
Folivory in Fruit-Eating Bats, with New Evidence from Artibeus jamaicensis (Chiroptera:
Phyllostomidae)
Author(s): Thomas H. Kunz and Carlos A. Diaz
Source: Biotropica, Vol. 27, No. 1 (Mar., 1995), pp. 106-120
Published by: The Association for Tropical Biology and Conservation
Stable URL: http://www.jstor.org/stable/2388908 .

Accessed: 04/08/2013 20:36

Your use of the JSTOR archive indicates your acceptance of the Terms & Conditions of Use, available at .
http://www.jstor.org/page/info/about/policies/terms.jsp

 .
JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of
content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms
of scholarship. For more information about JSTOR, please contact support@jstor.org.

 .

The Association for Tropical Biology and Conservation is collaborating with JSTOR to digitize, preserve and
extend access to Biotropica.

http://www.jstor.org 

This content downloaded from 160.94.45.157 on Sun, 4 Aug 2013 20:36:59 PM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/action/showPublisher?publisherCode=tropbio
http://www.jstor.org/stable/2388908?origin=JSTOR-pdf
http://www.jstor.org/page/info/about/policies/terms.jsp
http://www.jstor.org/page/info/about/policies/terms.jsp


BIOTROPICA 27(1): 106-120 1995 

Folivory in Fruit-eating Bats, with New Evidence from 
Artibeus jamaicensis (Chiroptera: Phyllostomidae)1 

Thomas H. Kunz 

Department of Biology, Boston University, Boston, Massachusetts 02215, U.S.A. 

and 

Carlos A. Diaz 

U.S. Fish and Wildlife Service, Caribbean Field Office, Boqueron, Puerto Rico 00622, U.S.A. 

ABSTRACT 
We review reports of leaf-eating by bats and present new evidence for folivory by leaf fractionation for the neotropical 
bat Artibeus jamaicensis (Chiroptera: Phyllostomidae). Leaf-eating has been reported for at least 17 species of Old- 
World Megachiroptera and four species of New World Microchiroptera. Leaves eaten by bats indude at least 44 
species of plants represented by 23 different families. Plant families which account for the greatest species richness 
(numbers of species given in parentheses) indude the Leguminosae (12), Moraceae (4), and Solanaceae (4). Evidence 
for folivory by A. jamaicensis is based on captures of bats carrying leaves, and collections of whole and partially 
chewed leaves and discarded pellets recovered from beneath feeding roosts. Whole leaves carried into caves by A. 
jamaicensis and partially chewed, but discarded leaves included Erythrina poeppigiana, Ficus sp., and Calophyllum 
calaba, in decreasing order of frequency. Bats captured while carrying Erythrina leaves were most often mature males. 
Erythrina poeppigiana leaves are relatively high in protein (> 19% dry-matter content) and low in fat (- 1%). Our 
observations that A. jamaicensis selects and chews leaves high in protein and rejects protein-poor, fibrous pellets, 
support the hypothesis that these bats extract liquid fractions which contain a reliable source of dietary protein. 
Although we have no direct evidence that male or female A. jamaicensis transport leaves to feeding roosts located 
outside of caves, we suggest that liquid fractions derived from leaves may provide females with an important source 
of protein, especially during periods of pregnancy and lactation. Folivory, once thought to be rare among plant- 
visiting bats, may in fact be quite common and widespread, especially among species that feed largely on fruits which 
are low in protein. 

Key words: Artibeus jamaicensis; Erythrina poeppigiana; folivory; leaf-fractionation; Megachiroptera; Microchiroptera; 
Phyllostomidae; protein. 

THE RICH SOURCE OF SOLUBLE NUTRIENTS AND ENERGY 

PRESENT in leaves presumably was a major factor in 
the evolution of obligate folivory for many terrestrial 
mammals. Most modern-day folivorous mammals 
have evolved highly specialized structures and en- 
zymes which facilitate the extraction of lignin- and 
cellulose-bound nutrients and energy (Eisenberg 
1978, Hume 1989). Many of these taxa also have 
evolved unique specializations that reduce the ad- 
verse effects of secondary compounds present in 
leaves (Freeland & Janzen 1974, Rhodes & Oates 
1976). Among the most important adaptations 
leading to the evolution of folivory in mammals are 
selection for specialized dentition and gut mor- 
phology that enhances mechanical digestion and 
prolongs gut retention, and microbial digestion 
needed to extract nutrients and energy from undi- 
gestible plant fibers. 

Although the dentition and digestive tract of 
phytophagous bats are highly specialized for pro- 
cessing fruits and nectar (Forman et al. 1979, Ted- 
man & Hall 1985, Richardson et al. 1987, Forman 
1990), these flying mammals lack the elongated, 
enlarged, and specialized compartments of the gut 
found in strictly folivorous taxa. In fact, the intestine 
of tropical frugivorous bats is only about one-third 
the length of a comparable size folivorous rodent, 
and food transit-time is relatively rapid in most bats, 
usually less than 30 min (Klite 1965, Tedman & 
Hall 1985, Fleming 1988). The relatively short gut 
and rapid food transit time in bats are thought to 
be adaptations associated with the evolution of aerial 
locomotion (Norberg & Rayner 1987, Norberg 
1990, Kunz & Ingalls 1994). Leaf- or fruit-frac- 
tionation, by the mastication of leaves and fruit into 
a bolus, swallowing the liquid fraction, and dis- 
carding the bolus as a fibrous pellet (Lowry 1989, 
Handley & Morrison 1991), appears to be one way 
that plant-visiting bats are able to exploit the nu- 

i Received 13 August 1993; revision accepted 29 March 
1994. 
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Folivory in Bats 107 

trients in leaves without increasing the size of their 
digestive tract and food load (Kunz & Ingalls 1994). 

