it would appear that
acquiring adequate sodium for daily requirements from fig
juice is more likely to be a nutritional limiting factor than
ingestion of sufficient juice to meet caloric and nitrogen needs.

Mammals suffering Na+ deficiency characteristically exhibit
hypertrophy and hyperplasia of the zona glomerulosa of
adrenal glands and greater development of striated and
excretory ducts within salivary glands (Blair-West et al., 1968).
These features, acting through the renin-angiotensin-
aldosterone system, result in renal and salivary Na+ retention.
The adrenal zona glomerulosa of A. jamaicensis shows no
obvious hypertrophy or hyperplasia when compared with the
condition in Neotropical insectivorous bats, although possible
subtle differences may yet be detected (Studier, Boyd et al.,
1983). We have not found an increase in the number of ducts
within salivary glands, another fact that argues against a
probable Na+ deficiency in A. jamaicensis. The inordinate size
of these glands, however, indicates a proportionate increase in
absolute number of ducts per gram of body mass of the bat.
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Energy and Water Balance during Lactation

Because the foregoing discussion has concerned nutritional
requirements and balances needed for maintenance, it is useful
to estimate nutritional increments needed under stress such as
during lactation (see Section 3, Reproduction in a Captive
Colony). A 45 g A. jamaicensis should produce milk at a rate of
12.3 gm/day based on Linzel’s (1972) measure of milk
production as a function of body mass (daily milk production in
Kg/day = 0.126%75 Kg/Kg). Milk of A. jamaicensis contains 2.3
Kcal/g (Jenness and Studier, 1976). This energy level is
comparable to milk energy content for other bats, but is higher
than milk energy levels for many large mammals. The high
energy content of A. jamaicensis milk is in accord with Ben
Shaul’s (1962) suggestion that mammals that nurse their young
on a scheduled basis produce milk of higher energy content
than mammals that nurse continuously or on demand.

If one assumes that food energy can be converted to milk
energy with no cost, the production of 12.3 g of milk per day at
2.3 Kcal/g imposes a minimal additional caloric requirement
for A. jamaicensis of 28.3 Kcal/day. This would raise the total
daily caloric requirement to about 40 Kcal/day for a high T,
homeothermic, lactating female compared to 12.0 Kcal/day for
a nonlactating individual. The total milk protein level for A.
Jamaicensis is 4.7 g% (1.1 g% casein and 3.6 g% whey protein)
(Jenness and Studier, 1976). Again assuming no energy costs
for milk protein synthesis, a high T,, homeothermic, lactating
female would require an additional incremental daily protein
intake of 578 mg for a total daily protein requirement of
700-706 mg compared to 122-128 mg/day for a nonlactating
individual. Milk of A. jamaicensis is about 70% water;
therefore, production of 12.3 g of milk would require an
additional intake of 8.6 ml of water for a total daily water need
of 38.1-459 ml in lactating females compared to the
29.5-37.3 ml water requirements for nonlactating bats.

During lactation, therefore, the additional incremental needs
for extra caloric and nitrogen intake are massive in comparison
to additional water needs. Whereas estimated milk production
may seem somewhat high, energy efficiency for milk produc-
tion is certainly not 100%. Brody (1945) calculated gross
energetic efficiency of milk production to be 28%-34% for
humans and 44%-48% for rats. We suggest that during periods
of high nutritional demands, such as growth and especially
pregnancy and lactation, A. jamaicensis would be expected to
lower their regulated T, to reduce caloric and nitrogen needs
and that during such times, these bats may supplement their
staple fig diet with food items of higher caloric and protein
density. Studies directed at shifts in food habits during
pregnancy and lactation could test this hypothesis.

Summary

Studies on energy balance in A. jamaicensis were focused on
this bat’s use of the fruits of Ficus insipida, the food that it used
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most on BCI. Probably these bats always are in slight food
stress in the wild and are more likely to behave as facultative
heterotherms. Poor body temperature regulation in newly
captured bats is not related to physiological competence, but
reflects reduced metabolic heat production and rate of depletion
of energy stores. A. jamaicensis falls very near the minimum
boundary curve for high body temperature homeothermy,
suggesting that energy savings from heterothermy may be
critical to this bat in the wild.

Artibeus jamaicensis has extremely low fat reserves and a
high intake of dietary carbohydrate, suggesting that glycogen
may be its normal energy reserve. This bat, in its natural
environment, maintains no significant positive daily energy
balance that would allow for storage of surplus caloric energy.

The energy cost of basal metabolism represents the major
fraction (55%-83%) of total daily energy requirements. Daily
energy budgets of 10-12 Kcal/day combined with the caloric
content of daily food intake requires an intake of 9.8-12.5 figs
per day, a figure not inconsistent with the 7 + 2 nightly feeding
passes observed in radiotelemetry studies.

Nitrogen and protein requirements can be met by the amount
of daily food intake necessary to maintain caloric balance,
although questions remain about the digestibility of plant
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proteins. Urinary ammonia and urea nitrogen levels are
markedly lower in A. jamaicensis than in bats that use animal
protein.

Based on our studies of caloric, nitrogen, and water balances,
there is no indication that A. jamaicensis needs to consume free
water when feeding on figs. Water tumover rates for A.
Jjamaicensis (655-829 ml/kg/day) are extreme in contrast to
values reported for a wide variety of other mammals. Mean
maximal urine concentration in A. jamaicensis is 972 mOsm/
kg, a strikingly low value indicating poor urine concentrating
ability. Published predictive equations for maximal urine
concentration do not apply to frugivorous bats. Dehydration in
A. jamaicensis results in increased blood osmotic pressure, but
without a concomitant increase in urine osmotic pressure.

Sodium is potentially limiting in tropical animals restricted
to a frugivorous diet, but structural features of the kidneys and
salivary glands of A. jamaicensis argue against any probable
chronic sodium deficiency in these animals. During periods of
high nutritional demands such as growth, pregnancy, and
lactation, A. jamaicensis probably lowers its regulated body
temperature to reduce caloric and nitrogen needs and may use
other, more energy- and protein-rich food resources.
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Reproduction in a Captive Colony

Lucinda Keast Taft and Charles O. Handley, Jr.

We report on the reproductive biology of Artibeus jamaicen-
sis based upon studies of a colony held captive at the National
Zoological Park (NZP). Although information is available on
many aspects of the reproduction of bats, most is based on
temperate zone Vespertilionidae. The most recent reviews of
pre- and postnatal development among the vespertilionids are
those of Orr (1970) and Tuttle and Stevenson (1982). Racey
(1988) summarized methodology for reproductive assessment
and Wilson (1988) provided information on maintaining bats
for captive studies. There is little information, however, on
reproduction and ontogeny of other bats. Kleiman and Davis
(1979) reviewed the available literature on development and
maternal care in phyllostomids. The most detailed information
on ontogeny is for Carollia perspicillata (Kleiman and Davis,
1979) and Desmodus rotundus (Schmidt and Manske, 1973).

Phyllostomid bats show far greater diversity of social
systems, dietary habits, reproductive strategies, and selection of
roost sites than do the vespertilionids (Baker et al., 1976, 1977,
1979). The selective pressures with which phyllostomids must
cope are quite different from those encountered by the
better-known vespertilionids of the temperate zone. Compari-
sons between the two families should be productive.

Each year most female A. jamaicensis give birth to a single
young during two reproductive episodes. This pattern of
bimodal polyestry is common to many Neotropical frugivorous
and nectarivorous bats (Wilson, 1979). A. jamaicensis is
unusual, however, because development of the implanted
blastocyst is delayed for 2.5-3 months during one of the birth
episodes (Fleming, 1971; Fleming et al.,, 1972). Delayed
development has been documented only in Panamanian
populations of A. jamaicensis, but it is likely to prove
widespread. Delayed development also occurs in a phylo-
genetically and ecologically diverse array of bats, Macrotus
(Bradshaw, 1962), Miniopterus (Medway, 1971), Hipposideros
(Bernard and Meester, 1982), and Haplonycteris (Heideman,
1988).

Lucinda Keast Taft, National Zoological Park, Smithsonian Institu-
tion, Washington, D.C. 20560.

Charles O. Handley, Jr., National Museum of Natural History,
Smithsonian Institution, Washington, D.C. 20560.

19

Parturition and neonatal appearance have been described
(Bhatnagar, 1978; Jones, 1945, 1946), but little is known about
early development of the young. In Panam4, where the young
of A. jamaicensis usually are bormn in tree holes (Morrison,
1975), the study of early development is difficult because many
tree hole roosts are inaccessible and the bats show a strong
tendency to desert a roost if disturbed. Therefore, observations
on captives is still the best means of gaining information on
reproduction and development.

Novick (1960), who was successful in breeding and
long-term maintenance of A. jamaicensis in captivity, believed
that freedom from handling was necessary for successful
reproduction. Improved artificial diets (Rasweiler and de
Bonilla, 1972) have enhanced the successful maintenance of a
number of Neotropical frugivorous and nectarivorous phyllos-
tomids (Greenhall, 1976; Rasweiler, 1975, 1977; Rasweiler and
de Bonilla, 1972; Rasweiler and Ishiyama, 1973). Kleiman and
Davis (1979) found that captive Carollia perspicillata success-
fully bred in spite of the handling necessary for weekly
examinations of the adults and young.

History of the Research Colony at NZP

We established a research colony of A. jamaicensis at the
NZP in Washington, D.C., with 24 bats captured in June 1978
near Corozal, Panam4, 35 km SE of Barro Colorado Island
(BCI). We studied reproduction and development in this colony
from July 1978 through August 1981 and, consequently, we
can describe several aspects of the biology of A. jamaicensis in
considerable detail.

Among the original 24 bats, three males and 12 females were
subadults, born early in 1978. Four males and five females were
adults. The females were neither lactating nor obviously
pregnant at capture. Prior to the first births in captivity (January
1979), two adult males and four subadult females died. One of
these was a female that apparently did not adjust to the captive
feeding regime. On the 47th day of captivity all bats were
wing-banded with plastic bands and three days later another
female died, possibly of complications from banding-
associated trauma. The other four bats died because of
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unspecified pathological conditions. Subsequently, no addi-
tional deaths occurred among the original animals during the
next 2.5 years.

Three captive-born males (one adult and two subadult) were
removed to another cage on 18 February 1980 to reduce
crowding and aggression in the flight cage. On 10 October
1980 and 24 June 1981, ten and 12 bats, respectively (including
two original females that had repeated reproductive failures),
were removed for the same reasons.

Routine handling did not appear to harm the bats in our
colony as conception rates were extremely high, particularly for
parous females. Exceptions were cases where young were
handled frequently during the first three days postpartum. The
accompanying disturbance to the mothers sometimes caused
maternal abandonment and death of the young. Bats that died
before the end of the study were necropsied by the NZP
Department of Pathology to determine cause of death.

At the NZP, we kept our bats in two adjoining, climate-
controlled rooms, each measuring 3 X 3 x 2.5 m with free
access between them through a 1 x 2 m door. The temperature
was maintained at approximately 29°C (25°-31°C) and the
relative humidity kept above 50% (range, 50%-80%). After
one month of habituation, the bats were clock-shifted a half
hour every other day until they were on a reversed light cycle
(light, 2000-0800 hours).

Each room contained a burlap-lined wire mesh box, 0.5 x 0.5
x 1 m, open at the bottom, about 1.5 m above the floor. These
were intended to be roosts, but the bats preferred the open wire
mesh-covered ceilings. Food and water cups were hung on wire
brackets on one of the roost boxes, and tree branches were laid
across the top of the box. At the beginning of each dark cycle,
the bats were provided with a supplemented, peach nectar-
based diet (Rasweiler and de Bonilla, 1972) and water ad
libitum. Partially opened, ripe bananas were suspended from
the branches by rubber-coated wire.

Adult bats were marked with one or two plastic bird bands
(A.C. Hughes, 1 High Street, Hampton Hill, Middlesex, TW12
INA, England) applied to the left forearm of males, and the
right of females. Each bat received a unique color combination
so that individuals could be recognized without capture. Bands
were not applied to young bats until skeletal growth was
complete (about 12 weeks of age). Soon after birth the young
were punch-marked with a number on the wing membrane
using a tattooing device (Bonaccorso and Smythe, 1972). It was
usually necessary to repeat the tattooing process two or three
times before the bats were old enough to be banded because the
punch-mark holes healed and faded rapidly (Kleiman and
Davis, 1974).

For periodic physical examinations, one of the two adjoining
flight rooms was closed off with a burlap curtain and kept
darkened. Bats were captured in butterfly nets in the lighted
room and released into the dark room after examination. We
conductcd bimonthly examinations of the adults. The young
were examined every two or three days until they were nine
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weeks old, weekly until 12 weeks old, and then bimonthly
thereafter. After pregnant females were found, the colony was
carefully inspected each day for births.

In each capture session, the bats were placed in snug-fitting
paper tubes and weighed to the nearest 0.1 g. Several external
characteristics that vary with reproductive condition were
examined and described. These included vulval coloration,
mammary size and appearance, and testis size. Lactation was
confirmed by gently massaging the areola until milkk was
expressed from the nipple. Palpation of the abdomen revealed
pregnancy.

From the records of these regular examinations we devel-
oped criteria for categorizing nipple size and condition, and
testis size that we used at the NZP and on BCI to describe age
and reproductive state. At the NZP we were able to assign real
time to the age categories that we used in the field on BCI (see
Appendix). In our study at the NZP we added two categories to
distinguish younger juveniles: (A) neonate (day one), babies
during the first 24 hours after birth; and (B) infant (two to about
30 days of age), a category to distinguish nonvolant young
from juveniles capable of independent flight.

The forearm was measured with dial calipers to the nearest
0.1 mm and wing span was measured with a metric ruler to the
nearest 5.0 mm. Wing area was determined by outlining the
completely outstretched right wing on paper. A straight line
was drawn from the point where the leading edge of the wing
joined the body to the point where the trailing edge joined the
foot (Davis, 1969a). Area to the nearest 0.1 cm? was then
determined with a Hewlett-Packard 9874A digitizer and
doubled to account for the area of both wings.

General physical condition, genital appearance, degree of
epiphyseal fusion, pelage growth, and dental development were
monitored at each examination of the young bats. The ability of
neonates to emit ultrasonic vocalizations was determined with
a QMC Mini bat detector (QMC Instruments, Ltd., 229 Mile
End Road, London E14A A, England).

Flight development was determined by tests in which the
young were dropped from a height of six feet into a net and
scored according to the following criteria:

Drop: fell into the net without spreading the wings.

Spread: wings were extended, but not flapped, while the bat
fell straight down.

Flap: wings were flapped while the bat fell straight down.

Glide: some forward motion was achieved with flapping, but
no altitude was gained.

Gain: altitude was gained, but landing and maneuvering
skills were not exhibited.

Hang up: showed ability to maneuver around obstacles and
land by flipping the feet over the head to hang inverted in the
Toost.

We observed individual behavior through windows in the
walls of the flight rooms. Rheostat-controlled, low-level
incandescent lighting facilitated observations after short peri-
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ods of habituation. Prior to the birth of young, the colony was
watched for a minimum of six hours per week. Offspring of the
first birth group (BG-I), early spring 1979, were each observed
for at least three hours per week, with the result that the general
behavior of all the colony individuals was incidentally
monitored for six to 30 hours per week from 29 January to 25
July 1979. We used the focal animal technique for observations
on infants and juveniles and recorded on a checksheet. Here we
only report the behavioral patterns, such as flight, that are
dependent on the physical development of the young.

