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relatively deep and narrow, with sides that rise steeply to the level of the cerebel-
lar peduncles. The floor of the pons is flat. The superior olivary nuclei are large
and distinct. The inferior olivary nuclei are small (although larger than in most
members of the family) and distinct.

The brain of Diaemus is much like that of Desmodus. The interhemispheric
sulcus descends to a well-formed cingulate sulcus, and descends farther and
flares laterally just above the corpus callosum to form a callosal sulcus. The
cingulate lobes of the cerebrum protrude ventrally into the interhemispheric
sulcus. Cortical cells above the corpus callosum and substantia alba do not form
a dense layer. The lateral olfactory tracts are located on the ventral surface of the
brain. The lateral thalamic nuclei project dorsally to the level of the
habenular nuclei. The lateral geniculate bodies are developed as in Desmodus,
and the medial geniculate bodies are large and deep. The thalamus is wide and
shallow. The amygdaloid nuclei are large. The anterior ends of the habenular
nuclei are not as distant from each other in Diaermus as in Desmodus. The pons
is deep and narrow, with a flat floor. The sides of the pons rise steeply to the
level of the cerebellar peduncles.

PHYLOGENETIC IMPLICATIONS OF NEUROANATOMICAL VARIATION

Small quantitative variations in brain structure may be due to dietary or
experience factors (Bennett ez al., 1964; Neville and Chase, 1971). However,
distinctive variations and patterns of a more qualitative nature above the level of
individual variation are likely to be the result of genetic variation. Certainly,
features of brain anatomy have been modified to facilitate the various feeding
habits among the Phyllostomatidae. Although these modifications have oc-
curred, certain structures have apparently been modified at a much slower rate
than have others, and these can be used to demonstrate relationships that are
otherwise obscure.

Subfamily Phyllostomatinae

Within the Phyllostomatinae, several trends are evident in the progression of
complexity. The cerebral hemispheres tend to elongate from a short and stubby
appearance in Mimon as indicated by the following series: Mimon (Fig. 2),
Micronycteris nicefori (Fig. 3), Tonatia bidens (Fig. 12), Trachops (Fig. 10),
and Vampyrum (Fig. 17). There is also a tendency for cerebral sulcation to
deepen and to become more complex in pattern, as shown by the following series:
Macrophyllum (Fig. 9), Mimon (Fig. 2), Micronycteris minuta (Fig. 4), Tonatia
bidens (Fig. 12), Phyllostomus hastatus (Fig. 14), and Phylloderma (Fig. 16).
Another trend involves coverage of the tectum by cerebral and cerebellar tissues.
In Mimon (Fig. 2), a large portion of the tectum is exposed anterior to the inferior
colliculi. This condition is characteristic of primitive bats such as the family
Emballonuridae (Schneider, 1957), but occurs in only one phyllostomatid. In
Lonchorhina, a small strip of tectum is exposed anterior to the inferior colliculi,
but in all other phyllostomatids none of the tectum anterior to the inferior col-
liculi is exposed. Two types of tectal coverage exist within the remainder of the
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Phyllostomatinae. In most, the inferior colliculi are dorsally exposed, but in
Phyllioderma (Fig. 16), Vampyrum (Fig. 17), and two species of Phyllostomus
(Figs. 14 and 15) the inferior colliculi are covered dorsally by cerebral and cere-
bellar tissues. Still another trend is the increasing depth of the cerebellar
foliations and the addition of small secondary lobes along the lateral aspects of
the vermiform body as in Macrophyllum (Fig. 9) and Vampyrum (Fig. 17).

Within the Phyllostomatinae, the species of Micronycteris (Figs. 3-7) segregate
as a group apart from other phyllostomatines. Brains of members of this genus
are more complex externally than those of Mimon and Lonchorhina because
the brains of Micronycteris have deeper sulci, more elongate cerebral
hemispheres, and more complete coverage of the tectum. A distinctive feature of
the members of the genus Micronycieris thus far examined is that the dorsally
exposed inferior colliculi are not contiguous. This condition is not found in any
other phyllostomatine, but is found generally in those bats of other subfamilies
in which the inferior colliculi are dorsally exposed (Artibeus phaeotis,
Vampyrodes caraccioloi, Vampyressa pusilla, Stenoderma rufum, and Diphylla
ecaudata). Erophylla appears to be the only member of the family not a phyl-
lostomatine to have dorsally exposed and contiguous inferior colliculi.

Internally, brains of the Phyllostomatinae are varied and indicate derivation
from an ancestral type similar to that of Mimon. Thus, Mimon has the simplest
interhemispheric sulcus (Fig. 75)—Ilinear and without evidence of either a cingu-
late or callosal sulcus. In Macrotus, Tonatia nicaraguae, and Micronycteris, a
shallow cingulate sulcus is present (Fig. 76). Tonatia bidens has both a shallow
cingulate sulcus and a callosal sulcus (Fig. 77), and Vampyrum shows even
greater development of the same structures (Fig. 79). The cingulate sulcus attains
its maximum depth for all Phyllostomatidae in Phyllostomus hastatus (Fig. 78).
The lateral thalamic nuclei rise above the habenular nuclei in Phyllostomus,
Tonatia nicaraguae, and Vampyrum. The thalamus is compressed and fairly
symmetrical in Mimon, shallow and narrow in Macrotus and Mjcronycteris, and
shallow and broad in Phyllostomus, Tonatia, and Vampyrum. The pons is altered
from the deep and ventrally bulging condition in Macrotus into a shallow and
ventrally flat structure in Phyllostomus. As with external features, the species of
Micronycteris are distinguished among the Phyllostomatinae in internal anatomy.
In Micronycteris, there is a dense layer of cell bodies in the cortex overlying the
superior colliculi. This layer of cortex is slightly developed in Vampyrum, but
not in other phyllostomatines.