Plant-visiting bats from the Neo- and Paleo- 
tropics are known to feed on a variety of.plant 
products, induding flowers, pollen, fruit, nectar, 
and leaves (Gardner 1977, Marshall 1985, Wiles 
& Fujita 1992). Notwithstanding, direct evidence 
for the consumption of leaves, or their liquid frac- 
tions, has rarely been observed or been reported for 
bats (but see Cunningham van Someren 1972, 
Richards & Provic 1984, Lowry 1989, Zortea & 
Mendes 1993, Bhat 1994, Zortea 1994). This pau- 
city is not surprising when one considers that liquid 
fractions of leaves, as well as nectar and fruit juices, 
are not likely to be detected using standard fecal or 
stomach-content analyses, especially when these 
fractions coexist with relatively easily identified seeds, 
pollen, and insect parts. Based on fecal analysis or 
stomach-content analysis, even nectar and fruit will 
be judged as uncommon, unrecognizable, or absent. 
For example, Fleming (1988) noted that the stom- 
ach contents of A. jamaicensis collected in Costa 
Rica contained (by volume) 66 percent "plant ma- 
terial," 25 percent insects, and nine percent "un- 
classified material." We suspect that some of the 
plant and undassified material in Fleming's and 
similar studies, in which food habits of frugivorous 
species have been reported, may reflect the highly 
masticated fruits and liquid fractions of fruits and 
leaves. Nectar consumption is often inferred from 
direct observation, by the presence of pollen in stom- 
ach contents and feces, or from its occurrence on 
the pelage of bats (Law 1992). Consumption of 
insects can be inferred by the presence of finely 
chewed insect parts in the feces or from culled parts 
dropped by bats beneath feeding roosts. Rejected 
seeds and culled insect parts are most likely to be 
observed beneath feeding roosts in a forest than 
would the culled parts of leaves and rejected, fibrous 
leaf-pellets. 

Whole or partially chewed leaves dropped by 
bats beneath feeding roosts are quite likely to be 
overlooked in forested regions if the partially chewed 
leaves are attributed to the activities of leaf-eating 
insects, if they decompose rapidly, or if they are 
inconspicuous among other plant materials that may 
be deposited or dropped onto the forest floor. Par- 
tially chewed leaves and leaf pellets are more likely 
to be observed and attributed to bats if they are 
found beneath traditional feeding roosts in caves or 
on roads and other man-made surfaces in urban 
areas. It is interesting to note that Handley and 
Morrison (1991) observed discarded pellets beneath 
feeding roosts in trees based on the consumption of 

fruit by Artibeusjamaicensis, but they did not report 
discarded leaf pellets. Bhat (1994) reported leaf 
pellets beneath feeding roosts of Cynopterus sphinx 
in urban areas. 

Most reports of folivory by Old-World fruit 
bats (Megachiroptera: Pteropodidae) and New 
World fruit bats (Microchiroptera: Phyllostomidae) 
are anecdotal (Table 1). These findings reveal that 
leaf-eating has been observed in at least 17 species 
of the Megachiroptera and four species of the Mi- 
crochiroptera. Notwithstanding, there are few re- 
ports of year-around leaf consumption based either 
on the analysis of fecal remains, leaf parts discarded 
beneath roosts (Lowry 1989, Parry-Jones & Augee 
1991a, Bhat 1994), or direct observation (Zortea 
& Mendes 1993). Periodic episodes of relatively 
high leaf intake (16.9-22.4% by volume) have 
been reported for Pteropus poliocephalus (Parry-Jones 
& Augee 199 la) and Cynopterus sphinx (Bhat 1994). 
Bhat (1994) noted that leaf-eating was common in 
each month of the year for C. sphinx, and reported 
that in addition to feeding on fruit of 23 species of 
plants, it also consumed leaves from eight species 
(see Table 1). Leaves are also eaten year-around by 
the New World phyllostomid, Artibeus lituratus, 
with the greatest number of species consumed in 
August and September (Zortea and Mendes 1993). 
The latter authors found that the consumption of 
leaves and fruit by A. lituratus (based on dry mass 
of pellets) accounted for 5.6 percent and 94.4 per- 
cent respectively. Zortea (1994) also found that 
Platyrrhinus (Vampyrops) lineatus consumed leaves 
in a manner similar to that reported for A. lituratus. 