Statistical analyses followed techniques recommended by
Sokol and Rohlf (1969). We used appropriate parametric tests
when required assumptions were met; otherwise nonparametric
tests were used. Mean and standard deviation or variance were
used as standard measures of central tendency and variation.
Some statistical analyses and the plots of growth of several
measured characters were made with the Statistical Analysis
System (Helwig and Council, 1979) at the George Mason
University Computer Center, Fairfax, Virginia.

Characteristics of Adults

S1zE.—Measurements of the original wild-caught individu-
als were taken after 125 and 305 days of captivity when all
definitely had reached the adult age-class. Females were larger
(but not significantly) than males in mass and forearm length.
Other measures of wing size (span, area, width, and length of
tip) were significantly larger in females (Table 3-1).

We found less difference in forearm lengths of adult males
(X =62.1 mm, range 57-68, n = 30) and females (X = 62.3,
range 59-68, n = 30) on BCI than in the NZP colony (X = 61.3,

n =7 in males; X = 62.4, n = 12 in females). The average mass
of adult males from BCI was consistently less than 50 g (48.5
g, n = 100), while averages of nonpregnant females were
greater than 50 g (51.1 g, n = 100). Mean mass of the NZP bats
was 51.1 g in males and 54.3 g in females. Female-to-male size
ratios among the captives show that females were from two to
nine percent larger than males in various wing measurements
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and about six percent heavier in mass (Table 3-1).

Forearm and mass measurements indicating that females are
larger than males in this species have been published (Goodwin
and Greenhall, 1961; McManus and Nellis, 1972; Ralls, 1976;
Silva Taboada, 1979), but the magnitude and significance of
the differences were not mentioned in those reports. Wing-
loading values (body mass in g/wing area in cm?) were
significantly greater in males over similar-sized females in A.
Jjamaicensis from the Virgin Islands (McManus and Nellis,
1972).

Female vespertilionids generally are larger than males in
mass and forearm length, but significant differences in skull
measurements are not evident (Myers, 1978; Williams and
Findley, 1979). Species where females must carry relatively
greater litter weights were predicted to show greater degrees of
dimorphism with respect to wing size (Myers, 1978).

Although their data did not support the Myers’ (1978)
hypothesis, Williams and Findley (1979) agreed that the need
for greater weight bearing capacity should select for larger size
in female bats. Comparable studies of sexual dimorphism have
not been reported for the phyllostomids.

APPEARANCE OF NIPPLES.—1. Preparturient Condition: The
eight wild-caught females recognized as subadults in the
summer of 1978 produced offspring in Birth Group I (BG-I) in
the spring of 1979. Their tiny (~ 0.5 mm diameter), unpigmen-
ted, hairy nipples (hairy and naked in this discussion refer to the
condition of the areola) began to show enlargement (to 1.0-2.0
mm diameter) almost four weeks before we were able to detect
fetuses (X = 3.75 weeks prior to fetal detection; SD = 3.105;
range, 0.0-8.0 weeks before fetal detection; all statistics + one
week). Over the following two weeks the nipples grew in size
and shed hair until attaining the large (~6 mm diameter) and
naked condition at an average of 1.5 weeks prepartum (range,
0.5-3.0 weeks prepartum; SD = 0.926; all statistics + one
week). Once the large size was reached, the nipple skin
appeared pigmented (darkened) in all but one of the females.
The correlation between the first detectable change in size of
nipples and first pregnancy in subadult females has not been

TABLE 3-1.—Measurements of wild-caught adult Artibeus jamaicensis from central Panamé.

Female, N =12 Male, N=7 Student's t-test
Variable mean sD mean sD 1, P* Female/Male
Mass (g) 54.3¢% 3.888 S1:1 4771 1.594 ns 1.063
Forearm (mm) 62.4 1.859 61.3 1.746 1.271 ns 1.018
Wing span (mm) 472.5 12.154 448.6 8.997 4512 <0.0005 1.053
Wing area (cm?) 281.6 25.518 258.8 19.381 2.038 <0.05 1.088
Wing width (mm) 93.1 4.641 85.6 6.024 3.051 <0.005 1.088
Wing tip (mm) 1175 4.101 107.7 8.077 3.540% <0.005 1.091
* One-tailed.

t An average non-pregnant fasting mass was determined for each female and then these were averaged.

 The variances of wing tip measures were not homoscedastic; therefore a Wilcoxan two-sample test was also performed (U, = 75.5, P <0.005).



22

noted for other species of bats, although Kleiman and Davis
(1979) reported darkened nipples in parturient Carollia
perspicillata.

2. Postlactating Condition: We examined regression of
nipples after lactation to a smaller size following each of the 51
births involving the original 13 females. In 14 out of 38 cases
where weaning was completed, nipples regressed to a small
size (~1.0-2.0 mm diameter) after an average of 124.3 days
(80-188 days; SD = 32.511). However, they did not regress
below medium size (~4.0 mm diameter) in the other 24 cases
(63%). Out of 13 instances in which infants died before
weaning, there was one example of nipples not shrinking below
medium size and 12 where the nipples reached small size by an
average of 20.2 days (5-36 days; SD = 8.167) after death of the
infant. Nipples of postlactating females did not regress to the
tiny size (0.5 mm diameter) characteristic of subadults.

In all cases where nipples regressed to the small size, there
were other characteristics indicative of adult age (e.g.,
pigmentation of the nipple skin, and/or wholly or partially
denuded condition of the areolar region). Apparently, the
pigmentation of the nipples does not completely disappear after
lactation. Regrowth of fur around the nipple was slow, and
evidently it did not surround the nipple as closely as in
nulliparous females. The fur surrounding the nipple was
noticeably sparser than the rest of the ventral fur, even after
regrowth was completed, but the new hair was conspicuous
because it was darker than the surrounding old hair. It was a
sure indication of a postlactating condition.

3. Comment: The appearance of the nipples has been used in
bats to assign females to various age classes (e.g., Dwyer, 1963;
Pearson et al., 1952). Enlarged, darkened, and denuded nipples
typically indicate previous birth experience and thus adulthood.
In addition, size and color of nipples and condition of areolar
hair, together with vulvar coloration and other reproductive
indicators such as an embryo or milk can pinpoint any stage in
the reproductive cycle. Our observations indicated that these
criteria were valid for aging and determining reproductive
status in female A. jamaicensis, so they were used in the NZP
colony and in the mark-recapture studies on BCI.

TESTES.—Fleming et al. (1972) showed that periods of
testicular enlargement correspond to periods of female estrus in
Panamanian and Costa Rican populations of A. jamaicensis,
Uroderma bilobatum, and Carollia perspicillata. When our
original seven males arrived at the NZP the length of the testes
was 5 mm or less ()-( =4.3) in the three subadults, and ranged

from 6-11 mm (X = 8.0) in the four adults. Because the colony
was established in July, which would have been during a period
of sexual receptivity for postparturient females, the adult males
should have exhibited maximum testicular length. This
apparently was the case, for a decline in length was apparent
after one month in captivity. This decline continued for 2.5
months until mid-October 1978, when the size of the testes in
adults averaged 6.3 mm. During the same period, the size of the
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testes in the three subadults increased to an average of 6.0 mm.
Thereafter, testicular size increased in all the males, reaching
maximum size (X = 8.2 mm; n = 5) in early February 1979 near
the beginning of BG-I. A slight reduction in size (to 7.6 mm)
occurred at the end of BG-I, but size increased again at the
onset of BG-II. Size of the testes did not regress much after
BG-II. Through the following years of observation, testes of
most adult males remained above 7.0 mm and some remained
as high as 10.0-11.0 mm.

During the colony’s first two and a half years, the observed
maximum testicular length was 11.0 mm; but later, testes up to
14.0 mm long were noted occasionally. Maximum hypertrophy
continued to coincide with birth peaks, but minimum length of
testes never fell below 9.0 mm during the remainder of the
study.

Reproductive Cycle

ESTRUS AND COPULATION.—Copulatory behavior was first
seen in August 1978, but births did not occur until January
1979. As a six-month gestation period is unlikely, delayed
development of the implanted blastocyst (Fleming, 1971)
probably occurred in females that had conceived. However,
some copulations were noted as late as November. Subse-
quently, we often saw copulations by newly parturient females,
indicating postpartum estrus. Newborn infants were usually
attached to the mothers during the copulations.

Males showed increased interest in the females even before
parturition, but successful copulation did not occur until day 2
postpartum. The greatest frequency of copulations or attempts
to copulate occurred on days 3 and 4 postpartum. This activity
was observed only sporadically thereafter. The latest copula-
tions (two) occurred 25 days postpartum.

A darkening of the vaginal rim of the vulva was noted on the
day of parturition. During the subsequent week, the darkened
area became more extensive, extending laterally as much as 4
mm, and becoming nearly black in color. During this period,
the males frequently attempted to copulate. Up to four
copulations or attempted copulations per female per hour were
recorded. Over the following 4-18 weeks the darkened vulval
area regained normal coloration. The vulval rim was the last
area to fade.

PRENATAL CHANGES.—The minimum observed interbirth
interval was 112 days. This figure compares well with the
four-month gestation that Fleming (1971) postulated for
Panamanian A. jamaicensis. We could detect the presence of a

fetus by palpation about six weeks before birth (X = 40.8 days,
SD =6.19, n = 12). Earlier than this, there was the possibility of
mistaking the left kidney for a small embryo, although feeling
both the kidney and the embryo should have been a positive
clue. Later, when the female’s abdomen was noticeably
distended by pregnancy, the head, legs, and feet of the
transversely positioned fetus could be felt. The maximum
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FIGURE 3-1.—Body-mass changes in pregnant Artibeus jamaicensis in the NZP colony. Daily means, standard

errors, and ranges are shown.

transverse abdominal extension in pregnant females was ~50
mm (= crown-rump length of embryo).

When disturbed, pregnant females were more reluctant to fly
than other bats, and they flew more slowly and had difficulty
maneuvering. They frequently collided with obstacles or
dropped to the floor and were much easier to capture with a
hand net. When left alone, they retummed to roosting areas.
Morrison (1980c) has observed reduced flight speed in

free-ranging A. jamaicensis carrying young.

Mass of females on the day before birth ranged from 68 to 81
g (X = 73.3 g), almost 35% more than normal nonpregnant
mass (Figure 3-1). Weight changes of pregnant females have
been reported (Kleiman and Davis, 1979) for only one other
phyllostomid, Carollia perspicillata. Female C. perspicillata
gained an equivalent of about one third of their nongravid mass
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during pregnancy. Their gestation length was probably 115 to
120 days. This is similar to the data we recorded for A.
jamaicensis. Both species exhibit transverse fetal positions
prior to birth. C. perspicillata also has a postpartum estrus
(Kleiman and Davis, 1979).

PARTURITION.—We did not observe any births. Apparently
they occurred during the light cycle (2000-0800 hours) or late
in the dark cycle (1800-2000 hours, actual time) when we were
not watching. From one to 14 hours may have elapsed between
actual birth and our initial examination.

No behavioral cues were detected in females about to give
birth. Adult females tended to form one large, tight group just
before the light period. In the later stages of pregnancy, they
frequently participated in the formation of temporary tight
groups even during the dark period.

Jones (1946) watched a birth in a captive “Artibeus
planirostris trinitatis” (= A. jamaicensis) from Trinidad. The
female hung head-down, and presented the young head first.
The baby hung by itself when only a few hours old.

LACTATION.—Milk was expressible from a mother’s nipples
on the day of birth. Average duration of lactation for all
mothers of infants surviving past weaning age was 66.3 + 7
days (n = 37; SD = 12.758; range, 46-95 days). Because
females were examined only bimonthly for expressible milk,
these figures were obtained by averaging the midpoints
between the last day females were observed lactating and the
first day they were noted to be dry.

Duration of lactation was analyzed by birth group, but single
classification analysis of variance (ANOVA) did not reveal
significant differences in duration of lactation between groups.
However, mean duration of lactation for BG-II and BG-IV were
both greater than the means for the other groups (Table 3-2).
BG-1, BG-III, and BG-V were intervals when lactating females
probably were simultaneously carrying embryos undergoing

TABLE 3-2.—Duration of lactation by birth group in the NZP colony of
Artibeus jamaicensis.

Birth Mean durz'iLion
group of lactation Number of
in days  (range) females Xx? SD
I 65.6 (47-77) 8 35120.00 9.761
II 76.6 (57-94) 5 30078.50  13.608
III 66.7 (52-87) 7 32255.50 13.540
v 68.5 (54-95) 7 34004.25 13.895
\% 60.0 (50-87) 10 37227.50 11.679
Model IT ANOVA
Source 5§ df MS F P

Among 966.023 4 241.506 1.579 ns
Within 4893.754 32 152.930

Total 5859.777 36
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TABLE 3-3.—Duration of lactation in females of the NZP colony of Artibeus
Jjamaicensis in episodes of normal and delayed gestation. £, = 1.896, one-tailed
Student’s t-test, P < 0.05.

Mean duration
Development of lactation Number of
in days (range) females SD
Normal embryonic devel- 63.7 (47-87) 25 11.591
opment in females lactat-
ing during BG-I, III, and
V.
Delayed embryonic devel- 719 (54-95) 12 13.786
opment in females lactat-
ing during BG-II and IV.

normal intrauterine growth, whereas arrested embryonic devel-
opment characterized females gestating during BG-II and
BG-IV.

When the data of BG-IT and BG-IV were compared with
those of BG-I, BG-III, and BG-V the two scts were
significantly different at the 0.05 level (Table 3-3). Lactation in
females carrying embryos during delayed embryonic develop-
ment persisted approximately eight days longer than lactation
during normal embryonic development.

Reproductive Rates

Information on six birth groups (BG-I to BG-VI) is given in
Table 3-4. Only one wild-caught female (F14) failed to produce
an infant during BG-I, but she gave birth nearly eight weeks
past the last birthdate of other bats of that birth group. Two
weeks later, an aborted fetus (about one-half normal neonate
size) was found on the floor. One month later, the other
pregnant females began having their second babies. Thus the
length of BG-II was increased by almost six weeks in order to
include these two birth events.

Wild-caught and captive-born females with prior birth
experience (multiparous) had high conception rates, 91.7% and
85.7%, respectively (Table 3-5). However, conception rates
were lower for captive-born females (~70%) during the first
birth group following their transition to adulthood, as shown by
the expected values obtained in an r-by-c contingency table
(Choi, 1978). Some pregnancies may have gone undetected
because of abortion or early fetal resorption.