Aspects of brain anatomy indicate the following relationships within the Phyl-
lostomatinae (Figs. 89, 90). Mimon and Lonchorhina appear to have the least
modified brains among the group and appear to represent a stage from which
other species of phyllostomatines are derived. Macrotus, Macrophyllum, Micro-
nycteris, Trachops, and Tonatia seem to represent one line of evolution from the
basal form, but Micronycteris diverges rather early from the remainder of this
line. Tonatia and Trachops have the most highly modified brains in this line,
those of Macrotus and Macrophyllum being much less modified. A second line of
evolution is indicated by the brains of Phyllostomus and Phylloderma. Within



BIOLOGY OF THE PHYLLOSTOMATIDAE 167

this second line, Phyllostomus elongatus appears to be an early branch.
Vampyrum shares features with both major lines of evolution and cannot be
assigned easily to either on the basis of features examined in this study.

Subfamily Glossophaginae

Examination of the subfamily Glossophaginae reveals two basic brain types
with many features in common. The genera Choeroniscus, Glossophaga,
Hylonycteris, Leptonycteris, and Lonchophylla are similar in having a rather
short, stubby cerebrum with relatively small olfactory bulbs. A longer and shal-
lower cerebrum with larger olfactory bulbs is characteristic of Anoura, Choe-
ronycteris, and Monophyllus.

Of these two general types, brains of the group characterized by a short, stubby
cerebrum bear some resemblance to brains of some of the smaller Phyllostoma-
tinae such as Macrotus or Macrophyllum, with the exception that the inferior
colliculi are not exposed dorsally in the Glossophaginae.

The extent of elongation and shallowness of the cerebrum in the second group
renders brains of its members unlike those of any other phyllostomatid bats. The
brain of Anoura represents the extreme in terms of cerebral elongation and dorso-
ventral compression.

A similar dichotomy is evident from examination of the internal anatomies of
the brains of several of these species. Again, the brains of Anoura and Choe-
ronycteris (Monophyllus was not sectioned) resemble each other closely, but are
somewhat different from brains of other glossophagines. Anoura and Choe-
ronycteris have a shallow but definite cingulate sulcus (Fig. 81) and a dense layer
of cell bodies along the margin of the interhemispheric sulcus above the superior
colliculi. Brains of Hylonycteris, Leptonycteris, Lichonycteris, and Lonchophylla
have only a hint of a cingulate sulcus (Leptonycteris has the most definite sulcus).
The brains of these genera do not have a dense layer of cell bodies along the mar-
gin of the interhemispheric sulcus (Fig. 80).

Compared with variations found in the Phyllostomatinae and Stenoderminae,
brains of glossophagine bats reveal little variation. Although this undoubtedly is
a reflection of the small number of characters investigated, it also may result
from the imposition of severe restrictions placed on brain development by the
elongation and streamlining of the skull as an adaptation to nectar-feeding.

Data on brain anatomy indicate subgroups of glossophagine bats unlike the
groups indicated by Baker’s chromosomal data (1967) or the groups indicated
by Phillips’ study of dentitions(1971).

Subfamily Carolliinae

Brains within this small subfamily show little interspecific variation and almost
as little variation between the two genera.

The brain of Carollia (Fig. 26) is similar to those of the smaller phyllosto-
matines. Carollia has relatively short cerebral hemispheres with shallow sul-
cations, a simple pattern of cerebellar foliation, and rounded pseudotemporal
lobes on the cerebrum. Carollia differs from the small phyllostomatines by not
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having dorsally exposed inferior colliculi. Internally, the brain of Carollia also
resembles that of the small phyllostomatines, except that the cingulate and cal-
losal sulci resemble those of the Stenoderminae (Fig. 82). The thalamus of Carol-
lia resembles that of Macrotus, but the pons is more like that of Tonatia.

The brain of Rhinophylia shows many of the same relationships indicated by
that of Carollia. However, Rhinophylla differs from Carollia in having more
angular pseudotemporal lobes (as in the Stenoderminae) and a less well-
developed cingulate sulcus.

Phylogenetically, the Carolliinae appear to have arisen from a small phyllos-
tomatine ancestor with a brain probably not far removed from the condition
seen in Macrotus. Rhinophylla is probably derived relative to Carollia in light of
the more pronounced similarities between Carollia and some smaller phyllosto-
matines.

Subfamily Stenoderminae

Although the subfamily Stenoderminae is exceptionally large, brains of its
members have a rather conservative degree of variation among genera. The
amount of variation is not substantially greater than that found among the species
of the single genus Arzibeus. Brains of this subfamily are characterized by a deep
cerebrum having large pseudotemporal lobes that project ventrally in a pro-
nounced angular fashion. The major cerebral sulci are well developed in most
species. The cerebellum tends to have small secondary foliations at the lateral
edges of the vermiform body. In most species, the vermiform body is expanded
dorsally to form a medial cerebellar crest. Intrageneric variation exists in cere-
bral surface topography and in dorsal exposure of the inferior colliculi.