Published reports of leaf consumption and ev- 
idence that the liquid fractions of some leaves are 
high in protein (Telek & Martin 1983, Lowry 1989) 
suggests that leaves provide an important source of 
dietary protein for fruit-eating bats. In fact, it is 
well-known that other fruit-eating mammals (e.g., 
some primates) regularly supplement their protein- 
poor diets with insects, buds, and leaves (Table 2). 
Although there have been several anecdotal reports 
of whole or partially chewed leaves found beneath 
roosts of New World bats (A. jamaicensis, A. Ii- 
turatus, Platyrrhinus lineatus, and Micronycteris 
hirsuta), evidence for folivory generally has been 
indirect and circumstantial. This includes reports of 
Ficus religiosa leaves being found beneath roosts of 
Artibeus lituratus in Trinidad (Goodwin & Green- 
hall 1961), "twigs and leaf pellets" found beneath 
cave roosts of A. jamaicensis in Mexico (Tuttle 
1968), leaves of Ficus maxima found beneath roosts 
of A. jamaicensis in Cuba (Silva-Taboada 1979), 
and leaves of Solanum torvum beneath cave roosts 
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of A. jamaicensis in Colombia (T. Lemke, pers. 
comm.). Chewed leaves also have been reported 
beneath a cave roost of Micronycteris hirsuta (Wil- 
son 1971), although since this species is a gleaning 
insectivore, it is quite likely that leaves were taken 
fortuitously by this bat, or perhaps were deposited 
by another leaf-eating species. Recent observations 
reported by Zortea and Mendez (1993) and Zortea 
(1994) provide solid evidence of folivory by New 
World phyllostomids. 

In the present study, we report new observations 
of folivory by leaf-fractionation for the phyllostomid 

bat A. jamaicensis, and discuss these and other 
reports of folivory by bats from the perspectives of 
nutritional ecology and life-history characteristics. 
Artibeusjamaicensis is a common neotropical mem- 
ber of the family Phyllostomidae. It roosts singly 
or in small groups in hollow trees, caves, and be- 
neath foliage (Goodwin & Greenhall 1961; Good- 
win 1970; Foster & Timm 1976; Morrison 1979, 
1980; Morrison & Morrison 1981; Kunz et al. 
1983; Timm 1987; Handley et al. 1991; Kunz et 
al. 1994). Artibeus jamaicensis has a polygynous 
mating system, where single, mature males defend 

TABLE 2. Mean percent dry-matter content (%o DM) of protein reported for selected food items eaten by phytophagous 
bats (C) and primates (P). 

Percent Mammal 
Plant family and species Plant part DM Reference taxon 

Anacardiaceae 
Mangifera indica Fruit 4.6 Hladik et al. 1971 P 
Spondias mombin Fruit 4.3 Hladik et al. 1971 P 
Spondias mombin Fruit 3.4 Fleming 1988 C 

Guttiferae 
Calophyllum walkeri Mature leaves 7.3 Oates et al. 1980 P 

Leguminosae 
Erythrina poeppigiana Mature leaves 19.1 Present study C 
Erythrina poeppigiana Leaves 23.6 Telek and Martin 1983 C 
Erythrina excelsa Mature leaves 20.2 Choo et al. 1981 C 
Acacia collinsi Fruit 2.6 Fleming 1988 C 
Albizia lebbek Leaves 30 Irvine 1961 C 
Albizia lebbek Leaves 38 Lowry 1989 C 
Leucaena leucocephala Leaves 21.23 Telek and Martin 1983 C 
Tamarindus indica Leaves 8.17 Telek and Martin 1983 C 

Moraceae 
Cecropia peltata Mature leaves 12.50 Hladik et al. 1971 P 
Cecropia peltata Fruit 5.0 Hladik et al. 1971 P 
Cecropia peltata Fruit 3.9 Fleming 1988 C 
Cecropia eximia Young leaves 10.11 Hladik et al. 1971 P 
Ceiba pentandra Young leaves 22.31 Milton 1981 P 
Chlorophora tinctora Fruit 3.2 Fleming 1988 C 
Ficus capensis Fruit 4.0 Thomas 1984 C 
Ficus insipida Fruit 1.54 Morrison 1980 C 
Ficus insipida Mature leaves 10.59 Milton 1981 P 
Ficus ovalis Fruit 2.1 Fleming 1988 C 
Ficus ovata Fruit 2.9 Thomas 1984 C 
Ficus yopensis Young leaves 11.56 Milton 1981 P 
Ficus vallis-choudae Fruit 3.32 Hladik et al. 1971 P 

Musaceae 
Musa apientum Fruit 3.40 Hladik et al. 1971 P 
Musa paradisiaca Fruit 1.31 Calvert 1985 P 

Myrtaceae 
Psidium guajava Fruit 0.60 Hladik et al. 1971 P 

Piperaceae 
Piper amalago Fruit 6.0 Fleming 1988 C 
Piper jacquemontianum Fruit 4.0 Fleming 1988 C 

Solanaceae 
Solanum spp. Fruit 13.4 Calvert 1985 P 
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tree hollows (Morrison & Morrison 1981), solution 
cavities in caves (Kunz et al. 1983), and leaf-tents 
(Kunz & McCracken 1995) from intrusions by oth- 
er males. This bat is considered to be mostly fru- 
givorous in its diet (Gardner 1977, Bonaccorso 1979, 
Morrison 1980, Handley et al. 1991), although 
reports of insect, nectar, and pollen suggest that 
other items are sometimes taken. 