Each female gave birth to only one offspring. Primary sex
ratios did not differ significantly from unity for individual birth
groups, or overall, or for infants born to wild-caught versus
those born to captive-born females (Table 3-6). Most phyllosto-
mids produce a litter size of one (Humphrey and Bonaccorso,
1979), although twin embryos have been found in low
frequency in a few species, including A. jamaicensis (Barlow
and Tamsitt, 1968). A female vampire produced twins in
captivity, one of which was apparently stillborn (Burns, 1970).
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TABLE 3-4.—Summary of reproduction and mortality in the NZP colony of Artibeus jamaicensis.
Number of deaths
Binth Number of adults Sex of of infants and juveniles
group Dates Origin of conceiving infants at various ages (in days)
of birth females N/total (%) M.ED) <1 2-30 31-60 61-110
I 01.29.79 to0 03.07.79 Wild-caught 12/13 (92.3) 75.0 0.2.0 1.0 1.0
I 05.01.79 10 08.01.79 Wild-caught 9/13 (69.2) 44.1 0.0.1 1.1 0.1
111 11.28.791001.31.80  Wild-caught 12/12  (100.0) 6.6.0 32 1.0
Captive-born (primiparous) 3/5 (60.0) 3.0.0 2.00 1.0
v 04.21.80 10 06.16.80 Wild-caught 12/12 (100.0) 57.0 0.2 1.0
Captive-born (multiparous) 373 (100.0) 3.0.0
Captive-born (primiparous) 2/4 (50.0) 0.1.1 0.1.1
\Y 11.05.80 10 12.21.80 Wild-caught 11/12 ©1.7) 7.4.0 2.1
Captive-born (multiparous) 5/6 (83.3) 1.4.0 0.1* 0.1*
Captive-born (primiparous) 5/5 (100.0) 1.04 0.0.4 1.0
A% 03.04.81 to 04.30.81 Wild-caught 10/10 (100.0) 3.7.0 1.0.0 1.0 0.1* 0.1
Captive-born (multiparous) 4/5 (80.0) 220 1.0.0 1.1 0.1
Captive-bomn (primiparous) 4/6 (66.7) 3.1.0 1.0.0 1.0 1.0
Total 45.41.6 7.1.6 10.7 1.4 52
23.14.6

* Deaths occured accidentally during handling. These individuals are not included in any subsequent analysis of mortality.

However, no twinning occurred in our captive A. jamaicensis.
The neonate of this species is so large at birth, compared with
the mother, that it is difficult to imagine a female successfully
carrying two young to term.

Most phyllostomids produce two young per year, one at a
time, whereas temperate zone vespertilionids produce single
litters of one to four young. Apparently, the differences in
reproductive strategies are due to temperature fluctuations and
to different temporal patterns of food abundance (Wilson,
1979).

INTERBIRTH INTERVALS.—During their first year in captivity
the reproductive cycles of the NZP bats remained synchronized
with the cycles of the wild population in Panama from which
they were taken. Inclusive birth dates of birth groups BG-I and

TABLE 3-5.—Frequency of conception in the NZP colony of Artibeus
Jamaicensis, tabulated by origin and reproductive experience of females in an
r-by-c contingency table. Expected values are in parentheses (Choi, 1978). X?
=6.62,df=2,0.02 <P <0.05.

Origin and
reproductive Number Percent
experience Number of not of females
of females pregnancies pregnant conceiving
Wild-caught 66 (62.5) 6(9.5) 91.7
Captive-born 12 (12.2) 2(1.8) 85.7
(multiparous)
Captive-born 14 (17.4) 6 (2.6) 70.0
(primiparous)

BG-II of the NZP bats corresponded approximately to birth
dates in the free-living Panamanian population (Table 3-4).
However, from BG-III on, births began to occur sooner than
expected, based on the reproductive seasonality of the
free-living Panamanian bats. Delayed embryonic development
should have deferred births in BG-IIT until February 1980, but
births in the colony began in late November 1979 and were
completed by the end of January 1980. BG-IV was approxi-
mately 1.5 months ahead of the predicted schedule, and BG-V
was more than two months early. If delayed embryonic

TABLE 3-6.—Analysis of sex ratios of neonates in the NZP colony of Artibeus
Jamaicensis by birth group and mother’s origin.

Grouping Males (N) Females (V) P*
Birth group
BG-I 7 S 0.1934
BG-II 4 4 0.2734
BG-III 9 6 0.1527
BG-IV 8 8 0.1964
BG-V 9 8 0.1855
BG-VI 8 10 0.1669
Totalt 45 41 0.0783
Mother’s origin
Wild-caught 32 33 0.0978
Captive-bom 13 8 0.0970

*One-tailed exact binomial probability test.

+ BG-I through BG-VI, combined:
df=12,-2sum In P = 19.834 = X?,0.10 > P > 0.05.
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TABLE 3-7.—Length of interbirth intervals in the NZP colony of Artibeus jamaicensis.

Interval Number of
between individual Mean interval

birth groups females in days (range) 5 Comparison*
I-II 7 134.6 (120-153) 198.29 X
II-IIT+ 6 162.2 (132-184) 443.37 Yi
III-IV 14 131.2 (113-158) 372.34 X
V-Vt 13 190.9 (159-220) 377.74 Zt
V-Vl 13 120.2 (112-137) 50.74 X

ANOVA (one-way)

Source ss df MS F P
Between 40561.185 4 10140.296 36.354 <0.001
Within 13388.740 48

Total 53949.925 52

* Student-Newman-Keuls multiple comparison test. Identical letters denote that differences were not

significant at the 5% level.

1 Intervals where delayed embryonic development was presumed to have occurred.

$P <0.01.

development occurred in the captive females at approximately
the same time it occurred in free-living females, then the
interbirth intervals between BG-II and BG-III and between
BG-IV and BG-V would be expected to be longer than
interbirth intervals where development proceeded normally.

These data and interbirth intervals for individual females
between consecutive birth groups (Table 3-7) suggest that
delayed embryonic development did occur in the captives but
was of diminished duration. The average interbirth interval for
normal prenatal development would be about 122 days and the
interbirth interval with delayed embryonic development would
be about 213 days according to Fleming’s (1971) data for
free-living Panamanian A. jamaicensis.

Differences between intervals presumed to represent normal
gestations were not significantly different from one another in
the NZP bats as revealed by a posteriori testing (Table 3-7).
The presumed delayed intervals, however, were significantly
different from the normal intervals as well as from each other.
The overall trend in the colony’s reproductive output was
toward a shortening of the interbirth intervals and earlier onsets
of successive birth groups than expected if the captives had
remained synchronized with the wild population. Of the two
intervals where delayed development was expected, mean
length of the second interval (BG-IV to BG-V) was nearly 30
days longer than that of the first, although BG-V still occurred
approximately three months ahead of the Panamanian cycle.
Loss of some environmental clue, such as day length, may have
impacted the cycle of the captive bats.

Juvenile Mortality

Forty-three babies died before weaning (Table 3-4). Factors
contributing to deaths were as follows (by age groups):

NEONATAL PERIOD (1st day; 14 deaths).—Mortality was the
result of premature birth, still birth, congenital deformation,
and maternal neglect.

PREVOLANT PERIOD (2-30 days of age; 17 deaths).—This
period was characterized by mothers frequently leaving their
infants unattended, or in the company of other young and/or
adults. Mothers were in estrus during the early part of this
period and were frequently pursued by males. A higher than
normal density of males (never less than five adult males) may
have contributed to increased levels of stress in the colony. The
greatest percentage of infant mortality occurred at this time,
possibly due to this stress.

NEWLY VOLANT PERIOD (31-60 days of age; 5 deaths).—
Young were newly volant, but not yet weaned. Initially, they
remained in the roost, exercised their wings and pectoral
muscles, and accompanied their mothers on short flights. If
they were not strong enough for a return flight to a roost area
and could not find a substrate up which they could crawl to a
roost, or a place high enough to initiate another flight, they
would weaken and die unless they were retrieved by their
mothers or discovered by the keepers.

WEANING PERIOD (61-110 days; 7 deaths).—Juveniles were
becoming more independent, weaning was nearing completion,
and the mothers were starting to reject their young by chasing
them from the roost. Transition to subadulthood was beginning.

Preweaning mortality among infants of wild-caught females
was 35.4% (Table 3-8). Much of this mortality was attributable
to two females (F4 and F12) who consistently failed to rear
offspring (seven babies between them for BG-I to BG-VI)
because of congenital defects (e.g., skeletal deformities) or
intestinal nematode infestations in the young. These females
were able to rear young successfully beyond weaning age when
they were removed from the colony and placed in a larger flight
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TABLE 3-8.—Correlation of infant and juvenile mortality and level of matemnal experience. Numbers of infant
deaths in various age groups are tabulated in an r-by-c contingency table with expected values in parentheses
(Choi, 1978). X2 = 20.697, df = 4, P < 0.001.
Origin and Number Nu{nber of deaths Number surviving Percent Percent
reproductive experience of during preweaning beyond weaning preweaning postweaning
of females births <30 days 31-110 days 110+ days mortality survival
Wild-caught 65 15 (21.91) 8 (7.30) 42 (35.79) 35.4 64.6
Captive-born
multiparous 10 3 3.37) 1(1.12) 6 (5.51) 40.0 60.0
primiparous 14 12 (4.72) 1(1.57) 1 (7.71) 929 71
Total for colony 89 30 10 49 449 55.1

TABLE 3-9.—Analysis of monrtality among captive-bom bats by sex. Numbers of infant deaths in various age
groups are tabulated in an r-by-c contingency table with expected values shown in parentheses (Choi, 1978). X?

=5.860,df =3, 0.25> P >0.10.

Sex Total Total Age in days Survivors
births deaths <1 2-30 31-110 110+
Males 45 23 7 (4.34) 10 867)  6(542) 22 (26.57)
Females 38 1 1 (3.66) 6 (7.33) 4 (4.58) 27 (22.43)
Total 83 34 8 16 10 49

cage with fewer bats. Thus, they may have been in poor
nutritional condition from excess stress or social exclusion
from food, factors that could have affected their offspring’s
growth in utero and postpartum development. Excluding the
young born to females F4 and F12 would reduce mortality of
juveniles of wild-caught mothers to about 27%.

Preweaning mortality among offspring of multiparous
(experienced) captive-born mothers was 40%, attributable
entirely to the deaths of all young born during BG-VI. We have
no explanation for this catastrophe. In contrast, approximately
64% of the young born to primiparous (inexperienced) females
did not live more than a day, and nearly 86% did not survive a
month. Sixty percent or more of the young of experienced
mothers (wild-caught females and multiparous captive-born
females) survived beyond weaning, but few (7%) of the young
of primiparous females survived that long.

Apparently, preweaning mortality and postweaning survi-
vorship are dependent on the mother’s level of reproductive
experience (Table 3-8). Deaths of young were not evenly
distributed between the sexes (Table 3-9). In our colony, males
died at a rate greater than expected and females died at a rate
lower than expected, but the differences were not significant.

Lower conception rates and increased infant mortality
among primiparous captive-born females may be attributable to
a varicty of causes. In natural populations, young A. jamaicen-
sis probably are forced to disperse from their natal roost before
birth of the next young, and thus parenting behavior would not

be acquired through learning. Despite proximity to experienced
females at the NZP, inexperience may have operated to increase
mortality of infants born to our captive, primiparous females.
Increased mortality due to inbreeding could also have been
involved, because the inexperienced females could have mated
with their male parent, male siblings, or other related males.
However, the subsequent successful reproduction in these
females suggests that this was not an important factor.

Kleiman (1980) discussed several physiological and behav-
ioral means whereby reproduction may be suppressed in
socially subordinate female mammals in captive situations.
Abortions, stillbirths, inadequate maternal care, and one
apparent case of depressed lactation were the causes of death
for several of the first young born to our captive-reared females.

In Panamé and Meéxico, groups of 4-11 adult female A.
Jjamaicensis accompanied by their juvenile offspring and a
single adult male, occupied tree hole roosts, whereas foliage
roosts (palm fronds and subcanopy trees) were occupied by
solitary males or small groups of subadults (Morrison, 1979).
Tree hole roosts probably are preferred over foliage roosts by
reproducing females, as they provide greater protection from
rain, predators, and fluctuations in temperature (see Section 8§,
Roosting Behavior). While foraging, female A. jamaicensis
usually leave their young in the roosts (Fenton, 1969).

Trune and Slobodchikoff (1976) found that clustered
Antrozous pallidus were less agitated and had less weight loss,
lower oxygen consumption, smaller body temperature-ambient
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temperature differentials, lost less heat to the environment, and
conserved more metabolic energy while inactive, than bats
roosting individually. Any or all of these factors could be
important to prenatal and postnatal development.

Our captive-born female Artibeus jamaicensis first produced
young while they were still in nonclustering “subgroups.” The
implication is that these females were not in the appropriate
social environment (harem) necessary for infant development.
For some free-living populations, tree hole roosts may be
critical resources for reproduction and the cluster of bats within
the roosts may be vital as a source of “helpers” to maintain the
appropriate thermal conditions for the young bats. These
factors might explain the failure of our primiparous captive
females to successfully rear offspring.

Neonatal Physiognomy

Between 29 January 1979 and 30 April 1981, at least 78
full-term bats were born at NZP. Unless otherwise noted in the
descriptions that follow, observations on neonates refer to 37 of
these infants on their first day of life. Neonates were first
examined at the beginning of the dark period and were
probably from 1 to 14 hours old when first seen. All neonates
retained a segment of dried umbilical cord. Frequently, bits of
dried amniotic membrane were present on their bodies as well.
By the second day, the cord and all dried membranes were
gone, except for two infants that still retained umbilical cords.

All neonates had their eyes open, and most had ear pinnae
and noseleaf erect when they were first examined. A few had
the pinnae and the noseleaf flattened against the head, but they
became erect within six hours. Ear openings usually were
apparent and the neonates twitched their pinnae or bodies in
response to sounds. Six babies did not show ear openings or
respond to sounds until as late as four days following birth.
However, all infants examined had the ability to emit ultrasonic
sounds in the 80 kHz range on their first day. A. jamaicensis
emit their ultrasonic orientation calls through the nose (Griffin,
1958), and, accordingly, the mouths of infants were closed
when they produced ultrasonic emissions. Their nostrils and the
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grooves at the base of the noseleaf on the outer edges of the
nostrils quivered visibly during such vocalizations.

The neonates usually were covered sparsely with dark gray
fur on the dorsum and top of the head. The ears, muzzle, wings,
and venter were hairless. Nonfurred skin usually was pink.
However, a few neonates had dark gray skin.

The feet of neonates were well developed and disproportion-
ately large. The wings appeared short, narrow, and relatively
less developed compared to the otherwise precocial physical
condition of the neonates. Bones of fingers and joints were soft
and flexible. The bones and skin of the wing tips were
unpigmented and translucent, and the tip of digit IIT often
curved in toward the body more than 180 degrees.

Average physical measurements of neonates were taken on
22 individuals, each of which survived at least three wecks.
Males and females did not differ significantly in mass, forearm
length, wing span length, or wing area, although average size of
female neonates exceeded that of males (Table 3-10).

Phyllostomid neonates are comparatively large at birth, with
neonate-to-mother mass ratios usually exceeding 0.25 and
forearm ratios exceeding 041 (Kleiman and Davis, 1979;
Figures 3-2 and 3-3; Table 3-11). A. jamaicensis compares well
with these observations, with a neonate-to-mother mass ratio of
0.26 and a forearm ratio of 0.54 (Table 3-10).

Neonatal Behavior

Newborn young in the zoo colony typically were found
hanging beside their mothers with mouth grasping one of the
mother’s nipples. Young thus attached kept their wings folded
and did not appear to use their thumbs for clinging. Often, a
mother shielded her infant, at least partially, with a wing. It was
rare to find a neonate with its feet also attached to its mother
while resting quietly in the roost. On the other hand, it was not
unusual to find newborn infants hanging alone in the roost.
They hung quietly, with both feet attached to the ceiling, their
wings folded, and often had their eyes closed. They appeared to
be sleeping.