Anatomical trends within this subfamily include a gradual elongation of the
cerebrum as reflected in the series: Artibeus toltecus (Fig. 31), Artibeus watsoni
(Fig. 32), Uroderma bilobatum (Fig. 38), and Chiroderma salvini (Fig. 45). A
deepening of cerebral sulcation is found in the progression from Artibeus warsoni
(Fig. 32), to Vampyrodes caraccioloi (Fig. 37), to Uroderma bilobarum (Fig. 38),
attaining the greatest depth in Vampyrops virtatus (Fig. 48). There is also a trend
for ornamentation to increase along the lateral lobes of the cerebellum (compare
Artibeus watsoni (Fig. 32) with Vampyrops helleri (Fig. 47) ).

Smaller species of the genus Artibeus appear to have the least modified brains
in this subfamily. These brains are among the least sculptured within the Steno-
derminae, but even the brains of larger species of this genus are only slightly
modified from those of Artibeus cinereus (Fig. 28), A. aztecus (Fig. 29), A.
toltecus (Fig. 31), and A. watsoni (Fig. 32). The brain of Artibeus phaeotis (Fig.
30) differs from those of other species of Arribeus in having short and deep cere-
bral hemispheres, a somewhat domed profile, and dorsally exposed inferior col-
liculi.

Within the Stenoderminae, the genera Centurio (Fig. 50), Ametrida (Fig. 51),
and Srenoderma (Fig. 52) are characterized by the presence of an anteroposterior-
ly compressed brain and skull. In these genera, the brain is externally much like
that of Arzibeus phaeotis in having short and deep cerebral hemispheres, a domed
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profile, and dorsally exposed inferior colliculi. The degree of similarity among
these brains suggests that Centurio, Ametrida, and Sienoderma are derived from
an ancestor anatomically much like Arribeus phaeotis.

Externally, most of the remaining stenodermine genera vary only slightly from
the general Artibeus type of brain. More exceptional variation is found in
Vampyrodes (Fig. 37), Sturnira mordax (Fig. 40), Ectophylla macconnelli (Fig.
42), and Vampyressa pusilla (Fig. 44). In these species, the inferior colliculi are
exposed dorsally. Other features of the brains of these species are similar to those
of most Artibeus.

Aspects of internal anatomy were examined for six species of the Stenodermi-
nae and only slight variation was found. The interhemispheric sulcus is among
the most consistent structures within this subfamily. All species have a cingulate
sulcus and a flared callosal sulcus similar to that of Vampyrops (Fig. 83). The
thalamus is narrow and deep in Artibeus phaeotis, Centurio senex, Vampyressa
nymphaea, and Vampyrops helleri; it is wide and shallow in Artibeus jamaicensis
and Chiroderma salvani. The lateral thalamic nuclei project dorsally above the
habenular nuclei in Centurio and Vampyrops, but in Artibeus (two species),
Chiroderma, and Vampyressa they project only to the level of the top of the
habenular nuclei.

Aspects of internal anatomy do not appear to vary in a significant pattern with-
in the Stenoderminae.

Subfamily Phyllonycterinae

It is unfortunate that a brain of Phyllonycteris was unavailable for examina-
tion during the course of this study, because even a cursory examination of the
brains of Erophylla and Brachyphylla reveals pronounced differences in anatomy.
The magnitude and nature of these differences suggest greater divergence within
this subfamily than within any other subfamily of phyllostomatids.

The brain of Erophylla (Figs. 53, 84, 87) resembles that of Macrotus in
several features: short smooth cerebrum; ventrally rounded pseudotemporal
lobes; primitive foliation of the cerebellum; dorsally exposed inferior colliculi
that are narrowly contiguous; shallow cingulate sulcus; lateral olfactory tracts on
the ventral surface of the cerebrum; and relatively large amygdaloid nuclei.
This relationship is similar to that which Walton and Walton (1968) reported
between Phyllonycreris and Muacrotus on the basis of pelvic and pectoral
osteology.

The brain of Brachyphyl!la (Figs. 54 and 85) is more desmodontine or steno-
dermine in appearance. It has massive cerebral hemispheres, ventrally angular
pseudotemporal lobes, inferior colliculi that are not exposed dorsally, a well-
developed cingulate sulcus, and a well-developed callosal suicus. Brachyphyl!la
differs from all other phyllostomatid bats in two features—the lateral olfactory
tracts are located on the lateral aspect of the cerebral hemispheres (Fig. 88),
and the uvula is enlarged to form a shelf of cerebellar tissue above the medulila.
Aspects of brain anatomy do not support the conclusions of Silva-Taboada and
Pine (1969), but indicate instead that Brachyphylla is most closely allied to the
Desmodontinae or possibly the Stenoderminae as indicated by Dobson (1878).
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Subfamily Desmodontinae

The three genera of this subfamily have brains that are similar in anatomical
structure. Desmodus (Fig. 55) has relatively longer cerebral hemispheres than
does Diaemus (Fig. 56) or Diphylla (not figured), but Diphylla has dorsally
exposed inferior colliculi, whereas Desmodus and Diaemus do not. In all three
genera, the cerebrum is similar to that of the larger stenodermines.

Internally, the Desmodontinae are stenodermine in most features, but the
interhemispheric sulcus of vampire bats is modified somewhat from the typical
stenodermine sulcus. In vampires, the cingulate gyrus protrudes into the callosal
sulcus and the base of the interhemispheric sulcus (Fig. 86).