MATERIALS AND METHODS 
In the course of our study on the social organization 
of cave-roosting A. jamaicensis in Puerto Rico (Kunz 
et al. 1983), we observed several whole and partly- 
chewed leaves of Erythrina poeppigiana and fresh 
leaf-pellets discarded beneath harem roosts in Aguas 
Buenas Cave. To substantiate these observations, 
we sampled discarded leaves and other plant parts, 
fruit and leaf pellets, and feces, that were deposited 
beneath both harem and feeding roosts of A. ja- 
maicensis at this and several other caves in Puerto 
Rico. Observations of leaf eating (and leaf transport) 
were made during each month of the year, although 
most observations and collections were made in the 
months of January, May, June, and July (1985- 
1992). 

To sample diet composition, we placed litter 
traps beneath five active harem roosts in Aguas 
Buenas Cave. Each trap consisted of a 1 m2 wood 
frame (lined with opaque plastic sheeting) and at- 
tached in the center to a 1.5 m-long wooden pole. 
The free end of each pole was forced into the soil 
of the cave floor to prevent rats, snails, and land 
crabs from either disturbing or devouring the sam- 
ples. Plastic linings were removed each day and the 
records of leaves, leaf pellets, fruit pellets, and fecal 
"splats" were collected. Leaf samples and leaf pellets 
were stored in plastic vials. Fecal splats were outlined 
on the plastic liner with a colored marker, scraped 
from the plastic, and placed in plastic vials. These 
samples were then frozen in liquid nitrogen or placed 
on dry ice and transported to Boston University 
where they were then analyzed. 

In the period from May through July 1985, 
we set mist nets at weekly intervals at one of the 
upper entrances to Aguas Buenas Cave, and con- 
tinuously tended these nets from sunset to sunrise. 
As bats were removed from the net, we noted their 
sex, age dass (adult or juvenile), and whether they 
were carrying plant parts. We also recorded their 
body mass (0.1 g) and forearm length (0.1 mm). 
Females were palpated to determine whether they 
were pregnant, lactating, or in non-breeding con- 

dition. For males we also measured the length of 
the testes. All linear measurements were taken with 
metric dial calipers, and body mass was taken with 
a Pesola spring scale (after Kunz et al. 1983). Each 
bat was marked on the forearm with a plastic, 
numbered wing band (A.C. Hughes, Ltd.) and re- 
leased at the site of capture after being processed. 

Leaf samples of Erythtina peoppigiana were col- 
lected from trees near Aguas Buenas Cave and at 
several localities in western Puerto Rico, near May- 
aguez, and frozen on dry ice for later analysis. Dry- 
mass protein content was determined by the meth- 
ods of Marks et al. (1985). Lipid content of leaves 
was determined using petroleum-ether extraction 
(Herbst 1988). We have used the nomendature of 
Little et al. (1977) for the plant taxa in Puerto 
Rico. 

RESULTS 
Leaf-eating has been reported for at least 17 species 
of Old-World Megachiroptera and four species of 
New World Microchiroptera (Table 1). Leaves of 
at least 44 species of plants representing 23 different 
families are eaten by these bats. Plant families which 
account for the greatest species richness (numbers 
of species given in parentheses) include the Legu- 
minosae (12), Moraceae (4), and Solanaceae (4). 
In addition to leaves, some members of the Pter- 
opodidae eat other non-conventional plant parts, 
induding leaf petioles, flower buds, and stems. 
Whether these parts provide essential nutrients or 
provide sources of energy during food shortages has 
not been determined. We suspect that whole leaves 
are seldom consumed by most species of bats, but 
rather the leaves probably are chewed and the sol- 
uble contents are extracted by what Lowry (1989) 
referred to as "green-leaf fractionation" (see Telek 
& Martin 1983). Essentially, green-leaf fraction- 
ation involves bats chewing whole leaves, extracting 
the soluble contents while forming fibrous pellets, 
and later rejecting the pellets upon the completion 
of chewing. Leaves reportedly taken by bats indude 
both new and mature leaves, although there has 
been no systematic examination of leaf quality or 
quantity, or whether leaves are selectively consumed 
by all or only some members of a particular species. 

We collected discarded fruit parts, whole and 
partially chewed leaves, discarded leaf and fruit pel- 
lets, and seeds of nine species of plants beneath 
harem and feeding roosts of Artibeus jamaicensis. 
Species identified from discarded fruit parts indude 
Calophyllum sp., Clusia rosea, Piper aduncum, and 
Spondias mombin. The only flower parts (calaces) 
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taken in the traps were from Eugenia jambos, but 
since fruits often retain their inflorescences, we sus- 
pect that fruits and not flowers were eaten. Small 
seeds were common in fecal samples, with seeds of 
Ficus cittifolia recorded in 76 out of 149 fecal 
samples, as was Solanum torvum (56%) and Cecropia 
peltata (13%). Insect remains were recorded in 25 
percent of the fecal samples, although some of the 
insects (2 coleopterans, 5 hymenopterans, I dip- 
teran) were found intact, suggesting that there was 
contamination of feces by cavemiculous flying in- 
sects which may have been attracted to the feces 
and discarded fruit parts. 

Discarded whole leaves, partially chewed leaves, 
and leaf pellets from Calophyllum calaba, Ficus sp., 
and E. poeppigiana were found in fecal traps, but 
only those from E. poeppigiana were recorded con- 
sistently (N = 25 nights). We found no evidence 
that only certain parts of leaves were selectively eaten 
or rejected, although in many instances the basal 
lobes of leaves, including the petiole, were missing 
from the discarded or dropped leaves (Fig. 1). From 

these observations it appears that leaves, including 
the petioles, are regularly eaten by A. jamaicensis. 
Most, if not all, of the whole leaves and leaf parts 
that we found beneath roost sites were mature. Trees 
of each the above species were abundant in the 
vicinity of Aguas Buenas Cave. Since whole leaves 
or leaf parts from Calophyllum and Ficus were only 
recorded on two occasions, this suggests that A. 
jamaicensis may prefer leaves of E. poeppigiana over 
other species. 