Neonates were able to crawl about in a slow and wobbly

TABLE 3-10.—Body mass and measurements of wings of neonate Artibeus jamaicensis in the NZP colony.

Se; Percent

Variable Female, N =12 Male, N = 10 Combined, N = 22 ratit» :dull

mean sD mean SD mean SD t’ P (FM) size

Mass (g) 14.1 2.100 13.7 1.655 13.9 1.878 0513 ns 1.031 0.264
Forearm length (mm) 33.9 2.749 33.0 2.088 33.5 2.453 0.811 ns 1.026 0.542
Wing span (mm) 235.8 18.195 2215 15.501 232.0 17.159 1.144 ns 1.036 0.504
Wing area (¢cm?) 77.2 18.865 71.6 17.666 74.7 18.120 0.715 ns 1.078 0.276
Wing loading (g/cm?) 0.187 0.025 0.198 0.034 0.192 0.029 0.825 ns 0.944 1.118
Aspect ratio 7.41 0.869 7.49 1.252 7.45 1.034 0.168 ns 0.990 0.942

(wing span?/wing area)

* Student’s -test for significant differences between the means of males and females (one-tailed).
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FIGURE 3-2.—The relationship between neonate mass and adult mass for 18
species of bats. Log neonate mass (g) is plotted against log adult mass (g). The
regression line for vespertilionids (solid circles) is y = —0.60 + 0.93 x, (r =
0.942, P < 0.001). Phyllostomid (open triangles) and molossid (open squares)
data points are shown for comparison. Data are from Table 3-11.

fashion and were active in the reattachment process upon
reunion with their mothers. They showed a strong tendency to
keep their heads downward. When a mother was held in a
head-up position, the attached neonate readjusted its position
with its feet until it grasped its mother’s head. Turning the
mother head-down caused the baby to resume the normal
head-down posture. Neonates placed on a vertical wire mesh
surface with their heads up immediately started to invert. They
also tended to crawl upward (achieved by “walking” backward
with the feet). Older babies tended to crawl upward until
stopped by an obstacle or lack of a foothold, but neonates
usually crawled upward only a few centimeters and then
stopped.

Autogrooming in A. jamaicensis consists of licking the body
surfaces and raking or scratching body surfaces with one foot
while hanging by the other. Neonates were seen licking
themselves, especially their wing surfaces, but they never hung
by one foot in order to use the other foot to groom.
Allogrooming is known in this species to include the grooming
of infants by their mothers. Occasionally an infant extended a
wing to its mother as if to solicit grooming, and the mother then
licked the baby’s wing. Mothers frequently sniffed young other
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FIGURE 3-3.—The relationship between neonate and adult forearm lengths for
19 species of bats. Log neonate forearm (mm) is plotted against log adult
forearm (mm). The regression line for vespertilionids (solid circles)is y =—0.24
+ 0.88 x, (r = 0.879, P <0.001). Phyllostomid (open triangles) and molossid
(open squares) data points are shown for comparison. Data are from Table 3-11.

than their own and often huddled with them, but they licked
only their own young. We never observed allogrooming
between adults at the NZP, but it must occur occasionally in
wild adult A. jamaicensis. That would best explain the chewed
necklace bands we noted in some individuals that were
captured on BCL.

When we separated a neonate from its mother’s nipple, it
appeared anxious and was quick to restore a holdfast with its
mouth, but it often was not discriminatory about the substrate
it happened to grasp. As they were being examined the
newborns frequently succeeded in biting our fingers, and on
two occasions babies remained attached and began to suck
vigorously. By the second day postpartum, the babies were
more discriminating about what they would grasp with their
mouths. In order to avoid falling, they would bite our fingers
when prevented from clasping our hands with their thumbs and
hind feet, but none tried to suck the skin. Infants were never
found attached to females other than their own mothers.

Disturbed mothers carried their babies with them in flight.
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Apparently the babies instantaneously detached their feet from
the ceiling as the mother spread her wings to take off. When a
mother with a baby attached to one of her nipples was netted in
flight, the infant usually was found in a position parallel to its
mothers’s body, its feet gripping her femur or inguinal region.
Rarely, an infant was found in a crosswise posture such as that
noted by Kleiman and Davis (1979) for Carollia perspicillata.
In this case, the infant’s feet were attached to the opposite
nipple region and the baby was carried across the mother’s
chest just behind her throat.
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Growth and Development of Young

GROWTH OF HAIR.—Follicular activity preceding growth of
fur caused the color of the skin to change from the neonatal
pink to gray. Skin of the underparts darkened around seven
days of age, and hair growth began at 12 days. At this time,
young also began to groom themselves with their feet. The
sparse, appressed fur on the head and dorsum was erect and
starting to thicken on day 15. The muzzle area darkened around
day 17, and facial fur growth started about day 20. By day 22
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FIGURE 3-4.—Growth of forearm in the NZP colony of Artibeus jamaicensis. Daily means, standard errors, and

ranges are shown.
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the ventrum was covered with sparse fur. The general and
superciliary vibrissae were only red spots about the comners of
the mouth and eyes until day 25, when they began to protrude.
Thereafter, short, soft vibrissae were also evident. Young had
full pelage by 30 days of age and whitish facial stripes were
apparent on some individuals.

BoDY S1zE.—Growth curves for the four measured charac-
ters (forearm length, wing span, wing area, and mass) are
presented in Figures 3-4 to 3-7. Daily means, standard errors,
and ranges are shown for 22 young from BG-I and II. Data
derived from deformed or markedly underdeveloped young
that died within a few days of birth were not included in the
computations.
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Forearm length showed the greatest development at birth
relative to other measured characters and the fastest growth rate

(X =0.9 mm/day during the maximum linear growth phase;
Figure 3-4). Forearm growth stabilized around 50 days of age

at X =61 mm, 1 mm less than the average forearm length of
bats of the original adult colony (Tables 3-1 and 3-12).

Wing span increased by X = 5.8 mm per day and wing area
by X = 3.8 cm? per day during the maximum growth phase, and

both reached adult proportions in X = 70 days (Figures 3-5 and
3-6). Body mass showed the slowest rate of increase (~0.5 g

per day; Figure 3-7) and took nearly 80 days to stabilize at X
=48 g, which was 5 g less than the average adult body mass of
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FIGURE 3-5.—Growth of wing span in the NZP colony of Artibeus jamaicensis. Means, standard errors, and

ranges are shown.
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TABLE 3-12.—Average asymptotic measurements by sex of Artibeus jamaicensis in the NZP colony.
Variable Females Males Sex fitio
mean SD n mean SD n [k Pt (FM)
Mass (g) 48.4 3.462 20 47.6 2923 18 0.077 ns 1.017
Forearm (mm) 61.7 1.377 19 60.7 1.635 18 2.058 <0.025 1.016
Wing span (mm) 466.7 10.630 15 457.1 91.400 14 2.600 <0.01 1.021
Wing area (cm?) 264.73 18.155 7 25777 8.789 6 0.853% ns 1.027
* Student’s t-test for significant differences between the means.
T One-tailed.
1 The variances for measurements of male and female wing area were not homoscedastic, so a Wilcoxon
two-sample test was also performed (U, = 25, ns).
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FIGURE 3-6.—Growth of wing area in the NZP colony of Artibeus jamaicensis. Means, standard errors, and

ranges are shown.
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the colony’s original members (Tables 3-1 and 3-11).

Sexual dimorphism was not as apparent in the asymptotic
size of the captive-reared young as it was in the wild-caught
bats. Again, females exceeded males in all measured variables,
but the differences were significant only for forearm length and
wing span. The magnitude of the differences between the sexes
was also reduced, and females exceeded males in size by only
2%-3% (Table 3-12). The variable best correlated with age
was mass (r = 0.9387, P < 0.0001; where r is the correlation
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coefficient and P is probability). All size variables were highly
correlated with one another. The average asymptotic masses of
19 captive-born young were compared with their neonatal
masses, and a significant relationship was found (r = 0.7097,
t, = 4.1459, P < 0.001; Figure 3-8). Large infants tended to
become large adults.

INFANT-MOTHER SIZE RATIO.—There was a tendency for
larger females to produce large infants (Figure 3-9), but the
relationship was not significant (n = 12; r = 0.552; 0.10> P >
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FIGURE 3-7.—Growth of mass in the NZP colony of Artibeus jamaicensis. Means, standard errors, and ranges are

shown.
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FIGURE 3-8.—The relationship between the asymptotic mass of captive-reared young and their neonatal mass.
The equation for the regression line is y = 32.94 + 1.05 x, (r=0.710, P < 0.001).
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FIGURE 3-9.—The relationship between neonate and mother mass in the NZP
colony of Artibeus jamaicensis. A mean nongravid mass was determined for
each adult female. Means (solid circles) and ranges (bars) of infant mass are
shown. The equation for the regression line is y = —0.14 + 0.74 x, (r= 0.552,
0.10 < P < 0.05).

0.05). However, relative infant size (as a percentage of the
mother’s nonpregnant mass) was correlated with the mother’s
potential weight-bearing capacity (wing area/nongravid mass).

A positive relationship between relative neonatal mass and
the mother’s wing weight-bearing capacity has not been
recorded for any other species of bat. However, Kunz (1974)
noted that female wing size was larger than male wing size in
Eptesicus fuscus in Kansas where the normal litter is one. He
speculated that if there is any selective advantage gained by
large wing size, the degree of sexual dimorphism in E. fuscus
should be even greater in the more eastern states where two is
the usual litter size.

More attention should be paid to species’ wing-loading
values and other variables of wing shape and aerodynamic
ability and their relationships to a variety of developmental,
behavioral, physiological, and ecological factors. Wings are
essential for the location, pursuit, and transport of food. Other
potential functions of wings that also could be wing-size
dependent are heat dissipation, evaporative water loss, trans-
port or shielding of young, and behavioral displays.

The mass of a developing fetus must be of particular
significance to those bats that forage while flying. However,
beyond a certain point in relative size, the larger wings
themselves would represent a significant weight load with
much increased drag and would probably be quite difficult to
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move, given a limited muscle mass (Davis, 1969a).

Qddly, in our colony the female with the greatest propor-
tional wing size (F12) produced infants that were among the
smallest in size (both proportionately and absolutely). Of
course, there may be many other reasons why a female would
produce small young.

DENTITION.—Fifteen young from BG-I and BG-VI were
monitored to determine ages when deciduous teeth were lost
and permanent teeth erupted. The deciduous dental formula of
A. jamaicensis is 2/2 1/1 2/2 0/0 x 2 = 20. At birth, both
deciduous upper incisors, the upper canine, upper premolar 4,
both lower incisors, and the lower canine projected from the
gingivum. The deciduous incisors were tiny, rounded nubs
barely visible between the canines. Upper and lower deciduous
canines and upper deciduous premolar 4 were sharp, slender,
and recurved. The six functional milk teeth served to grasp the
flesh surrounding the mother’s nipple. Great care had to be
taken when removing attached young from nipples as the skin
was easily torn by the teeth.

Patterns of replacement of deciduous teeth were variable.
The upper deciduous first incisors were shed at about 7 days of
age, followed by the eruption of the upper and lower permanent
first incisors. The upper permanent canines began eruption
around 17 days, followed by the lower canines at 21 days. The
deciduous canincs were retained about ten more days until the
secondary canines had fully erupted.

The permanent premolars and molars were visible through
the gum from birth and began erupting before canine eruption
was completed. Eruption of teeth in the upper jaw slightly
preceded that of the lower. The unerupted deciduous premolars
sometimes broke through the gum along with their respective
permanent tecth and were lost as eruption was completed. The
second deciduous incisors were the last milk teeth to be shed,
followed by the eruption of the permanent second incisors,
which are small in the adult and probably nonfunctional. The
adult dental formula, 2/2 1/1 2/2 2/3 x 2 = 30, was achieved
by 40 * 6 days.

Compared with vespertilionids, phyllostomids generally
have a milk dentition that is simpler—teeth smaller, reduced in
number, and not so strongly recurved. Kleiman and Davis
(1979) thought this corrclated with the phyllostomid’s ten-
dency when foraging to carry attached young rather than
depositing them in créches. However, Artibeus jamaicensis
does not often transport its young, and our data from BCI do
not support the idea that phyllostomids in general carry their
young while foraging. Thus, in that regard they resemble many
temperate zone vespertilionids (Davis, 1970; Fenton, 1969).

PATTERNS OF DEVELOPMENT.—Although there are a number
of reports on growth and development in vespertilionids, there
is not enough detailed information on phyllostomids to permit
meaningful comparisons of the two families. It is possible,
however, in scarch of patterns, to describe trends among the
vespertilionids and then to compare them with the meager data
for the phyllostomids.

SMITHSONIAN CONTRIBUTIONS TO ZOOLOGY

1. Development at Birth: Attempts to rank neonatal bats
as altricial, precocial, or intermediate have resulted in classify-
ing phyllostomids as generally precocial and vespertilionids as
comparatively altricial (Gould, 1975; Kleiman and Davis,
1979).

2. Development of Sight: Whether or not the opened eyes
of phyllostomid neonates are functional has not been estab-
lished. If they are, they could be useful in orienting the young
away from illuminated and exposed substrates during day
roosting. A number of phyllostomids roost in exposed locations
such as the undersides of foliage and branches, in rock crevices,
under overhanging roots, under stream banks, and in hollow
logs and abandoned burrows (Tuttle, 1976).

3. Hairiness: Because most tropical phyllostomids,
including A. jamaicensis, have small nursery colonies (Brad-
bury, 1977) or have nursery roosts in exposed locations, it may
be necessary for their neonates to be at least partially furred.
However, two phyllostomids, Vampyrum spectrum (Ditmars,
1936) and Phyllostomus hastatus (Gould, 1975), have hairless
neonates. Vampyrum spectrum, the largest bat in the New
World (180 g), roosts in small groups (<10), in tree holes
(Vehrencamp et al., 1977). Phyllostomus hastatus is the third
largest New World bat (80-120 g). Harems of five to ten
females and a single male roost in hollow logs, hollow trees,
houses, and caves. McCracken and Bradbury (1977, 1981)
found thousands occupying large caves in Trinidad. Because
thermal conductance (heat loss) is negatively correlated with
body size in mammals (Bradley and Deavers, 1980), tempera-
ture stress may be less of a problem for these larger species
(their babies are probably larger as well).

Positive relationships between colony size, ambient cave
temperatures, and enhanced growth rates have been reported in
Myotis grisescens by Tuttle (1975). The large numbers
probably help maintain homeothermy and a high roost
temperature and thus alleviate the need for the newborn to be
furred.

4. Metabolic Rates: Bats show some life history character-
istics that depart from the norm for small mammals. Artibeus
Jamaicensis and bats in general are unusually long-lived, have
low intrinsic rates of natural increase, usually have a litter size
of one (maximum recorded litter is five in Lasiurus cinereus),
and show relatively slow prenatal and postnatal development
(see review in Eisenberg, 1981).

5. Brain Size: Most bats that pursue insects on the wing
(e.g., many vespertilionids and molossids) have an Encephali-
zation Quotient (EQ; see Jerison, 1973) that barely exceeds
those shown by many of the Insectivora (Eisenberg, 1981).
Conversely, phyllostomids and pteropodids have brains that are
larger than would be predicted from their body masses (EQ >
1.0). Eisenberg and Wilson (1978) noted that most species in
these families are foraging for rich food resources isolated in
small patches, an activity requiring relatively larger brains to
process and store information.
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FIGURE 3-10.—Rates of mass increase versus neonate mass for 18 species of
bats. Log growth rate (g/day) is plotied against log neonate mass (g). The
regression line for vespertilionids (solid circles) is y = -1.09 + 1.14 x, (r =
0.873, P < 0.001). Phyllostornid (open triangles) and molossid (open circles)
data points are shown for comparison. Data are from Table 3-11.