Phylogenetically, the Desmodontinae appear to be derived from stenodermine
ancestry (Fig. 89). At this point, all three genera appear to be equally modified
from any stenodermine ancestor. No attempt at aligning the genera can be made
until the brain of Diphylla has been sectioned.

In general, aspects of brain anatomy reveal expected phylogenetic relationships
within and among subfamilies of the Phyllostomatidae (Figs. 89 and 90), and
indicate the possibility of some rather interesting new relationships. It appears
that a constellation of characters (certainly greater than considered here) will be
necessary to describe satisfactorily relationships at the generic and specific
levels. In retrospect, it seems likely that brain anatomy will prove more difficult
to utilize in other mammalian families in which there is considerably less diversity
among species.

SUMMARY

Variations of external and internal brain anatomy of phyllostomatid bats
support many of the phylogenetic relationships that have been hypothesized on
the basis of characteristics of dentition and skull morphology. In a few cases,
features of brain anatomy suggest relationships contrary to those currently
accepted.

Within the subfamily Phyllostomatinae, features of the brain indicate that
insectivorous taxa, such as Mimon and Lonchorhina, are the least modified from
a hypothetical generalized and primitive type. This finding is consistent with
existing concepts of chiropteran evolution in which insectivory is considered the
“primitive” feeding habit of bats. Brains of slightly modified insect ecaters
characteristically have short, stubby, relatively smooth cerebral hemispheres,
dorsal exposure of the tectum anterior to the inferior colliculi, and a simple pat-
tern of cerebellar foliation. Two lines of evolution apparently have developed
from the primitive type. One of these lines, which includes the genera Phyl-
lostomus and Phylloderma, is characterized by the presence of massive and
deeply sulcated brains. The other line of phyllostomatine evolution, which in-
cludes Micronycteris, Macrotus, Tonatia, and similar species, have brains that re-
semble those of Mimon and Lonchorhina, but reveal complex development of
some features. Interestingly, brains of the genus Micronycteris vary only slightly
among themselves, but segregate easily from those of other phyllostomatines on
the basis of a number of external and internal characteristics. This contiguity
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within the genus Micronycteris is of considerable interest, because some doubt
previously has existed as to the validity of this genus as a natural taxonomic
unit. Internal histological examination is needed for several members of this
genus not yet studied.

Brains from the nectar-feeding Glossophaginae indicate the possibility of two
major directions of development within that subfamily, but present data do not
support the diphyletic lines proposed by Baker (1967). The brains of Anoura,
Choeronycteris, and Monophyllus are extremely elongate and shallow as com-
pared with those of Choeroniscus, Glossophaga, Hylonycteris, Leptonycteris, and
Lonchophylla. Brains from the latter group are rather stubby, and are most likely
derived from those of small phyllostomatine type. Brains from the former group
are so modified that, although they bear some resemblance to the brains of
other glossophagines, the exact nature of the existing relationship is obscure and
will require further investigation. There is little indication of external brain re-
quirements for nectar-feeding. However, massive cerebral hemispheres have
not evolved, and it is clear that nectar-feeding may be accommodated by both
short and long-cerebrum brains. Internally, a few differences were observed be-
tween the two subgroups of glossophagines. Most nectar-feeders have no cingulate
sulcus, but a shallow cingulate sulcus does develop in the case of the long-
cerebrum group. The small amount of internal variation in glossophagine brain
structure is possibly explained as a result of the severe anatomical restrictions
encountered by nectar feeders.

Brains of Carollia and Rhinophylla (subfamily Carolliinae) are similar. The
two genera comprising this subfamily show many affinities with a Macrorus-
like ancestor (small phyllostomatine).

The Stenoderminae, although the most diverse subfamily within the Phyl-
lostomatidae in number of species, evidently does not have as much diversity in
aspects of brain anatomy as that found in the Phyllostomatinae. Additionally,
except for a few internal features, variation among stenodermine bats is confined
to those features found also to vary among the Phyllostomatinae. This peculiarity
perhaps further substantiates a phyllostomatine ancestry for the Phyllostomati-
dae. It is of interest that the spectrum of variation encountered within the
Stenoderminae is no greater than that found within the single stenodermine genus
Artibeus.

A final comment concerns the development of the vermiform body of the
cerebellum. In the Stenoderminae and the Desmodontinae, the vermiform body
tends to be enlarged dorsally, forming a pronounced cerebellar crest, especially
when compared with its more reduced state among the Glossophaginae. These
opposing conditions are possibly a direct reflection of conditions imposed by
different feeding habits. The enlargement of the relatively less-derived vermiform
body may correlate directly with a habit involving active terrestrial locomotion
(stenodermine bats crawl or forage in fruit trees, and vampires often crawl onto
their prey from the ground). In glossophagine bats, concentrated development of
the phylogenetically more recent lateral lobes of the cerebellum may correlate
with specialized hovering behavior.
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Within the Phyllonycterinae, the brain of Brachyphylla differs greatly from
the brain of Erophylla, and differs significantly in some features from the brains
of all other phyllostomatid bats. The magnitude of difference between the brains
of Brachyphylla and Erophylla is such that the validity of considering Brachy-
phylla as an aberrant phyllonycterine must be questioned seriously. On the basis
of features of brain anatomy, Erophylla appears to be derived from a Macrotus-
like (phyllostomatine) ancestor, whereas Brachyphy!la shows more similarity to
the Desmodontinae than to any other subfamily.