Pellet counts made daily at each harem roost 
indicated that 6 to 12 leaf pellets were discarded 
each night. Freshly discarded leaf pellets were typ- 
ically green, highly fibrous, and could be distin- 
guished from rejected fruit pellets, which were most- 
ly yellow or orange (but sometimes green) and less 
fibrous than the pellets of leaves. We do not know 
how many pellets are produced from a single leaf. 
Discarded leaf pellets formed by A. jamaicensis were 
relatively uniform in shape and size (Fig. 1). Typ- 
ically, leaf pellets were ovoid and slightly flattened, 
with average length, width, and depth measure- 

FIGURE 1. Partially chewed Erythrina poeppigiana leaf and rejected leaf pellets collected beneath a harem roost of 
Artbeus jamaicensis in Aguas Buenas Cave, Puerto Rico. 
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ments (N = 42) of 6.7 ? 0.46 x 4.4 ? 0.23 x 
3.0 + 0.68 mm, respectively. Our nutrient analyses 
of several mature Erythrina leaves indicate a mean 
dry-matter protein content of 19.1 ? 0.7 mg/ 100 
mg and an extractable lipid component of 1.8 ? 
0.10 mg/100 mg. 

Of the 348 bats captured in 1985 as they were 
entering Aguas Buenas Cave, six were carrying Er- 
ythrina leaves. Each of the six bats was a mature 
male, although we could not confirm whether they 
were harem males since they were taken in mist nets 
(Kunz et al. 1983). When the leaf-carrying bats 
were removed from the net, each had a whole leaf, 
induding the petiole, in its mouth. Several other 
A. jamaicensis were captured while carrying whole 
leaves, but they either dropped them as they became 
entangled in the mist or they escaped before we 
could determine their sex and reproductive status. 
Since these individuals could not be positively iden- 
tified to sex or reproductive status we have not 
induded them as evidence of leaf carrying. 

DISCUSSION 
Our collections of discarded leaf parts, whole leaves, 
and rejected leaf pellets beneath roosts of A. ja- 
maicensis, and captures of mature males carrying 
fresh leaves provide additional evidence for folivory, 
by leaf-fractionation, by plant-visiting phyllostom- 
ids. As in other parts of its range, A. jamaicensis 
in Puerto Rico feeds mostly on fruits, but the leaves 
of E. poeppigiana appear to comprise an important 
dietary component, at least on a seasonal basis. 
Erythrina leaves are also eaten by A. jamaicensis in 
Colombia (T. Lemke, pers. comm.). Whether the 
protein-rich leaves of Eiythrina are preferred by A. 
jamaicensis, or whether this bat takes the most 
abundant and available leaves remains to be estab- 
lished. Consumption of Erythrina leaves has been 
reported in megachiropterans, including Pteropus 
tonganus on the island of Tonga (Harris & Baker 
1959). Rosevear (1965) suggested that Eidolon hel- 
vum probably consumed Erythrina leaves in Ugan- 
da. Similarly, Cunningham van Someren (1972) 
reported that Rousettus aegyptiacus foraged at Er- 
ythrina trees, returning to its day roosts to consume 
the leaves. Thus, there is evidence that some bat 
species prefer Erythrina leaves over others. 

WHY DO FRUIT BATS EAT LEAVES?-Since most fruits 
are low in protein (Table 2), many frugivorous 
vertebrates rely on alternative food sources to satisfy 
their protein requirements (Morton 1973, Thomas 
1984, Stellar 1986). Although Artibeusjamaicensis 

has been regarded as a fig (fruit) specialist by some 
investigators (e.g., Jimbo & Schwassmann 1967, 
Morrison 1978), more recently this bat has been 
considered to be a fruit generalist (Gardner 1977, 
Bonaccorso 1979, Handley et al. 1991). This latter 
view is supported by studies of Morrison (1980) 
who concluded that captive A. jamaicensis could 
not obtain sufficient proteins from eating only Ficus 
fruits. Similarly, Herbst (1986) found that captive 
Carollia perspicillata was unable to meet its protein 
requirements unless its diet included fruits of the 
protein-rich Piper amalago (see Fleming 1988). 

Given that most fruits are low in protein (Her- 
rea 1987), bats should either selectively feed on 
fruits that are high in protein (Table 2), select al- 
ternate food items that are rich in protein, or modify 
their feeding tactics to increase protein consumption. 
In the latter context, Thomas (1984) suggested that 
Old World megachiropterans may over-consume 
and then "dump" carbohydrates in order to meet 
their protein requirements from otherwise protein- 
poor fruits. A similar conclusion was made by Stellar 
(1986) for Pteropus poliocephalus. However, leaves 
of several tree species offer potentially rich sources 
of dietary protein that would obviate the need for 
Old-World fruit-eating bats to over-consume fruits 
as suggested by Thomas (1984) and Stellar (1986). 
For example, the mean protein content of E. poep- 
pigiana (- 19% dry matter-Table 2) is similar to 
values reported for E. excelsa (17% dry matter) 
which serves as an important protein source for some 
neotropical primates (Choo et a/. 1981). In fact, 
the dry-matter protein content of both species of 
Erythrina is considerably higher than values re- 
ported for leaves and fruits of many other plant 
species eaten by bats that have been analyzed for 
protein content. One exception is perhaps the leaves 
of Ceiba pentandra (Table 2). However, Solanum 
fruits also have a dry matter protein (13.4%) ap- 
proaching levels observed for Erythrina leaves and 
also could provide an important protein source for 
some fruit-eating bats at times or in regions where 
this tree regularly produces fruit. 