6. Gestation: Eisenberg (1981) showed that among spe-
cies of similar body size, gestation is longer in the species with
a larger adult EQ. Longer gestations and larger brains in
phyllostomids contrast with brief gestations and smaller brains
of most vespertilionids and of other bats that pursue flying
insects. Our data on A. jamaicensis support Eisenberg’s
hypothesis.

Duration of undelayed gestation varies in bats from as few as
40 days in insectivores to over 100 days in frugivores. The
estimate of 112 days gestation for A. jamaicensis accords with
the trend suggested by Eisenberg (1981) of extended gestations
in tropical frugivores.

7. Size and Growth Rates: These relationships are best
presented as double logarithmic plots. We used least-squares
regression to calculate the y-intercept (a) and the slope (b) for
the equation: log y = log a + b log x, where x is body mass and
y is the life history variable under investigation.

We examined pairs of variables separately for mass and
forearm length in the vespertilionids (Figures 3-10 and 3-11).
Correlations for both measures between neonate size and adult
size, and between growth rate and either neonate or adult size
are significant. Comparable data for molossids are not
sufficient to show trends, but the larger, slower-growing
phyllostomid young appear to depart from the vespertilionid
tendencies.
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FIGURE 3-11.—Rate of forearm growth versus neonate forearm length for 19
species of bats. Log growth rate (mm/day) is plotted against log neonate
forearm length (mm). The regression line for vespertilionids (solid circles) is y
=-1.56 + 1.29 x, (r = 0.736, P < 0.001). Phyllostomid (open triangles) and
molossid (open squares) data points are shown for comparison. Data are from
Table 3-11.

Development of Wings and Flight

MORPHOMETRICS.—Findley et al. (1972) defined and de-
scribed the probable functional significance of three wing
variables as follows:

1. Wing-loading is the mass (in grams) supported by the
surface area of the wings (in cm2), If the mass-to-wing area
ratio is high, a high speed is necessary to stay airborne. Thus,
rapid fliers will tend to have high wing-loading values, and
slow flight probably requires low wing-loading.

2. Aspect ratio is a measure of relative wing width, and as
calculated by Findley et al. (1972) is wing length divided by
wing width. We calculated it according to Vaughn (1959) the
conventional way as wing span (mm)?/wing area (cm?). High
aspect ratios denote narrow wings and low aspect ratios
indicate broad ones. With high aspect ratios drag is decreased
and greater speed is possible, but lift is reduced. Therefore,
more rapid flight is required to remain aloft. On the other hand,
with low aspect ratios greater lift is possible at low speeds, but
there is more drag at higher speeds.

3. Tip index, a measure of propulsion, is calculated as wing
tip length (length of third digit, mm) divided by length of
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forearm (mm). The wing tip is the main propulsive part of the
wing. Consequently, relatively longer tips are correlated with
greater speed. Hovering species tend to have relatively long
wing tips (hovering is very rapid flight with increased drag to
lessen forward motion).

During the first 40 days of life of our captive bats
wing-loading diminished 26% from near 0.195 to 0.145 g/cm?,
meaning that growth in wing area was proceeding much faster
than growth in body mass. After day 40, wing-loading

SMITHSONIAN CONTRIBUTIONS TO ZOOLOGY

increased again to an asymptote of approximately 0.185 g/cm?
(Figure 3-12). Note that the initiation of flight occurred during
the time when wing-loading was minimal. The other aerody-
namic variables (aspect ratio and tip index) were at intermedi-
ate values when young first became volant (Figure 3-12).
Changes in wing shape are shown for a young of known age
(Figure 3-13).

DEVELOPMENT OF FLIGHT.—At first, during drop tests,
infants fell directly to the ground, although most spread their
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FIGURE 3-12.—Developmental changes in three acrodynamic parameters of the wings of Artibeus Jamaicensis in
the NZP colony. Dots represent daily mean values. Tip index is tip length (mm)/forearm length (mm). Aspect
ratio = wing span (mm)?/wing area (cm?). Wing loading = body mass (g)/ wing area (cm?). G = mean age when
young are first capable of gaining altitude and negotiating clumsy landings during drop tests. F = mean age when
young regularly initiate flights. W = mean age of weaning.
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FIGURE 3-13.—Wing outlines from a captive-born Artibeus jamaicensis in the NZP colony. Outlines are actual
tracings of the wing, made when the bat was 2, 5, 8, 15, 23, 30, 39, 42, 53, and 58 days of age. Flight was initiated

between the 42nd and 53rd days.

wings partially while falling. From day 4 to day 19, the infants
flapped their wings, but still dropped straight down. Around
day 19, the young began beating their wings vigorously, with
full up and down strokes in the roost, but they did not fly. These
stationary wing-beating sessions lasted about 1.5 minutes each,
and there were as many as eight sessions per infant per hour.
Presumably, the function of this behavior was to develop and
condition the muscles necessary for flight. This behavior was
correlated with the last observed transport of offspring by
mothers between different roosting areas. At the same time, the
young also began vigorous scanning in the manner of the
adults, i.e., hanging by one or both feet, with the head upturned,
facing into the center of the flight room, and rapidly moving the
ear pinnae and noseleaf.

By day 24, infants began to achieve some forward motion
when dropped, and they were able to gain some altitude around
day 29. By day 31 they could make clumsy landings on
obstacles. Day 48 was approximately the last day that young
were seen attached to the mother’s nipple during the dark
period. We do not know whether infants were attached to the
mother during the light part of the cycle because at that time all
the bats came together into a large clump, in which individuals
were not distinguishable. At this time the young also began to
show interest in the nectar ration that was always available.
They lapped it from food cups and licked droplets off our
fingers. By day 51, young were regularly initiating flights, and
they followed their mothers on flights. They were able to
maneuver and land proficiently by day 65 and thus were
distinguished as “juveniles.” The flight skills of juveniles and

subadults were visibly (if not quantifiably) distinct from those
of the adults, and at these ages they were much easier to capture
during hand-netting procedures.

Because wings are not essential in the earliest stages of a
young bat’s life, it is not unusual to find that the wings are
relatively underdeveloped in newborns. Wing-loading in young
bats and the development of flight abilities have been
investigated in Nycticeius humeralis (Jones, 1967), Antrozous
pallidus (Davis, 1969a), and Myotis thysanodes and M.
lucifugus (O’Farrell and Studier, 1973). As in A. jamaicensis,
initial wing growth was faster than growth in body mass and
resulted in diminishing wing-loading up to the time of flight
initiation. Subsequently, there followed an increase in wing-
loading as body mass increased and the flight abilities were
mastered. We have found no previous reports of vigorous
stationary wing beating for any other bat even though it
probably occurs in most species.

McManus and Nellis (1972) provided an anomalous exam-
ple of ontogeny of wing-loading for A. jamaicensis from the
Virgin Islands. They found an exponential relationship between
log wing-loading (g/cm?2) and body mass (g), with larger bats
having progressively higher wing-loading values.

Transition to Subadulthood

The age at which the cartilaginous epiphyseal gap character-
istic of juvenile bats could no longer be detected seemed to be
highly variable in our colony, but this may reflect our
limitations in recognizing precisely the point of closing.
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FIGURE 3-14.—Age of epiphyseal closure of Artibeus jamaicensis in the NZP
colony. The percentage of young bats (n = 31) showing closed epiphyses is
plotted against age. Mean age of closure was 104 days.

Closure times thought to be reasonably accurate for 31
individuals were averaged. Ages of closure ranged from 70 to
160 days with a mean age of 104.4 days (SD = 19.038, Figure
3-14). More than 80% of the young made the transition from
juvenile to subadulthood between three and four months of age.

Transition to Adulthood

MALES.—In young males, testes were discernable by
palpation at least as early as weaning, when they were 3-4 mm
long. Subsequently, the testes gradually increased to their
maximum size (9-14 mm), which in all cases corresponded to
a time of female postpartum sexual receptivity. In eight of 14
males, sexual activity was initiated during the second birth
group following their own when they were nearly one year old.
The remaining six apparently were capable of mating in the
first group following their own. However, the majority of these
males were born in birth groups where the subsequent interval
to the next birth group was extended due to the occurrence of
delayed development of embryos in the gestating females.
These males were approximately eight months old at the time
of their transition from subadult to adult. Following initial
maximal enlargement, regression of testis size to less than 6.0
mm was not seen.

FEMALES.—Twelve captive females were nearly one year

old at first parturition (X = 332.3 days, SD = 55.178). Assum-
ing a gestation of almost four months, they must have reached
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sexual maturity by eight months. Two more females gave birth
at around 18 months, but they may have had undetected
abortions previously.

Preparturient nipple enlargement in captive-born females
was similar to that seen in the original wild-caught females,
The nipples enlarged slightly (from 0.5 to 2.0 mm diameter) at
251 days of age (n = 8, SD = 16.999), which was 84 days
prepartum (n = 8, SD = 20.197). None of the first infants born
to the 14 captive-born females survived more than five days,
and at least six of these infants were probably premature. After
this initial reproductive failure, the nipples in eight females had
regressed to small by 17 days (SD = 10.379) after their infant’s
death. Apparently, the nipples of one female had not enlarged
by the time she had given birth.

Five of these females gave birth again, and four of their
young completed weaning. Two females did not show
complete regression of nipples, and the two others had
regressed by 125 and 127 days postpartum. The nipples of the
female whose infant died regressed to small in 23 days.

Summary

Bimodal reproduction and reproductive synchrony occurred
in the captive females as it did in the free-living Panamanian
population from which they came. Reproductive cycles of the
captive bats remained in synchrony with those of the wild
population for the first year, then tended toward shorter
interbirth intervals. Every second birth group showed an
extended gestation period, which we believe was due to
delayed development of the implanted blastocyst, as in the
wild. Duration of normal undelayed gestation was 3.5-4
months. The minimum observed interbirth interval was 112
days (mean 129 days). Mean interval with delayed embryonic
development was 177 days. Maximum weight gain by pregnant
females was 32%. The weight gain adversely affected the flight
abilities of females in late pregnancy. Estrus followed
parturition and peak receptivity was three to four days
postpartum.

Fecundity was depressed in reproductively inexperienced
females but averaged 91% in multiparous females, whether
wild-caught or captive-born. Preweaning mortality was high
(almost 100%) for reproductively inexperienced females and
low for experienced females (35%-40%).

Maximum nipple enlargement, hair loss, and pigmentation
occurred 1.5 weeks prepartum. An increase in the nipple size of
pregnant subadult females was detected four weeks before
fetuses became palpable (ten weeks prepartum). Mean duration
of lactation was 66 days, although it was significantly longer in
females that were gestating dormant embryos (~72 days) than
in those females gestating normally developing embryos (-64
days). Postparturient nipple condition of parous females was
always distinctly different from that of subadults and is,
therefore, useful in assigning females to adult or subadult age
classes.

The neonates were physically and behaviorally precocial.
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Their eyes were open, they had fur on the dorsum, and they
were vocal, responsive to sounds, and very active. They were
large (more than 25% of nongravid female mass, and forearm
lengths exceeded 50% of adult size). The permanent dentition
was complete at 40 days of age.

Developmental rates of captive-born young were quite
variable. Body mass was the measure most highly correlated
with age and stabilized around 80 days of age. Forearm length
increased most rapidly and growth was completed in 50 days.
Wing span and wing area reached adult size in 70 days. Beyond
104 days of age most individuals showed complete epiphyseal
fusion. Initiation of flight in young bats occurred during a
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developmental stage when wing-loading values were low
(31-51 days of age).

Reproductive maturity in males, as indicated by testicular
hypertrophy, occurred as early as eight months of age, but more
often by one year of age. Females usually first gave birth when
they were one year old, indicating that they had been sexually
active at about eight months of age.

Significant sexual dimorphism in four wing measurements
(span, area, width, and tip length) was detected in wild-caught
adult captives. Body mass and forearm length were greater in
females than in males, but significance was not demonstrated.
Males had higher wing-loading values than females.






4. Reproduction on Barro Colorado Island

Don E. Wilson, Charles O. Handley, Jr.,
and Alfred L. Gardner

Data on reproduction in bats have accumulated at an
accelerating rate during the past 25 years (Racey, 1982;
Wilson, 1979). Because Artibeus jamaicensis is common and
widespread its reproductive cycle is better known than those of
most other Neotropical bats. However, in-depth studies at a
single locality over long periods, which are essential for
interpreting isolated pieces of information and for elucidating
details of a reproductive cycle, have been lacking.

We augmented our understanding of reproduction in A.
Jamaicensis, gained from our colony at the National Zoological
Park (NZP), by gathering information from populations on
Barro Colorado Island (BCI) and vicinity. Our data on
reproduction, accumulated over several annual cycles from
wild-caught bats, demonstrate a high degree of reproductive
synchrony in this species.

In 1971 Fleming presented evidence that embryos of A.
Jamaicensis undergo retarded development during part of the
year, and Fleming et al. (1972) demonstrated bimodal polyestry
to be the basic reproductive pattern in this species. Our large
data set from BCI and the adjacent mainland, together with the
results of the study of our NZP colony (see Section 3,
Reproduction in a Captive Colony) provide us the opportunity
to examine this cycle in some detail. We base our outline of the
reproductive cycle of A. jamaicensis on 4447 individual
females captured between 1972 and 1980 on BCI and vicinity.

The Basic Pattern

We confirm the previously postulated pattern of bimodal
polyestry (Fleming et al., 1972; Wilson, 1979), and Fleming’s
(1971) statements on delayed embryonic development (Figure
4-1, Table 4-1). In general, females are palpably pregnant in
January and begin to give birth by late February or early March.
They are so synchronized that normally more than half of the

Don E. Wilson, and Charles O. Handley, Jr., National Museum of
Natural History, Smithsonian Institution, Washington, D.C. 20560.
Alfred L. Gardner, NERC, US. Fish and Wildlife Service, National
Museurn of Natural History, Washington, D.C. 20560.
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population gives birth in those two months. During a
postpartum estrus most of them become pregnant again. This
results in a brief period when individuals are both pregnant and
lactating. Palpably pregnant, but still lactating individuals are
most likely in April, May, or June, between the February-
March and July-August birth peaks.

Young born during the initial birth peak (February and
March) are weaned in April and May. The second cycle of
births commences in July and August with the same pattern of
postpartum estrus and lactation. The young from the second
birth peak are then weaned in September and October. The
difference between the two periods of reproductive activity
occurs when the blastocyst from the second postpartum estrus
implants, but does not develop at the same rate as the preceding
one. The period of delayed embryonic growth covers approxi-
mately three months, and is followed by a period of essentially
normal development during the remaining four.

We were able to recognize individuals that were pregnant
(terminal six weeks), lactating, or postlactating, and as these
events tracked one another over the years of our study, we
recorded peak times for each event. Some variation from year
to year is obvious (Figure 4-1), but the amount of congruence
from one year to the next is striking.