Brains of the Desmodontinae show definite specialization towards an enlarged
cerebrum with well-developed gyri and sulci. Some intergeneric variation is evi-
dent, but the brains of vampires suggest a subgroup of specialized bats of proba-
ble stenodermine ancestry.
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FiG. 1.—Dorsal, ventral, and lateral views of a phyllostomatid brain (Lepronveteris san-
horni). Line between ventral and lateral views represents 5 mm. Labeled structures are:
1, olfactory nerve; 2, olfactory bulb; 3, anterior rhinal fissure; 4, frontal lobe of telencepha-
lon; 5, interhemispheric sulcus; 6, parietal portion of telencephalon; 7, pseudocentral sulcus;
8, occipital portion of telencephalon; 9, pseudotemporal lobe of telencephalon; 10, lateral
olfactory tract; 11, optic chiasma; 12, hippocampal sulcus; 13, vermiform body of cerebel-
lum; 14, uvula of cerebellum: 15. trigeminal nerve; 16, pons; 17, olive; 18, vestibulo-
cochlear nerve.
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Fics. 2-4.—Dorsal, ventral, and lateral views of the brains of: 2, Mimon crenulatum; 3,
Micronycteris nicefori; and 4, Micronycteris minuta.
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FiGs. 5-7—Dorsal. ventral, and lateral views of the brains of: 5. Micronycieris schmidi-
arum;, 6. Micronyeteris megalotis, and 7. Micronvereris hirsura.
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Fics. 8-10.—Dorsal, ventral, and lateral views of the brains of: 8, Mucrotus californicus;
9, Macrophylliem macrophyllun; and 10, Trachops cirrhosus.
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Fics. 11-13.—Dorsal. ventral, and lateral views of the brains of: 11, Tonatia nicaragiae,
12, Tonatia bidens; and 13, Phyllostomus elongatus.
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Fics. 14-16.—Dorsal, ventral, and lateral views of the brains of: 14, Phyllostomus hastatis;
15, Phyllostomus discolor, and 16, Phvlloderma stenops.
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Fics. 20-22.—Dorsal, ventral, and lateral views of the brains of: 20, Lichonveteris obscura:
21, Glossophaga alticola: and 22, Glossophaga commissarisi,

— g

F1Gs. 17-19.—Dorsal, ventral, and lateral views of the brains of: 17. Vampyrum spectrivm:
18, Choeroniscus godmani; and 19, Hvlonycteris underwoodi.
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Figs. 23-25.—Dorsal, ventral, and lateral views of the brains of: 23, Choeronvereris
mexicana: 24, Anoura geoffrovi. and 25, Lonchophylla robusta.
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FiGs. 26-27.—Dorsal, ventral, and lateral views of the brains of: 26, Carollia perspicillata:
and 27, Rhinophylla pumilio.
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Fics. 28-30.—Dorsal. ventral. and lateral views of the brains of: 28. Artibens CINCrens,
29, Artibens aztecus: and 30, Artibens phacotis.
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Fis. 31-33.—Dorsal, ventral, and lateral views of the brains of : 31,
32, Artibens warsoni; and 33, Artibeus inopinatus.

Artibeus toltecus;,
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Fics. 34-36.—Dorsal, ventral, and lateral views of the brains of: 34, Artibeus jumaicensis;
35. Artibeus lituratuy, and 36, Enchisthenes hartii,
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FiGs. 37-39.—Dorsal, ventral, and lateral views of the brains of: 37, Vampyrodes carac-
cioloi: 38, Uroderma bilobatum;, and 39, Uroderma magnirostrun.
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Fics. 40-42—Dorsal, ventral, and lateral views of the brains of: 40, Srturnira mordax;
41, Sturnira ludovici; and 42, Ecrophylla macconnelli.
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45 |

Figs. 43-45.—Dorsal, ventral, and lateral views of the brains of: 43, Vampyressa
nymphaea; 44, Vampyressa pusilla; and 45, Chiroderma salvini.
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FiGs. 46-48.—Dorsal, ventral, and lateral views of the brains of: 46, Chiroderma vitosunr,
47. Vampyrops helleri; and 48, Vampyvrops vittatus.
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Fics. 49-51.—Dorsal, ventral, and lateral views of the brains of: 49, Vampyrops infuscus;
50, Centurio senex; and 51, Ametrida centurio.
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FiGs. 52-54—Dorsal. ventral. and lateral views of the brains of: 52, Stenoderma rufum,
53, Erophvyila bombifrons: and 54, Brachyphyila cavernarum.
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Fics. 55-56—Dorsal, ventral, and lateral views of the brains of: 55, Desmodus rotundus,
and 56, Diaemus youngii.
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FiGs. 57-74-—Cross-sections through the brain of Tonatia hidens. Sections are shown
from anterior to posterior end of the brain, and are selected as an aid in identification of
features discussed in this study. Labeled structures are: 1, frontal lobe of telencephalon; 2,
glomerular stratum of olfactory bulb: 3, interhemispheric sulcus; 4, lateral olfactory tract;
5, plexiform layer of olfactory bulb; 6, internal granular layer of olfactory bulb; 7, sub-
stantia alba; 8, corpus callosum: 9, caudate nucleus; 10, intermediate olfactory tract; 11,
nucleus accumbens septi; 12, lateral ventricle; 13, fibers of internal capsule; 14, septum;
15, putamen; 16, cingulate sulcus; 17, column of fornix; 18, epithalamus; 19, anterior com-
missure: 20, medial telencephalic fasiculus; 21, globus pallidus; 22, external capsule; 23,
callosal sulcus; 24, habenular nuclei; 25, third ventricle; 26, optic chiasma; 27, amygdaloid
nuclei; 28, lateral thalamic nuclei; 29, medial thalamic nuclei; 30, fimbria of hippocampus:
31. optic tract: 32, dentate gyrus: 33. hypothalamus: 34, thalamic stria medullaris; 35,
medial lemniscus; 36, crus cerebri; 37, subthalamic nucleus; 38, lateral geniculate body;
39, interpeduncular nucleus; 40, cerebral aqueduct; 41, superior colliculus; 42, pons; 43,
central gray matter: 44, telencephalon; 45, inferior colliculus, 46, pyramis; 47, facial col-
liculus; 48, cerebellum; 49, trapezoid body; 50, dorsal cochlear nucleus; 51, locus ceruleus;
52, lateral superior olivary nucleus: 53, medial superior olivary nucleus; 54, superior cerebel-
lar peduncle; 55, ventral cochlear nucleus; 56, fourth ventricle; 57, medial longitudinal
fasiculus; 58, inferior cerebellar peduncle; 59, inferior olivary nucleus; 60, dentate nucleus;
61, reticular formation; 62, raphe; 63, fastigial nucleus; 64, nucleus of the spinal tract of the
trigeminal nerve; 65, spinal tract of the trigeminal nerve: 66, fasiculus cuneatus; 67, anterior
column; 68, anterior funiculus; 69, posterior column.
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FiGs. 57-61.—Telencephalon.
Fi6. 62.—Diencephalon.
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FiGs. 63-64 —Diencephalon.