Some Old-World fruit-eating bats may resort 
to over-consumption of low-protein fruits (Thomas 
1984, Stellar 1986), others may gain sufficient 
amounts of protein from ingesting pollen (Law 
1992), and a few may ingest insects (Roberts & 
Seabrook 1989, Parry-Jones & Augee 1992). By 
contrast, echolocating New World fruit-eating bats 
are capable of capturing flying insects and other 
invertebrates as a source of protein (Fleming 1979). 
Although it has been suggested that A. jamaicensis 
indudes some insects in its diet (Gardner 1977), 
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our observations of fecal splats (May-July) indicate 
that few insects are taken, and there is little evidence 
that pollen comprises a significant proportion of its 
diet. In Gardner's (1977) review of food habits of 
the Phyllostomidae, he noted that insects were in- 
frequently induded in the diet of A. jamaicensis, 
although none were mentioned by Handley et al. 
(1991) as dietary items from their field study in 
Panama. In deriving an energy and nutrient budget 
for A. jamaicensis, Morrison (1979) estimated that 
0.86 g of insects containing 18 percent (wet mass) 
of protein would be needed to meet the daily protein 
requirement of this 45 g bat. This level of insect 
consumption would obviously require active pursuit 
of insects rather than fortuitous intake while eating 
fruit or other plant parts. 

Alternatively, consumption of the soluble frac- 
tion of protein-rich leaves could provide the daily 
protein needs of A. jamaicensis. Cunningham van 
Someren (1972) extracted 1.58 g of liquid from a 
5.8 g (fresh) Erythrina leaf. Assuming that A. ja- 
maicensis could extract an equivalent amount from 
an Erythrina leaf containing 19 mg total N/100 
mg protein (4.4-nitrogen-to-protein conversion fac- 
tor-Milton & Dintzis 1981), the consumption of 
the liquid fraction from a fresh 3-g Erythrina leaf 
would yield 155 mg of protein. Based on an esti- 
mated daily protein demand of 307 mg for a 50 
g Artibeus (Thomas 1984), and an assumed assim- 
ilation efficiency of 90 percent, two 3-g leaves would 
yield 278 mg of assimilated protein, which would 
almost satisfy its daily protein needs independent 
of quantities that may be present in ingested fruit. 

Because of the relatively low energy value of 
leaves, and the potential energetic constraints that 
a diet high in fiber is likely to impose on flight, it 
is not surprising that true folivory (ingestion of 
whole leaves) is absent in bats (Kunz & Ingalls 
1994). Although leaves potentially provide a super- 
abundant resource for phytophagous bats, the gen- 
erally slow digestion of leaves (Eisenberg 1978, 
Waterman 1984, Hume 1989) and the need for a 
more robust gut to handle larger food loads prob- 
ably would be enough to significantly reduce the 
efficiency of flight in bats (see Norberg & Rayner 
1987). A regular diet of whole leaves would require 
specialized morphological and physiological adap- 
tations (e.g., robust dentition, a large cecum or ru- 
men, and an elongated gut) that would most cer- 
tainly increase wing-loading and the energetic costs 
of flight. Among folivorous birds, only the weakly- 
ffighted hoatzin (Opisthocomus hoatzin) of South 
America (Grajl et al. 1989) and the kakapo (Stri- 
gops habroptilus), a flightless, nocturnal parrot of 

New Zealand, have evolved specialized foreguts 
that promote leaf digestion (Gill 1990). Some fo- 
livorous bird species have evolved specializations of 
the hindgut to promote the digestion of leaves (Gas- 
away 1976, Buchsbaum et al. 1986). 

Bats that feed on leaves appear to have over- 
come the problem associated with consuming a diet 
high in fiber, by extracting the leaf juices rather than 
ingesting the whole leaves. Cunningham van So- 
meren (1972) observed that R. aegyptiacus "con- 
sumed" leaves by biting a chunk of leaf, rolling it 
back and forth on the palate, sucking the juices, 
and expelling the fibrous remains. This method of 
eating is similar to the description of fruit con- 
sumption reported for A. jamaicensis (Morrison 
1978, Handley & Morrison 1991), a food-handling 
behavior that is also used when this and other species 
"consume" leaves. This description of food han- 
dling is also similar to that given by Lowry (1989) 
for how the liquid fraction of leaves is extracted by 
the megachiropteran Pteropus alecto. 