Another way we summarized the data was to combine the
information from all years into a single “average” year (Figure
4-2). Thus summarized and divided into 3-week intervals, these
averages show the bimodal cycle and emphasize the 12-week
diapause between July and November.

Individual Variation

In spite of the great number of marked bats in our sample,
and even though we sampled almost continuously for three
years, we were unable to accumulate a complete record of an
individual female’s reproductive history throughout her life-
time. To do so, we would have to capture the same female at
least twice per year during the birth periods. We did catch some
individuals two or more times each year, but not always at
appropriate stages of reproduction. Although our data are not
based on complete individual reproductive histories, it seems
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TABLE 4-1.—Reproductive condition (by week) of adult female Artibeus jamaicensis on BCI, 1975 through 1980.
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TABLE 4-1.—Continued.

No Young Pregnant & Post-

Week reproduction Pregnant Lactating on teat lactating lactating
N %o N % N % N %o N % N %o Total
28 0 0.0 3 75.0 1 25.0 0 0.0 0 0.0 0 0.0 4
29 1 100.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 1
30 3 9.7 1 3.2 16 51.6 0 0.0 1 32 10 323 31
31 2 100.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 2
32 0 0.0 0 0.0 3 50.0 0 0.0 0 0.0 3 50.0 6
33 1 14.3 0 0.0 4 57.1 0 0.0 0 0.0 2 28.6 7
43 11 91.7 0 0.0 0 0.0 0 0.0 0 0.0 1 83 12
44 4 80.0 0 0.0 1 20.0 0 0.0 0 0.0 0 0.0 5
45 14 82.4 0 0.0 0 0.0 0 0.0 0 0.0 3 17.6 17
46 13 86.7 0 0.0 0 0.0 0 0.0 0 0.0 2 13.3 15
47 35 92.1 0 0.0 0 0.0 0 0.0 0 0.0 3 79 38
48 16 94.1 0 0.0 0 0.0 0 0.0 0 0.0 1 5.9 17
49 45 95.7 0 0.0 0 0.0 0 0.0 0 0.0 2 43 47
50 7 100.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 7
51 21 95.5 0 0.0 0 0.0 0 0.0 0 0.0 1 45 22
52 59 98.3 0 0.0 0 0.0 0 0.0 0 0.0 1 1.7 60
Total 417 185 175 1 3 97 878
1979 1 28 96.6 0 0.0 0 0.0 0 0.0 0 0.0 1 3.4 29
2 13 100.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 13
3 8 29.6 19 70.4 0 0.0 0 0.0 0 0.0 0 0.0 27
4 2 222 i 71.6 0 0.0 0 0.0 0 0.0 0 0.0 9
5 2 333 4 66.7 0 0.0 0 0.0 0 0.0 0 0.0 6
7 1 333 2 66.7 0 0.0 0 0.0 0 0.0 0 0.0 3
9 8 47.1 2 11.8 6 353 0 0.0 0 0.0 1 59 17
10 4 20.0 3 15.0 10 50.0 0 0.0 0 0.0 3 15.0 20
11 3 3.0 4 4.0 89 89.9 0 0.0 0 0.0 3 3.0 9
12 3 18.8 0 0.0 12 75.0 0 0.0 0 0.0 1 6.3 16
13 7 15.6 1 22 31 68.9 0 0.0 0 0.0 6 13.3 45
14 0 0.0 0 0.0 2 100.0 0 0.0 0 0.0 0 0.0 2
15 4 3.8 5 48 63 60.0 1 1.0 0 0.0 32 30.5 105
16 9 74 11 9.1 71 58.7 0 0.0 0 0.0 30 24.8 121
17 4 6.9 7 12.1 26 4.8 0 0.0 0 0.0 21 36.2 58
18 1 100.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 1
19 3 25.0 1 8.3 0 0.0 0 0.0 0 0.0 8 66.7 12
20 3 25.0 5 41.7 2 16.7 0 0.0 0 0.0 2 16.7 12
21 4 10.5 24 63.2 7 184 0 0.0 3 79 0 0.0 38
22 2 3.9 38 74.5 2 3.9 0 0.0 0 0.0 9 17.6 51
23 1 3.7 18 66.7 7 25.9 0 0.0 0 0.0 1 37 27
24 2 3.7 39 T2 13 24.1 0 0.0 0 0.0 0 0.0 54
26 0 0.0 2 66.7 1 333 0 0.0 0 0.0 0 0.0 3
29 1 9.1 1 9.1 9 81.8 0 0.0 0 0.0 0 0.0 11
36 12 522 0 0.0 6 26.1 0 0.0 0 0.0 5 21.7 23
37 36 56.3 0 0.0 6 9.4 0 0.0 0 0.0 22 34.4 64
38 34 72.3 0 0.0 4 8.5 0 0.0 0 0.0 9 19.1 47
39 26 78.8 0 0.0 3 9.1 0 0.0 0 0.0 4 12.1 33
40 9 69.2 0 0.0 0 0.0 0 0.0 0 0.0 4 30.8 13
41 43 74.1 0 0.0 1 1.7 0 0.0 0 0.0 14 24.1 58
42 36 92.7 1 2.4 0 0.0 0 0.0 0 0.0 2 4.9 41
43 19 95.0 0 0.0 0 0.0 0 0.0 0 0.0 1 5.0 20
44 11 100.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 11
45 90 100.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 90
46 95 94.1 4 4.0 0 0.0 0 0.0 0 0.0 2 2.0 101
47 48 98.0 1 2.0 0 0.0 0 0.0 0 0.0 0 0.0 49
48 5 83.3 0 0.0 1 16.7 0 0.0 0 0.0 0 0.0 6
49 27 93.1 2 6.9 0 0.0 0 0.0 0 0.0 0 0.0 29
50 70 98.6 0 0.0 0 0.0 0 0.0 0 0.0 1 1.4 !
51 1 100.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 1
Total 677 201 372 1 3 182 1436
1980 1 8 88.9 1 11.1 0 0.0 0 0.0 0 0.0 0 0.0 9
2 59 96.7 2 33 0 0.0 0 0.0 0 0.0 0 0.0 61
3 33 97.1 1 29 0 0.0 0 0.0 0 0.0 0 0.0 34
4 6 85.7 1 143 0 0.0 0 0.0 0 0.0 0 0.0 7
5 3 75.0 1 250 0 0.0 0 0.0 0 0.0 0 0.0 4
6 17 94.4 1 5.6 0 0.0 0 0.0 0 0.0 0 0.0 18
7 2 50.0 2 50.0 0 0.0 0 0.0 0 0.0 0 0.0 4
8 17 63.0 10 37.0 0 0.0 0 0.0 0 0.0 0 0.0 27
9 1 100.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 1
13 1 24 1 2.4 35 83.3 0 0.0 0 0.0 5 11.9 42
14 10 8.9 6 5.4 82 73.2 0 0.0 0 0.0 14 12.5 112
15 3 2.2 18 13.2 84 61.8 0 0.0 0 0.0 31 228 136
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TABLE 4-1.—Continued.

No Young Pregnant & Post-
Week reproduction Pregnant Lactating on teat lactating lactating
N % N % N %o N % N % N %o Total
16 0 0.0 0 0.0 2 50.0 0 0.0 0 0.0 2 50.0 4
18 0 0.0 2 66.7 0 0.0 0 0.0 0 0.0 1 333 3
19 9 321 1 3.6 3 10.7 0 0.0 0 0.0 15 53.6 28
20 2 83 13 542 7 29.2 0 0.0 0 0.0 2 8.3 24
21 7 38.9 7 389 0 0.0 0 0.0 0 0.0 4 222 18
32 8 61.5 0 0.0 4 30.8 0 0.0 0 0.0 1 1.1 13
33 15 213 0 0.0 36 65.5 0 0.0 0 0.0 4 73 55
34 9 13.8 0 0.0 20 30.8 0 0.0 0 0.0 36 55.4 65
35 13 232 0 0.0 9 16.1 0 0.0 0 0.0 34 60.7 56
36 5 143 0 0.0 8 229 0 0.0 0 0.0 22 62.9 35
37 26 40.0 0 0.0 13 20.0 0 0.0 0 0.0 26 40.0 65
38 36 643 0 0.0 3 54 0 0.0 0 0.0 17 30.4 56
39 14 66.7 0 0.0 1 48 0 0.0 0 0.0 6 28.6 21
40 33 64.7 0 0.0 1 2.0 0 0.0 0 0.0 17 333 51
41 59 73.8 0 0.0 2 2.5 0 0.0 0 0.0 19 23.8 80
42 38 88.4 0 0.0 0 0.0 0 0.0 0 0.0 5 11.6 43
43 6 100.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 6
Total 440 67 310 0 0 261 1078
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FIG.URE 4’-1.—Pemcntages of pregnant (solid line), lactating (dashed line), and postlactating (dotted line) female
Artibeus jamaicensis on BCL. Each record represents four weeks combined.
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FIGURE 4-2.—Average percentage of pregnant Artibeus jarnaicensis on BCI (based on data from 1972 through

1980, pooled in three week increments).

clear that not every female takes part in every breeding period.
There are records from each week of the year of females
showing no evidence of reproductive activity (Table 4-1). At
the peak of each reproductive episode, the number of pregnant
females averages about 70% (Figure 4-2).

For females originally banded as juveniles or subadults, we
have 894 capture records in the year following their birth. Of
these, 547 or slightly more than 60% were recorded as
nonreproductive (neither palpably pregnant, lactating, nor
postlactating). From a sample of 1121 capture records of adult
females (individuals that had experienced an earlier preg-
nancy), 449 or 40% were nonreproductive. During any given
sampling period, there are almost always more reproductively
active adults than there are yearlings (Figures 4-3 and 4-4). A
summary graph (Figure 4-5) combining data from 1977

through 1980 shows that yearlings not only breed less
frequently, they are more likely to be out of synchrony with the
reproductively experienced adults.

The Reproductive Cycle

EsTRUS.—Each female has two periods of postpartum estrus
per year. The first occurs immediately following the birth in
February-March; the second immediately following the birth in
July-August. Thus, the estrous cycle is easily controlled by the
timing of parturition except in those females that, for whatever
reason, fail to give birth during a particular reproductive period.
We do not know what physiological and environmental factors
cue estrus at the appropriate time. Perhaps estrus in females that
failed to become pregnant is resynchronized by contact with
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FIGURE 4-5.—Average percentages of pregnant yearling (solid line) and older (dashed line) female Artibeus
Jjamaicensis on BCI, based on data from 1977-1980 combined. Each record represents one week.

adult female roost mates who are following a normal cycle.

COPULATION.—Males have enlarged testes during the
periods when females are undergoing postpartum estrus (see
Section 3, Reproduction in a Captive Colony). The degree of
asynchrony in the system indicates that males may be capable
of inseminating females for relatively long periods overlapping
both birth peaks.

EMBRYONIC DEVELOPMENT.—Fertilization and implanta-
tion follow a normal sequence during each of the reproductive
episodes, but subsequent development differs between the two.
The normal gestation period following implantation during the
first reproductive episode of the year is 3.5-4 months.

FIGURE 4-3 (opposite, top).—Percentages of pregnant yearling (solid line) and
older (dashed line) female Artibeus jamaicensis on BCL. Each record represents
four weeks combined.

FIGURE 4-4 (opposite, bottom).—Percentages of nonreproductive yearling

(solid line) and nonyearling (dashed line) female Artibeus jamaicensis on BCL
Each record represents four weeks combined.

Implantation during the second episode is followed by delayed
embryonic development, which results in a gestation period of
about seven months (Fleming, 1971). This is a unique feature
of the reproductive cycle of A. jamaicensis. The cues are
unknown, but because the cycle persists when animals are
moved into captivity under environmental conditions unlike
the natural ones (see Section 3, Reproduction in a Captive
Colony), it must be under some genetic control. Eventually, the
synchronization breaks down under constant conditions of
captivity, suggesting that one or more environmental cues are
necessary to reset the system.

PARTURITION.—The two peaks of parturition are in Febru-
ary-March and July-August. The neonates are well-enough
developed to be able to hang by themselves within a few hours
of birth (see Section 3, Reproduction in a Captive Colony).
Only on two occasions did we capture a female with an
attached young. Apparently, the young are left behind shortly
after birth while the females forage.

LACTATION.—Lactation is easily detected and lasts for about
two months (see Section 3, Reproduction in a Captive Colony).
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FIGURE 4-6.—Schematic representation of the reproductive cycle of Artibeus jamaicensis on BCI, showing
temporal variation in percentages of pregnant, lactating, and postlactating females. Mean rainfall is shown in the

bar graph at the bottom. Time is in months and years.

Peaks in percentages of lactating females follow about a month
behind the peaks for pregnant females (Figures 4-1 and 4-6).
Lactation in captivity lasts a bit longer in females that are
carrying dormant embryos following the second breeding
episode. This phenomenon can be inferred in our wild
population (Figure 4-6).

POSTLACTATION.—We were able to glean additional infor-
mation about the cycle from individuals we recognized as
postlactating. Apparently there is more individual variation in

the length of time that nipples are classified as postlactating
than in other reproductive criteria (Figures 4-1 and 4-6). Part of
this variation may be an artifact of stages of refinement of our
definition of postlaction. Early in the Bat Project, we presumed
a bat to be postlactating if no milk could be expressed from
nipples although the nipples were large, flabby, and surrounded
by naked skin. Later, the category was expanded to include
females showing new hair growing in around the regressing
nipple, regardless of its size.
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Seasonality, Rainfall, and Abundance of Food

Previous hypotheses (Wilson, 1979) have focused on
energetics as the primary control on reproduction, and this
indeed seems the most logical explanation for the basic pattern
of the cycle in A. jamaicensis. Other factors being equal, one
would expect animals to achieve maximum reproductive output
without sacrificing survivorship of the young.

If we assume that the physiological constraints operating on
an A. jamaicensis result in a litter size of one and a gestation
period of 3.5-4 months, then in a world of abundant energetic
resources, females simply should reproduce continually,
producing up to three young per year. That they do not suggests
that there must be a time when energy sources are in short
supply.

The time of maximum stress might occur at any of several
critical points in the reproductive cycle. Pregnancy, as does
lactation, carries with it an increase in energy demands to
individual females (see Section 2, Physiology; Studier et al.,
1972). Reproductive success should be enhanced if these
stressful periods coincide with periods of peak resource
availability (Bradbury and Vehrencamp, 1977b).

The critical time for most bats is when the young are weaned.
Not only do the growing young have high energy demands,
they are forced to learn to forage at the same time, and
presumably it would be easier to do so when food is readily
available. Readily available food resources also are critical at

FRUITING ACTIVITY
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the time of weaning in a species showing synchronized
reproductive cycles, because the population size is markedly
increased at that time. There is now a considerable body of
evidence supporting the position that reproductive events in
bats are timed to synchronize with seasonally abundant food
resources (Dinerstein, 1983; Heithaus et al,, 1975; Racey,
1982).

Young born in the first reproductive episode (February-
March) are weaned in April-May, and those born in the second
period (July-August) are weaned in September-October. This
pattern is confirmed by our capture records, as the number of
juveniles and subadults increases dramatically during these
periods. On BCI this results in a general pattern in which the
young are weaned during the rainy season (Figure 4-6). If the
bats conceived during the second episode were to develop
normally (in 3.5-4 months), they would be born in November
and weaned at the beginning of the dry season in January.