FiGs. 65-66.—Mesencephalon.

FiG. 67.—Mesencephalon and anterior medulla.
FiG. 68.—Cerebellum and medulla.
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FiGs. 69-73.—Cerebellum and medulla,
FiG. 74.—Posterior medulla.
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Fics. 75-80.—Cross sections through the telencephali of selected species of phyllostomatid
bats. Sections are at the level of the corpus callosum and demonstrate variation in the inter-
hemispheric and cingulate sulci. Cingulate sulci in: 75, Mimon crenalatnm;, 76, Micronve-
teris megalotis, 77, Tonatia bhidens: 78, Phyllostomus hastaris, 79, Vampyrum spectrun
and 80, Lichonyeteris obscura.
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Fics. 81-86.—Cingulate sulci in: 81, Anoura geoffroyic 82, Carollic perspicillaia; 83,
Vampyrops helleri; 84, Erophylla bombifrons; 85, Brachyphylla cavernarum; and 86,
Diaemus youngii.
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FiG. 87.—Cross-section of the telencephalon of Erophvila. Section is at the level of the
corpus callosum and demonstrates the ventral position of the lateral olfactory tracts.

FiG. 88.—Cross-section of the telencephalon of Brachvphyvila. Section is at the level of the
corpus callosum and demonstrates the lateral position of the lateral olfactory tracts.

F1G. 89 -—Schematic representation of a possible phylogeny of the family Phyllostomati-
dae, based on selected features of brain anatomy.

Fit.. 90.—Schematic representation of a possible phylogeny of the subfamily Phyllosto-
matinae, based on selected features of brain anatomy.



LACTATION AND MILK

ROBERT JENNESS, AND EUGENE H. STUDIER

Lactation, one of the most distinctive characteristics of mammals, involves a
special cell type that produces a product unique in nature. Milk is a balanced,
multicomponent dietary system, which supplies the young mammal with energy,
amino acids, minerals, and vitamins. It also supports the growth of symbiotic
bacteria and in some species transmits passive immunity. Milk contains an amaz-
ing array of constituents. Some are organ and species specific, such as certain
proteins and fats; others are organ but not species specific, such as lactose;
certain proteins, such as serum albumin and immunoglobulins, are species but
not organ specific; and finally such constituents as water, salts, carotenoids,
sterols, and vitamins are neither species nor organ specific. Formation of milk
involves both biosynthetic processes in the mammary tissue and active and pas-
sive transport of constituents from the blood. The quantitative composition of
milk varies greatly among species and races of mammals, with the course of lacta-
tion and to some extent with the composition of the diet. There are also marked
qualitative differences among species in the proteins, lipids, and carbohydrates
(other than lactose). Present knowledge of milk composition is virtually over-
whelmed by numerous and detailed studies of six domestic species (Bos taurus,
Bubalus bubalis, Capra hircus, Ovis aries, Equus caballus, and Sus scrofa) and
man, Homo sapiens. There are miscellaneous and scattered data on about 200
species and no data at all on nearly 4000 species. Available data have been
reviewed (Jenness and Sloan, 1970; Jenness, 1974a, 1974b).

Obviously, the differences in milk composition among species result from dif-
ferent rates of synthesis of some constituents and different rates of transfer of
others across the barriers of the mammary cell from blood to milk. The mecha-
nisms by which these processes are controlled are not well understood, but a
number of restrictions are evident. Some of these are: 1) the diet of the animal,
which influences the supply of precursors furnished to the mammary cells via the
blood; 2) the necessity for maintaining the osmolality of milk close to that of
blood; 3) the relative insolubility of salts of calcium and phosphate; and 4) the
necessity for milk fat to be liquid at body temperature.