Why should a fruit-eating microchiropteran such 
as A. jamaicensis eat leaves when it is indeed capable 
of capturing and eating insects as sources of protein 
or other nutrients? We believe that leaves may be 
eaten instead of insects as a source of protein, not 
because leaves are necessarily more abundant, but 
because they should have a higher yield of protein 
per unit foraging effort. Although bats must fly to 
obtain both leaves and insects, leaves are predictable 
in space and time and less energy should be required 
in their pursuit and capture. Alternatively, some 
leaves may be eaten by frugivorous bats as a source 
of important minerals. Studier and Wilson (1991) 
suggested that the consumption of fruit juices rather 
than an entire fruit may be an important source of 
dietary sodium. Perhaps folivory by leaf fraction- 
ation also provides an important source of dietary 
calcium to bats (see Barclay 1994). 

New leaves of Eiythrtina poeppigiana are pro- 
duced over a 9-month period (March through De- 
cember) in Puerto Rico (Little et al. 1977). Al- 
though most Erythrina trees shed their leaves at the 
end of the rainy season, some retain their leaves 
well into the dry season, and some continue to 
produce new leaves especially if they do not flower 
during that year (A. Rodriguez-Duran, pers. comm.). 
Some leaves of Erythrina may be available to A. 
jamaicensis year-around, but our observations in- 
dicate that leaves of other tree species may be eaten 
when Erythrina leaves are less available. However, 
protein requirements of frugivorous bats may be 
relatively low during the dry season, since most 
nutrient-demanding periods of reproduction (late 
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pregnancy and lactation) coincide with the end of 
the dry season and the rainy season (May-Decem- 
ber). 

Our hypothesis that folivory by A. jamaicensis 
may be limited to adult males is supported by our 
observations that only mature males carried leaves 
into caves, and that small numbers of partially 
chewed leaves and rejected pellets were found mostly 
beneath harem roosts. Artibeus jamaicensis exhibits 
a type of social organization known as resource 
defense polygyny (Morrison 1979, Kunz et al. 1983, 
Kunz & McCracken 1995), in which harem males 
defend certain roost sites (e.g., tree hollows, solution 
cavities in caves, leaf tents) from intrusions by other 
males. This type of social organization by A. ja- 
maicensis appears to be accompanied by a foraging 
strategy where harem males principally forage in 
the vicinity of their harem roosts. Conversely, female 
A. jamaicensis often disperse from the area of their 
harem roosts and forage at greater distances and for 
longer times during the night (Morrison 1979, Mor- 
rison & Morrison 1981). Such gender-specific pat- 
terns of the nightly foraging have also been observed 
for Carollia perspicil/ata (Fleming 1988), Phyllos- 
tomus hastatus (McCracken & Bradbury 1981), and 
Cynopterus sphinx (Balasingh et al. 1995), in which 
harem males spend much of the night defending 
their roost sites. 

If the nightly foraging activity of a harem male 
A. jamaicensis is concentrated in the vicinity of its 
harem roost, and it spends non-foraging time oc- 
cupying and defending the harem roost, we could 
expect to find that most of the rejected food parts 
(partially chewed leaves, seeds, and fruit pulp) found 
beneath harem roosts are products of harem males. 
Conversely, if leaves and rejected plant parts are 
deposited in other areas, these could be attributed 
to females. Feeding roosts of female A. jamaicensis 
on Barro Colorado Island, Canal Zone, Panama, 
were often located in nearby trees different from 
those in which they roosted or took fruits. In Puerto 
Rico, where caves are abundant, entrance areas of 
some caves are commonly used as feeding roosts by 
A. jamaicensis (T. H. Kunz, pers. obs.). In both 
situations, it appears that feeding roosts may be 
chosen by females for their reduced accessibility to 
predators (see Handley & Morrison 1991). 

Typically, roost defense by harem male A. ja- 
maicensis includes regular surveillance throughout 
the night, interrupted by several brief foraging flights 
before returning to the roost (Morrison & Morrison 
1981). By making such brief foraging forays to 
"capture" a leaf and returning the leaf to its roost 
where it is consumed, a harem male would be able 

to maximize the amount of time allocated to roost 
defense, while at the same time minimize the amount 
of time it spends flying. By contrast, females fre- 
quently feed at greater distances from their day roost 
and usually do not return until after several hours 
of foraging (Morrison 1979, Morrison & Morrison 
1981, Handley & Morrison 1991). Thus, it is un- 
likely that leaf eating among females would be 
observed unless they transported leaves to the harem 
roost following their last nightly foraging bout. Our 
data from mist netting indicate that female A. ja- 
maicensis do not carry leaves back to harem roosts, 
although we cannot rule out that they do feed on 
leaves at feeding roosts at other locations. If leaves 
are eaten by female A. jamaicensis at feeding roosts 
located in a tree, it is quite likely that they would 
be overlooked, since rejected leaves and pellets are 
more difficult to distinguish on the forest floor than 
on the floor of a cave. Observations of leaves de- 
posited beneath feeding roosts near the entrances to 
caves, but away from harem roosts, suggests that 
some female A. jamaicensis may use these sites in 
a similar manner to feeding roosts in trees. Evidence 
for folivory, based on partially eaten leaves and 
pellets found beneath harem and feeding roosts in 
caves, is more likely to be observed at such roosts 
than in forested regions. 