Foster (1982) has shown that the peaks in fruit availability on
BCI occur in April-May and September-October, with a low
in January at the beginning of the dry season (Figure 4-7).
Therefore, it seems that delayed development has evolved as a
mechanism to avoid weaning young during the dry season
when fruiting trees are scarce. Thus, the reproductive cycle of
A. jamaicensis seems to be an adaptation to the seasonal cycle
of food abundance. Evidence from other localities supports this
hypothesis (Wilson, 1979).

) Ll LB v |

Aug Sep Oct Nov Dec Jan Feb Mar Apr

1 | | L | | ]
May Jun Jul

FIGURE 4-7.—Schematic representation of seasonality of fruiting activities of canopy trees on BCL. “Activity”
represents the proportion of species that are fruiting (determined by seed traps). Redrawn from Foster (1982, fig.

12).
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Environmental Cues

This unique cycle persisted after the A. jamaicensis were
brought into the laboratory, although it soon began to drift
toward shorter periods of delayed development. This suggests
that in addition to being under genetic control, the bats are
influenced by some environmental cues that reset and maintain
the periodicity of the reproductive cycle each year. Not only
must an environmental cue be detectable by the animals, it also
has to occur at the appropriate time for them to react to the
upcoming period of limited resources. Although the rainfall
pattern probably is responsible for the pattern of fruit
availability, thus providing the evolutionary drive for the
system, it is difficult to see how either rainfall or fruit
availability could serve as proximal cues to trigger the onset of
reproductive episodes.

If the cycle depended entirely on environmental controls
other than photoperiod, we would expect to see slight
variations from year to year, extreme variation in rare years of
unusual environmental fluctuations, and an abrupt change in
the cycle under constant conditions. If the cycle were under
complete genetic control, we would expect to see no annual
variation, persistence of the cycle in unusual climactic years,
and persistence under constant conditions. There are slight
annual variations (Figure 4-1), no data for unusual years
(Figure 4-6), and no abrupt change under constant conditions of
captivity.

In the Old World, an ecologically equivalent species,
Haplonycteris fischeri of the Philippines, has a monestrous
cycle with delayed development (Heideman, 1988). It shows no
annual variation, persistence in unusual climatic years, and a
curious pattern of geographic variation. The persistence lends
support to the hypothesis of genetic control; geographic
variation argues for an environmental component as well
(Heideman, 1988).

Perhaps genetic control is effected through the postpartum
estrus, which essentially sets the time of copulation and
fertilization. In A. jamaicensis, postpartum estrus persists in
captivity, and the period of delayed development diminishes
over time. This would suggest that an appropriate proximal
environmental cue to fine-tune the cycle should be one that
determines the end of the period of delayed development and
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the beginning of normal rate of growth of the embryo.
Assuming the 3.5-4 month gestation time seen in the alternate
reproductive period, the critical time would be during
November-December, or the end of the rainy season.

The end of the rainy season is a time of declining food
resources (Figure 4-7) making it unlikely that the proximal cue
to begin normal development of an embryo would be a sudden
change in the amount or kind of energy resource available.
Rainfall itself is an equally poor proximal cue, because the
rainy season does not end abruptly and the amount of annual
variation in daily rainfall at that time of year is greater than the
amount of variation shown by the timing of the first parturition
period 3.5-4 months later.

What, then, is the proximal environmental cue that resets the
cycle on an annual basis? Perhaps variation in night length?
This is one of the more intriguing questions that remain to be
answered about the reproductive cycle of A. jamaicensis and
perhaps other related species that show a similar bimodal
pattern.

Fleming (1988) found a similar bimodal pattern in Carollia
perspicillata in Costa Rica. Although there is no delayed
development, the cycle also persists in captivity. As with A.
Jjamaicensis on BCI, the cycle is correlated with rainfall
seasonality, and presumably with differential availability of
food resources.

Summary

Artibeus jamaicensis has a unique reproductive pattern
consisting of alternating episodes of normal embryonic
development and delayed development. Individual females
usually produce two young per year, although occasionally
they produce only one. Young females do not give birth in the
calendar year of their birth, but may do so before they are one
year old. Yearlings produce young at a lower rate than do
nonyearlings. The unusual reproductive pattern seems adapted
to take advantage of periods of maximum food availability by
insuring that young are weaned at such energetically favorable
times. The environmental cues responsible for maintaining the
periodicity remain enigmatic, although the persistence of the
pattern in captive animals suggests some measure of genetic
control.



5.

Survival and Relative Abundance

Alfred L. Gardner, Charles O. Handley, Jr.,
and Don E. Wilson

Relative Abundance

Artibeus jamaicensis was consistently the most common bat
netted on BCI and adjacent mainland from 1976 to 1980. Its
abundance, however, whether measured on the basis of
absolute numbers or relative to all other species netted did not
appear to follow either a monthly or seasonal pattern. Average
nightly catch of A. jamaicensis per month ranged from less than
five to nearly 80 per netting session and was inconsistent from
month to month throughout the study (Figure 5-1). Because
part of that inconsistency may have resulted from uneven
netting effort from year to year, we examined the capture record
for 1979, the year for which our efforts were the most intense
and for which July and August were the only months we did not
sample. Numbers of A. jamaicensis still showed great
fluctuation from month to month whether measured directly
(averaged on a per night basis) or calculated as a percentage of
total catch (Figures 5-2, 5-3).

We also compared the 1979 record for A. jamaicensis with
that for the five other most common species of frugivorous bats
(Artibeus lituratus, A. phaeotis, Uroderma bilobatum, Chirod-
erma villosum, and Phyllostomus discolor) netted the same
year (Table 5-1; Figure 5-3). If records for February are ignored
as being too few to be useful, A. jamaicensis made up
44%-76% of the nightly catch in 1979 and were caught on 150
of the 151 nights netted. With the exception of A. phaeotis, the
numbers of the other species also fluctuated greatly (Table 5-1):
A. lituratus, 2%-15% (120 nights); U. bilobatum, 1%-15%
(60 nights); C. villosum, 0.5%-7% (39 nights); and P. discolor,
0.2%-7% (40 nights). A. phaeotis (2%-3%; 107 nights)
appears to be relatively evenly dispersed at low density and
most of those caught probably were resident in the vicinity of
the netting station.

We tested the monthly differences in captures of these bats
(Table 5-1) to see if the differences were more apparent than

Alfred L. Gardner, NERC, U.S. Fish and Wildlife Service, National
Museum of Natural History, Washington, D.C. 20560.

Charles O. Handley, Jr., and Don E. Wilson, National Museum of
Natural History, Smithsonian Institution, Washington, D.C. 20560.
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real. The differences proved to be highly significant. Even
when the data for February are removed, overall Chi-square
values are insignificant only for A. phaeotis (X? = 11.790, df =
9, ns; where df is degrees of freedom and ns means not
significant). The overall Chi-square values are astronomical for
the other five species, even when based on a reduced data set
(minus February; range, 150.926-495.984). For the full set of
data (Table 5-1), numbers of A. jamaicensis are significantly
low (P <0.001) for January and November, and high (P
< 0.001) for April, June, September, and December.

Unusually high numbers of C. villosum and U. bilobatum
were taken in October and November, and greater numbers of
A. lituratus were caught in November, December, and January
(Table 5-1) than at other times of the year. We reduced the data
set to see what influence the monthly variation in numbers of
the others species may have had on these tests. When the data
for February and all A. lituratus, U. bilobatum, C. villosum, and
P. discolor are removed from the data set (Table 5-1), the
Chi-square values for A. jamaicensis are significantly low for
March (P < 0.01) and May (P < 0.05), and high (P < 0.01) only
for April and December.

The causes of year-to-year variation in population size are
difficult to assess. Annual variations in numbers caught are at
least partly the result of differences in personnel and their
relative experience as well as the evolution of techniques and
capture strategies used from year to year as the study
progressed. Duration of netting episodes, selection of netting
sites, and frequency of nights of netting per month along with
learned net avoidance, undoubtedly were additional contribut-
ing factors.

Numbers of A. jamaicensis, best seen in the October,
November, and December records (Figure 5-1), generally
increased from 1976 to 1980. Captures of A. jamaicensis
tended to be highest when young are first volant (April-June
and September-October) and lowest when the population is
composed mostly of subadults and adults. We do not know how
much of this variation resulted from adverse conditioning due
to having been caught before.

Occasional unusual concentrations of bats at certain fruiting
trees also distorted the monthly averages and percentages of
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FIGURE 5-1.—Mean nightly catch of Artibeus jamaicensis on BCI and adjacent mainland per month from October
1976 through October 1980.
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FIGURE 5-2.—Mean nightly catch of all bats caught on BCI and adjacent mainland per month during 1979 and
the mean nightly catch of Artibeus jamaicensis and A. lituratus during the same period. Figures above bars are
monthly catch of all bats.

55

1976
1977
1978
1979
1980

BZIN

NOV ' DEC

120
- 100
- 80
- 60

- 40




SMITHSONIAN CONTRIBUTIONS TO ZOOLOGY

U. bilobatum & Chiroderma villosum
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FIGURE 5-3.—Monthly composition of the bat fauna caught on BCI and the adjacent mainland during 1979. Bars

represent percentages of total catch.

bats captured. The night of 25-26 October 1979 produced 282
bats of 16 species. Only 86 were A. jamaicensis, however;
Uroderma bilobatum (115) was the most numerous species and
Chiroderma villosum (50) was third. Another night with an
unusually high catch was that of 23-24 April 1979. We
handled 255 bats comprising 13 species of which A. jamaicen-
sis numbered 215, including 100 previously unmarked juve-
niles and 53 adult females. Only 40 of the adult females could
have been the mothers of these juveniles (the other adult
females were cither pregnant or nonreproductive). This
suggests the possibility of net avoidance, because if first-flying
juveniles are flying with their mothers, as seems a reasonable
yet unproven assumption, then the mothers of 60 were active in
the vicinity, but not caught.

Recapture Frequency

The entire sample of A. jamaicensis marked between
October 1976 and June 1980, consisted of 8907 bats captured
a total of 15,728 times (Figure 5-4, Table 5-2). Fifty-seven
percent (5061 individuals) were caught only once, leaving 3846
captured two or more times (6821 records; Table 5-2, line B).
The number of subsequent capture records per bat diminished
until we were left with a single individual captured 11 times.

From these data we calculated the mean number of captures
per A. jamaicensis (Table 5-2, line C) in each capture

cohort—for the whole sample, for two or more captures, for
three or more captures, and so on. The 8907 bats, captured a
total of 15,728 times, averaged 1.77 captures per individual
(Table 5-2). The next cohort, those captured two or more times,
also has a mean of 1.77 captures per individual. The individual
capture rates of the first five groups (one or more captures
through five or more captures) vary little (1.76-1.77). The
capture rates, however, for each of the remaining capture
cohorts are lower (1.43-1.65, Table 5-2) and more variable.
When the data for the first five capture cohorts are summed and
the derived mean capture rate (1.77) is contrasted with the mean
capture rate for the remaining six cohorts (1.573, data from
Table 5-2), the differences are significant (¢t = 6.752, df = 8,
P <0.001).

We used the derived mean number of captures per individual
for one to five captures (1.77) and for six or more captures
(1.57) to estimate the expected numbers (Table 5-2, line D) in
each capture cohort. In most cohorts the actual capture rate is
close to the expected rate. Individuals disappear and recapture
records diminished in our sample at a nearly constant rate
through the first five times a bat is captured. The probability of
recapturing a bat is roughly the same regardless of the number
of previous captures. Therefore, emigration, necklace loss,
mortality rates, and other factors contributing to the disappear-
ance of bats must be nearly constant.

Another illustration of the relationship between successive
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FIGURE 5-4.—Recapture curve, recapture rate (rate of decrease), and frequency of capture of Artibeus jamaicensis
on BCI and adjacent mainland between 1976 and 1980.

capture groups is the rate (percentage) of decrease between
adjacent groups (Figure 5-4). This we calculated by dividing
the number of records in a capture group by the number of
records in the preceding group. The rate of decrease (Figure
5-4) is relatively constant up to seven captures (range,
0.432-0.461), but more variable thereafter (range, 0.286-
0.500).

Observed Survivorship

To study survivorship of A. jamaicensis marked from 1976
through 1980, we divided calendar years into half years:
January-June = “spring” and July-December = “fall.” Bats
caught and marked as juveniles were assumed to have been
born in the half year in which they were caught. On BCI and
vicinity most births occur between the 8th and 16th week and
between the 25th and 33rd week of each year. Bats first caught
and marked as subadults were assumed to have been born in the
previous half year. We derived a conservative estimate of
survivorship by dividing the number of juveniles, subadults, or
adults marked in a half year into the number in that birth-cohort

sample known to be alive based on the total recapture record up
to October 1980. Bats marked later in the study (especially
adults and subadults marked in 1979 and 1980) had depressed
survivorship rates because of the lack of sufficient time to
accumulate a more complete recapture record. The data
reported on here only cover a span of 4.5 years, but we know
from Wilson and Tyson (1970) of a 7-year-old A. jamaicensis,
and Handley caught two bats after 1980 that were at least nine
years old.

Survival to the first half year after being marked varied
among year-and-age cohorts from a low of 8% for adult
females marked in the spring of 1980 to a high of 58% for
juvenile females marked in the spring of 1978 (Figure 5-5,
Tables 5-3 to 5-8). Other factors in addition to the lack of
sufficient time to accumulate recapture records influenced
survival estimates. One of the more important was the lower
probability of recapturing bats from the channel markers
(Buena Vista and Pefia Blanca) and from the four mainland
sites (Bohio, Frijoles Road, Gigante, and Mona Grita Point)
because these bats normally ranged outside of the area we
routinely sampled. These sites were not netted on a regular
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PERCENT KNOWN TO BE ALIVE

SMITHSONIAN CON TRIBUTIONS TO ZOOLOGY
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FIGURE 5-5.—Comparison of survivorship of seasonal cohorts of Artibeus jamaicensis marked on BCI and
adjacent mainland from 1976 to 1980; a = adults, b = subadults, and ¢ = juveniles.
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basis and, although producing important information on
movements, these bats did not form a major part of the main
population we were studying. When the A. jamaicensis from
these off-island sites and their recapture records are removed
from the data (presented in Table 5-9), thereby restricting the
analysis to bats marked on BCI and Orchid Island, survival
estimates are higher and vary from a low of 17% for adult males
marked in the first half 1980 to a high of 71% for juvenile
females marked in the spring of 1978 (data from Table 5-10).
JUVENILES.—Overall survivorship into the second half year
of life by juvenile A. jamaicensis was 31% (Figure 5-6, Tables
5-3 and 5-4). Survivorship of juveniles ranged from 25% for
males marked in the falls of 1977 and 1979 to 57% for females
marked in the spring of 1978 (Table 5-3). Survivorship from
combined data from the fall of 1977 to the spring of 1980
suggests that approximately 68% of the juvenile cohort is lost
by the time juveniles enter their second half year (Tables 5-3,
and 5-4). We had anticipated high mortality during the first six
months of life based on studies of temperate-zone bats
(Brenner, 1968; Davis, 1967; Foster et al., 1978; Humphrey
and Cope, 1970, 1976, 1977; Keen and Hitchcock, 1980; Mills
et al., 1975; Pearson et al., 1952; Stevenson and Tuttle, 1981;
Tuttle and Stevenson, 1982). Survivorship from the second to
sixth half year after marking among bats marked as juveniles
averages lower than that of adults and subadults (Figure 5-6).