Mammals are born at widely different stages of development, and if it is pre-
sumed that their nutritive requirements depend on their physiological maturity,
it is easy to reason rather teleologically that the milk of a given species is best
adapted to nourish the young of that species. Thus it is tempting to speculate that
nutritive requirements of the young have exerted an important selective influence
on the evolution of composition of milk. Presently available data, however, do
not seem to show a general correlation between milk composition and physio-
logical maturity of young at birth (Jenness, 1974a). The nutritional adequacy
of milk for the young depends not only on the composition but also on the quan-
tity produced. Available data on milk production and composition in 22 widely
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different species indicate a daily milk yield of 0.126 +0.0169 kg./kg." 7> body
weight and daily energy output of 140 £ 15.7 kcal./kg.%-7> body weight (Linzell,
1972).

Because milk production varies as the 0.75 power of body weight, it is
obvious that small animals produce more milk per unit weight than do large
animals. Linzell (1972) has shown that this is due to the fact that small animals
have more mammary tissue per unit weight. The demands of lactation on small
mammals are met by huge increases in food consumption (about three-fold in the
case of Rattus norvegicus—Brody, 1945:433).

In many species, milk yield is probably less than sufficient to support the
maximum rate of growth of young (Blaxter, 1961), but it is by no means certain
that a maximum growth rate is evolutionarily optimal. Furthermore, the degree
of nutritive dependence of young on milk during the nursing period and hence the
strength of selective forces operating on milk composition varies markedly among
species.

LACTATION IN PHYLLOSTOMATIDS
Seasonality

The extent of our knowledge of reproductive cycles of phyllostomatids
has been thoroughly reviewed in this volume (see Wilson, this volume) as well as
in a few recent publications (Fleming ez al., 1972; Wilson, 1973). Most Neotropi-
cal phyllostomatids exhibit a reproductive cycle described as bimodal polyestry,
with Artibeus jamaicensis, at least, showing an interesting slight modification of
that pattern (Fleming, 1971). A seasonal polyestry is evident in vampires. Finally,
although no Neotropical phyllostomatids appear to exhibit seasonal monestry,
this pattern obtains in a temperate genus, Macrotus (Bradshaw, 1962), and pos-
sibly occurs also in some Leptonycteris. In view of these patterns and because
phyllostomatids routinely give birth to a single young, the reproductive potential
of Neotropical phyllostomatids certainly appears to be greater than that of the
more temperate representatives.

Duration

The lactation period for a large number of temperate-zone vespertilionids is
four to eight weeks (Kleiman, 1969; Kunz, 1971; Bogan, 1972; O’Farrell and
Studier, 1973). A similar lactation period is demonstrated by some Neotropical
vespertilionids (Wilson and Findley, 1970; Medway, 1972). In the insectivorous
temperate phyllostomatid, Macrotus californicus, lactation lasts about one month
(Bradshaw, 1962), whereas it lasts approximately four to eight weeks in the
nectar-feeding Leptonycteris (personal observation). In the sanguivorous
common vampire, Desmodus rotundus, lactation lasts at least three months
(Schmidt and Manske, 1973).

One can interpret figures 4 and 5 of Fleming er al. (1972) in a manner slightly
modified from that described by Kunz (1971) to estimate length of lactation.
Kunz estimated the period of lactation to last from the time 50 per cent of ob-
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served females began lactation until 50 per cent of observed females were in post-
lactation stages. Because the reproductive cycles of most Neotropical phyl-
lostomatids are not so well synchronized as those of the temperate vespertilionids,
Fleming et al. (1972) recorded no instance when all females were lactating.
However, the time span from the point when half the maximum percentage of
observed bats began lactation until half were in postlactation is two to four
months for many Neotropical frugivorous phyllostomatids.

Captive Carollia lactate for nearly two months (Bleier er al., this volume).
These data suggest that the length of lactation may be more closely related to the
normal feeding habits of the species than to their latitude of residence. Bats
appear to lactate for a longer period than do rodents of comparable size.

MiLk COMPOSITION
Gross Composition

Data on the composition of the milk of bats are meager. To our knowledge,
milk specimens have been analyzed from only 23 species. These are all New
World bats and include seven species of the Phyllostomatidae—Glossophaga
soricina, Leptonycteris sanborni, Carollia perspicillata, Vampyrodes carac-
cioloi, Artibeus jamaicensis, A. cinereus, and Diphylla ecaudata. Huibregtse
(1966) and Stull ez al. (1966) compared some aspects of the composition of milk
of Leptonycteris sanborni with that of Tadarida brasiliensis; all other data are
in publications of Jenness and Sloan (1970), Glass and Jenness (1971).

It is not especially difficult to secure mitk from bats in full lactation. Indi-
viduals of many species are so small, however, that specimens from several
females must be pooled to have an amount sufficient for analysis. Data thus far
available allow no more than a general summary of the composition and proper-
ties of chiropteran milk. The gross analyses are not of high precision because of
necessity of dealing with small samples.

Table 1 presents data for the composition of milks of phyllostomatids and of
some other species for comparative purposes. Except for the milk of Glossopha-
ga, phyllostomatid milks are high in fat content. Nectar and fruit-eating species
produce milk with higher carbohydrate (calculated as lactose) and lower protein
contents than do insectivorous bats. Like milks of all other mammals that have
been examined, bat milk contains both casein (acid precipitable) and whey (acid
soluble) proteins although the proportion of the two classes varies considerably
among species. In a number of mammalian milks, caseins have been shown to
be present in the form of particles or micelles, which bind considerable calcium
and phosphate and thus enhance the ability of milk to carry these important
minerals to the young. Presumably they are present in this form in bat milk as
well.