Judging from our observations, we expect that 
females eat leaves to satisfy their protein intake, 
especially during the high nutrient demanding pe- 
riods of pregnancy and lactation. As with males, 
search and handling time would be lessened by 
eating leaves, and the net return on their investment 
would be higher than if they fed on insects. The 
cost-benefit ratio for protein intake by folivory ver- 
sus insectivory should be higher, since insectivory 
by bats usually involves active pursuit of mobile 
prey. We believe that a female A. jamaicensis could 
reduce its daily energy expenditure if it consumed 
leaves instead of insects during late pregnancy and 
lactation when energy and nutrient demands are 
expected to be the highest. Although the specific 
nutrient requirements for pregnant and lactating A. 
jamaicensis have not been determined, studies on 
some primates indicate that females increase their 
protein intake during lactation by consuming leaves 
(Gautier-Hion 1980). 

Folivory in bats may have other consequences, 
especially in relation to reproduction. For example, 
in the African pteropodids, Epomphorus walbergi 
and Rousettus aegyptiacus, both species are known 
to extract liquid fractions from the leaves of Bal- 
anites wilsoniana. Leaves of this plant contain two 
types of steroidal sapogenins (diosgenin and ya- 
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mosgenin); epimeres of which are used in the syn- 
thetic manufacture of steroidal hormones (Sofoura 
& Hardman 1973). Similarly, plants of the genera 
Erythrina and Solanum both produce alkaloids (es- 
pecially glycoalkaloids) of demonstrated toxicity to 
vertebrates. Since steroids are essential for hormone 
synthesis, the oral intake of these compounds by 
phytophagous bats may influence their reproductive 
activity (Wickler & Seibt 1964). Although Ery- 
thrina lacks the steroidal sapogenins (agylcones) 
found in Balanites, most members of the genus 
Erythrina, including E. poeppigiana, contain several 
secondary metabolites, including alkaloids (Telek & 
Martin 1983). Similar observations led Cunning- 
ham van Someren (1972) to suggest that Erythrina 
leaves may contain one or more metabolites (al- 
kaloids) important for reproduction by Rousettus 
aegyptiacus. Of these compounds, beta-erythroidine 
has a cortisone like (muscle relaxant) effect on mam- 
mals (Hargreaves et al. 1974). Since steroidal al- 
kaloids are known to be precursors of plant hor- 
mones (T. Swain, pers. comm.), these could be 
important in stimulating or inhibiting reproductive 
activity. Because steroid hormones such as andro- 
gens, gestagens, glucocorticoids, and mineralocor- 
ticoids play such a vital role in the lives of mammals, 
the ecological and behavioral implications of foli- 
vory in bats may be of considerable interest as a 
regulator of seasonal reproduction. Perhaps folivory 
by males may have evolved in response to the high 
cost of roost or harem defense (see above), as a 
consequence of being forced to feed on food sources 
that can be obtained nearby its roost site. 

A potential disadvantage of folivory by bats is 
that leaves which are eaten may contain secondary 
metabolites, and many of these are known to act 
as feeding deterrents or inhibit protein digestion. 
Tannins in particular are known to deter protein 
digestion in mammals. However, perhaps one rea- 
son that leaves from such plants as Erythrina and 
Albezia are commonly eaten is that they are rela- 
tively low in condensed tannins and total phenols 
(Telek & Martin 1983). However, one of the most 
crucial problems for folivores is the phenol-protein 
interaction. Most plants contain polyphenol oxidases 
which catalyze the oxidation of o- and p-polyhy- 
droxyphenols to the corresponding quinones. For 
example, polyphenol oxidases convert catechol to 
o-quinone which can then bind with protein. Even 
more important are the condensed tannins which 
bind proteins and form insoluble complex mole- 
cules. In fact, a high concentration of tannins in 
leaves can precipitate the entire protein content once 
it is eaten (Telek & Martin 1983). 

Whether folivorous bats preferentially select 
leaves that are low in secondary metabolites which 
may deter consumption or inhibit protein digestion 
remains to be determined. Mature leaves often con- 
tain higher concentrations of secondary compounds 
than developing leaves (Telek & Martin 1983), 
although phytophagous bats appear to consume 
both mature and young leaves (and leaf buds) of 
certain species (Table 1). Our review points to a 
need for further studies to characterize the nutri- 
tional properties of both young and mature leaves 
eaten by phytophagous bats, to establish the phar- 
macological properties of secondary metabolites in 
bats, and to determine whether these compounds 
act as feeding deterrents or inhibitors of protein 
digestion or, alternatively, whether they act as pre- 
cursors to steroidal hormones and thus function as 
cues to reproduction. 

In summary, we propose six testable hypotheses 
relating to the folivorous habits of plant-visiting 
bats. These are: 1) Folivory is a regular part of the 
feeding repertoire of harem males that insures a 
protein-rich diet and that reduces the overall cost 
of harem defense; 2) Folivory is part of the feeding 
strategy of females that ensures a rich source of 
protein during the energetically and nutrient de- 
manding periods of pregnancy and lactation; 3) 
Harem males sequester secondary metabolites from 
the liquid fraction of leaves that in turn promotes 
or stimulates reproductive activity; 4) Females se- 
quester secondary metabolites as hormone precur- 
sors that in turn function as cues for the timing of 
reproduction; 5) Males and females preferentially 
select leaves that are low in secondary metabolites 
which at higher concentrations would act as feeding 
deterrents or inhibitors of protein digestion; and 6) 
Leaves provide an important source of micronutri- 
ents and vitamins that may not be available in fruit. 
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