63

Dispersal during the first year of life is the most likely
explanation for this higher observed “mortality” or disappear-
ance rate. Nevertheless, factors such as death, learned net
avoidance, and loss of necklace (which renders the individual
unrecognizable), as well as dispersal away from the area of our
study, contribute to the disappearance of these bats. Survivor-
ship by the end of the second half year of life (second half year
after mark) averaged 17% (Figure 5-6, Tables 5-3 and 5-4).
Thereafter, the rate of decline parallels that of subadults and
adults.

Necklace loss may be greater in juveniles because we had to
fit bats of this age class with adult-size necklaces. However,
necklace loss cannot explain the more rapid decline in the
second half year of life by which time the bats have attained
near adult size. Survivorship by the end of the second half year
of life (second half year after mark) averaged 17% (Figure 5-6,
Tables 5-3 and 5-4). Thereafter, the rate of decline parallels that
of subadults and adults.

We examined the number of bats caught in each half year
versus the number known to be alive in that half year (Figure
5-7, Table 5-11) to understand the probable causes for the more
rapid decline from the first to second half year of life in
juveniles. The consistently higher percentage of males caught
of those known to be alive in the first half year after being
marked reflects an initially higher recapture rate among males
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FIGURE 5-6.—Survivorship curves of the three age classes of Artibeus jamaicensis marked on BCI and adjacent

mainland from 1976 to 1980.
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FIGURE 5-7.—Comparison of numbers of Artibeus jamaicensis marked on BCI and adjacent mainland and
recaptured in the first and second half years after mark. Values plotted are recaptures expresssed as percentages
of the numbers known to be alive in the same half year; open circles = females, closed circles = males. Adults,
(a) first half year and (b) second half year of life; subadults, (c) first half year and (d) second half year of life; and
juveniles, (e) first half year and (f) second half year of life.

65



66

(more recaptures within a shorter time). The same pattern
among subadults (Table 5-12) and adults (Table 5-13) for the
half year following their being marked suggests behavioral
differences between the sexes that in turn increases susceptibil-
ity to recapture among males. The pattern is similar among the
three age classes for the second half year after mark, except that
the relationship is reversed for juveniles in the fall of 1977 and
the spring of 1978, and for subadults in the fall of 1978.
Thereafter, there is no pattern emphasizing greater catchability
of males.

Juveniles of either sex marked in their first half year of life
are known to be alive in the second half year in about equal
numbers (Tables 5-3 and 5-4; 30% for males versus 32% for
females). Nevertheless, by the third and fourth half years, the
survivorship rate is higher in females (21% versus 14%, X2 =
13.383, P <0.01, for third half year; 14% versus 9%, X? =
9.159, P <0.02), suggesting either greater mortality in males,
differential emigration, or both, along with possible leamed net
avoidance resulting from higher actual recapture rate during the
first year after mark.

Chi-square analysis of bats marked as juveniles showed
some significant differences in survivorship correlated with sex
and season of birth. In general, females have higher survival
rates than males. Spring newborn of both sexes survive better
into the second half year of life than do fall newborn with the
difference between season of birth for females significant at the
0.05 level (35% versus 28%, respectively; X2 = 6.103). In
subsequent half years, the survival rate is similar regardless of
birth season. Spring-born young may have the advantages of
long gestation (seven months versus four), birth in the dry
season, weaning at the beginning of the wet season, and
attainment of subadult age (and near adult size) by the time of
fig scarcity at the height of the rains. Fall-bom young, the
product of a short (4-month) gestation period, are born in the
wet season, weaned at the height of the rains when ripe figs are
beginning to be scarce, and become subadults in the dry season.

Preweaning events such as length of gestation and coinci-
dence of birth with wet or dry seasons, may have little effect on
survival of baby bats. Postweaning conditions, however, when
young bats are on their own for the first time, may be critical.
Fall-born bats are weaned in the season of heaviest rains when
there is a greater probability of getting wet while foraging. The
likelihood of getting wet is increased by the scarcity of figs
because there is more reason to fly in the rain if quality food is
harder to find. Wetting and consequent chilling could be fatal
for weanling A. jamaicensis because of their restrictive,
relatively inflexible energy budget (see Section 2, Physiology).

Survivorship to the second half year (first half year after
mark) is not significantly different for males and females
marked as juveniles. However, females appear to survive at a
higher rate by the third and fourth year (P < 0.01 and P < 0.02,
respectively; based on data in Tables 5-3 and 5-4). Survival in
the third half year (second half year after mark) favored
fall-born females over fall-born males (P < 0.05). Reasons for
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these differential survival rates are unclear. The higher initial
recapture rate characteristic of males and their higher subse-
quent attenuation rate in the population are both reflected in
these rates. Nevertheless, we can not be sure how much of the
apparent attenuation rate actually reflects greater differential
emigration by males (higher probability of continued residency
by females) instead of mortality.

SUBADULTS.—Speculation on survival and recapture rates of
bats marked as subadults must include the assumption that
these bats are already in the second half year when first
captured. Bats marked as subadults in the fall were born the
previous spring, and those marked in the spring were born the
previous fall. Therefore, the first half year after being marked is
the third half year after birth. Any comparisons of these records
with those of juveniles are on this basis.

There is some unavoidable “slop” in aging subadults.
Subadults caught late in the fall include all individuals born in
the previous spring and some born early in the fall. In the first
weeks of spring the pool of subadults includes all young of the
previous year, and should be at its largest. Midway through
spring the pool should have diminished to its lowest level
because most have become adults (reproductive) regardless of
age. Later in the spring, juveniles of that spring begin to cross
the threshold to subadulthood. However, numbers of subadults
marked in the fall greatly exceed the number marked in the
spring (Tables 5-5, 5-6, and 5-9). This is simply because in a
year-round capture program, most of the subadults are captured
and marked in the fall, leaving fewer unmarked bats to be
captured in the spring. Bats are aged as juveniles only on the
basis of open epiphyses of the metacarpals and phalanges of the
wings. Transition from juvenile to subadult status (ossification
of the epiphyses in the wing) is relatively rapid (see Section 3,
Reproduction in a Captive Colony).

Assuming that subadults already are in their second half year
when first captured, survival rate is slightly higher than in
juveniles (Figure 5-6). Nevertheless, the proportional loss from
the population of the cohort marked as juveniles through the
second half year after marking must have already been
absorbed by the cohort marked as subadults when these bats
complete the first half year after having been marked. Reasons
for that loss are the same as those outlined for losses among
bats marked as juveniles, except that necklace loss may not be
as important a factor.

Observed overall survivorship through the first half year
after mark (34%) for subadults was not significantly different
from that for juveniles (32%, X2 = 3.225), whereas recapture
rate for the second half year after mark was significantly lower
(17% versus 23%, X% = 22.300, P < 0.001) for juveniles (Tables
5-3 and 5-5). The highest survival rate for bats marked as
subadults was 43% in the fall of 1978 (males, 45%; females,
39%; Table 5-9). As we suggested for our survivorship data on
juveniles, the survival rate for subadults is undoubtedly higher
than the 43% we recorded during the seven half-year periods in
which we accumulated survivorship data. If we restrict our data
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to bats marked on BCI (including Orchid Island), highest
survival rates for A. jamaicensis marked as subadults are for
bats marked in the spring of 1979 (males, 48%; females, 41%;
Table 5-10). Conservative cumulative survivorship values also
reflect the progressively shorter time we had from which to
record a survivor as this phase of the project neared its end. The
proportion of implied “mortality” resulting from emigration is
unknown, but may be offset by immigration from other
populations.

ADULTS.—Survival among adults parallelled that of suba-
dults (Figure 5-6, Tables 5-7 and 5-8). Observed overall
survivorship through the first half year after mark (30%) for
adults was not significantly different from that for juveniles
(32%) or subadults (34%, X? = 3.225), whereas survival for the
second half year after mark was the same as that for subadults,
but significantly higher (23% versus 17%, X? = 22.300, P
<0.001) than that for juveniles (Figure 5-6; Tables 5-3, 5-5,
and 5-8). The highest survival rate for bats marked as adults
was 43% in the fall of 1977 (males, 41%; females, 45%; Tables
5-7, 5-8, and 5-9). As suggested for our survivorship data on
juveniles and subadults, the survival rate for adults is
undoubtedly higher than the 43% we recorded. If we restrict
our data to bats marked on BCI (including Orchid Island),
highest survival rates for A. jamaicensis marked as adults are
for bats marked in the fall of 1976 (males, 39%; females, 49%;
Table 5-10). However, survival estimates based only on bats
marked in the fall of 1976 are not comparable to estimates from
other half years because the numbers of bats known to be alive
accrued from the second half year after mark (fall 1977) instead
of from the first half year as in all other periods.

Adults as an age group are much more heterogeneous in
actual age than are either subadults or juveniles. Nevertheless,
the attenuation rate of adults closely traced the survival curve
for subadults (Figure 5-6) and indicates that the factors
contributing to losses act similarly in kind and degree on A.
Jjamaicensis marked as either subadults or adults. The only
factor distinguishing the survival rates of adults from those of
the other age cohorts is the higher rate of loss of males from the
marked sample.

GENERAL OBSERVATIONS.—Thus far in this section we have
concentrated on examining our mark and recapture record to
extract information of possible demographic interest, except for
estimating the size of the bat population on BCI (see Section 6,
Population Estimates). Our survival estimates are based on the
numbers known to be alive as determined from the entire
capture-recapture record. To better estimate actual survival
would require a longer mark and recapture record, and would
require that estimates for necklace loss, net avoidance, and
emigration be factored into the results.

Although we have used the term survival when discussing
recaptures and relative abundance, we acknowledge our
sometimes loose interpretation of the word. There are other
terms, such as “residency,” that we could have used. However,
even that seemingly appropriate term has its drawbacks,
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because we have been unable to adequately measure site
fidelity and can not distinguish between and among the
possible resident and visitor (or vagrant) categories of bats.
Also, we do not know how far an A. jamaicensis, belonging to
any of these residency categories, will travel to visit a fruiting
tree (see Section 7, Movements).

Our information on necklace loss is based on 5 of 73 (6.8%)
A. jamaicensis that were double banded (necklace and
wingband) and subsequently recaptured without a necklace.
These bats had been wing-banded before 1975 and, therefore,
were all adults when necklaced. Some loss occurs when the
bats are being removed from the net and the necklace slips over
the head after becoming caught in the mesh. We do not know
what other circumstances contribute to necklace loss. Although
lacking supportive evidence, we suspect that loss is higher for
bats marked as juveniles because we must apply necklaces that
fit adults. The looser necklaces could be more easily slipped
over the head of juveniles if this is the usual means for necklace
loss. Fleming (1988) reported a low rate of necklace loss
(6.5%) in Carollia perspicillata and said that losses sometimes
occurred several years after marking.

Frequency of capture seems to have less to do with age than
with sex. The two A. jamaicensis captured most often were
males. Out of 8907 individuals marked between October 1976
and June 1980, only one was captured 11 times, and another
was captured ten times. The male with ten captures was marked
as a juvenile and recaptured three times in the next four months
as a subadult, and six times in the next 14 months as an adult.
Its age when last caught was just under two years. The bat with
11 captures was marked as a subadult, recaptured four months
later as a subadult, and then nine times in the next 14 months as
an adult. At last capture it also was about two years old. Of the
four captured nine times each (Figure 5-4, Table 5-2), one was
a female and three were males. Although approximately equal
numbers of males and females were caught five or more times,
males had consistantly shorter overall capture records. Only 13
males with five or more captures had records of 30 or more
months between mark and last recapture, and only one of these
exceeded 40 months. However, 35 females had full capture
records of 30 or more months and ten had records exceeding 40
months.

We believe that most bats are easier to capture the first time
than subsequently, regardless of age. The frequency-of-capture
curve (Figure 5-4) is steep at first: 57% caught once, 25%
caught only twice, and thereafter levels out. The remaining
18% (1683 bats) were recaptured two or more times (2975
records; recapture rate averaged 1.77). The survival curves for
each age cohort (Figure 5-6) is similarly steep at first and
thereafter levels out.

Sex Ratio

Our sample of almost 17,000 records of A. jamaicensis
shows that both adult and subadult females outnumber adult
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and subadult males 55:45, while juvenile females are
outnumbered by juvenile males 48 : 52 (Table 5-14). The
recapture histories of bats marked as juveniles also support the
contention that females have higher survival (or residency)
potential than males (Tables 5-3 and 5-4). The differences,
however, are not significantly different from an even sex ratio
(X2=5.25; P =0.02).

To determine if there was seasonal variation in sex ratios we
organized our data (Table 5-14) into half years with January-
June representing the dry season (three half years) and
July-December representing the wet season (five half years).
In the adult sample (n = 7594), females were in the majority in
every half year. In the subadult sample (n = 4856) females
predominated in six of the eight half years. Males predominated
in two of the three dry seasons in the sample. Among juveniles
(n = 4516) more males than females were caught during the wet
season. Although not statistically significant (X2 = 1.13; P =
0.29), ratios favored juvenile females during two of the dry
seasons and were equal in the third.

We obtained a different subset of sex-ratio data from
roostlings in the two canal-marker roosts we sampled at Buena
Vista and Pefia Blanca. Young large enough to mark, but
probably still nursing, totaled 45. Females outnumbered males
26:19 (58% : 42%), not far off of the 55 : 45 ratio seen in
mist-netted adults and subadults, but the near converse of the
48 : 52 ratio found among mist-netted juveniles. A possible
explanation is that juvenile males may leave or be ejected from
the maternity roost earlier than female offspring. Judging from
the observation that we seldom recaptured bats in the roost
where they were marked as juveniles, we believe that all young
of both sexes must disperse before they reach adulthood.
Subadult sex ratio in the roosts was 27 : 1. None of the 27
subadult females had a previous history in either canal-marker
Toost.

Age

If most of the adult females produce two young per year, and
if adults and young are equally catchable, then the number of
nonadults in our mist-netted sample in any year should
approach twice the number of adult females. Only in 1979 did
we have a high level of effort distributed fairly evenly through
the year (Table 5-15). In 1979, all captures of adult A.
Jjamaicensis totaled 2609 (Table 5-16). This translates to 1435
females (2609 x 0.55) and the prospect of 2870 young (1435 X
2). Our actual catch of juvenile and subadult A. jamaicensis for
the year was 2891. In spite of poor distribution of catch effort
during some years, the proportion of young to adult females in
three of the five years was reasonably close t02 : 1 (3: 1 in the
other two years).

To determine actual distribution of age in the population of
A. jamaicensis on BCI and vicinity (Figure 5-8) we looked at a
small subset (n = 225) that had been marked as juveniles or
subadults and recaptured at least four times. Among these
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known-age bats, the mean age at last capture was 2.02 yrs in the
females (n = 110) and 1.65 yrs in the males (n = 115). The
average for the whole sample (n = 225) was 1.83 yrs. Of the 115
males in the sample, 91 were two years old or less at last
capture and only 24 were more than two years old. Fifty-nine of
the females were two years old or less at last capture and 51
were more than two years old. The oldest male was four and the
oldest female was 6.5 years old.

Mortality

With potentially great longevity, and with most female A.
Jamaicensis producing two young each year, the species must
be under severe population controls. Death rate must be high,
but its causes are speculative. Mortality factors include
starvation, predation, accidents, and disease, but we have little
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