Bat milk contains concentrations of citrate comparable to those in the milk
of domestic cows and many other species. Citrate also enhances the calcium
carrying capacity of milk by forming soluble complexes with it. A few genera,
notably Rartus and Mus, degrade citrate in the mammary cells and channel the
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TaBLE |.—Composition of milks of phyllostomatids and some other species!.

Females Whey

Speci- per Fat Lactose Casein protein Citrate Energy?
Species mens specimen g./100g. g./100g. g./100g. g./100g. g./100g. kcal./g.
Glossophaga soricina 2 5,7 5.2 39 1.1 0.75 0.08 0.74
Leptonycreris sanborni® 2 6,7 18.5 4.8 2.5 1.8 0.15 2.1
Carollia perspicillata 1 2 4.1 ca. 7 0.16
Vampyrodes caraccioloi 2 L1 29.0 4.1 0.83 2.3 0.09 3.0
Artibeus jamaicensis 2 {1 18.6 7.3 1.1 3.6 0.11 2.3
Artibeus cinereus 1 4 23.0 3.8 0.57 3.4 0.06 25
Mpyotis lucifugus 2 4,5 6.0 3.] 3.8 3.5 0.19 1.1
Tadarida brasiliensis? 2 5.5 16.3 2.8 3.0 3.2 0.21 2.0
Mus musculus 5 1 13.1 3.0 7.0 2.0 0.005 1.9
Homo sapiens compilation 3.8 7.0 0.4 0.6 0.05 0.68
Bos taurus compilation 3.7 4.8 2.8 0.6 0.17 0.73

IData from Jenness and Sloan (1970) and unpublished data.

2Calculated using factors as follows: lactose=3.95 kcal./g., protein=15.86 kcal./g., and fat=9.20 kcal./g.

3Huibregtse (1966) reported 5.39 per cent carbohydrate, 4.37 per cent protein, and 0.63 per cent ash
for milk of this species.

4Huibregtse (1966) reported 3.70 per cent carbohydrate 11.07 per cent protein, and 0.73 per cent ash
for milk of this species.

products to the synthesis of fatty acids; evidently the bats examined do not em-
ploy this pathway.

Not much is known about mineral constituents in bat milk. Huibregtse (1966)
reported 0.63 and 0.73 per cent ash in milks of Lepronycteris sanborni and
Tadarida brasiliensis, respectively. R. Jenness, R. L. Glass, and E. H. Studier
(unpublished data) found milk of Glossophaga soricina to have 0.09 per cent
Ca and 0.08 per cent P, whereas that of L. sanborni had three times as much—
0.27 per cent Ca and 0.24 per cent P.

Table 1 shows that the milks of phyllostomatids, except for Glossophaga, are
of high calculated energy content. The value for Glossophaga, due to low fat and
protein contents, should be checked by additional sampling and analyses. For
milks in general, Jenness (19744a) pointed out that the protein and carbohydrates
supply 0.30 to 0.65 kcal./g., while additional energy, up to totals as high as 5.0
keal./g. in some species, is supplied by fat. Bat milks fall into this pattern.

The high energy content of bat milks are in accordance with the suggestion of
Ben Shaul (1962) that mammals that nurse their young on a scheduled basis
produce milk of higher energy content than do those that nurse continuously or on
demand. They also agree with Blaxter’s (1961) proposal that small mammals
produce milks of higher energy content than do large species because the stomach
capacity of the young is proportional to body weight and the metabolic re-
quirements are more nearly proportional to body surface (actually proportional
to W73 according to Kleiber, 1961).

Howell (1972) found that the nectarivorous phyllostomatid Leptonycteris
can maintain nitrogen balance through ingestion of nectar and pollen. The ob-
servation that milk of Lepronycteris contains protein levels comparable to those
of other bats (Table 1) further indicates that this species readily maintains nitro-
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TABLE 2.—Futty acid composition of milk fats* (per cent by weight).

Species 12:2 14:0  16:00  I6:] 180 18:0 18:2  18:3  Other
Glossophaga soricina 02 120 374 107 22 351 2.1 1.2
Leptonycteris sanborni 20 256 312 114 2.1 249 06 1.8 23
Curollia perspicillata 9.4 326 76 25 440 3.5 0.4
Vampyrodes caraccioloi 6.0 302 29 54 330 6.3 159
Artibeus jamaicensis 56 346 6.6 54 442 34 25 24
Artibeus cinereus 7.5 380 65 52 410 04 2.0
Diphylla ecanidara 40 372 6.6 49 431 42

Myotis lucifugus 1.8 223 7.0 46 378 165 56 4.8
Tadarida brasiliensis 05 31.7 7.1 26 482 6.0 39

Mus musculis 81 119 232 39 29 257 163 2.0 6.0
Homo sapiens 3.1 5.1 202 57 29 464 130 14 1.3
Boy tauruy 3.1 9.5 263 23 146 298 24 0.8 9.7

IData from Jenness (19744) and unpublished data from R. Jenness, R. L. Glass, and E. H. Studier.

2Fatty acids are designated by carbon number and number of double bonds; thus, 12:0 refers to a chain
of 12 carbons with no double bonds.

33.3 per cent 4:0, 1.6 per cent 6:0, 1.3 per cent 8:0, 3.0 per cent 10:0.

gen balance on its natural diet and that suckling young are not nutritionally
stressed by low levels of protein in the ingested milk.

Milk Fat

Bat milk is characterized by prominent amounts of palmitic (16:0) and oleic
(18:1) fatty acids (Table 2). Note that fatty acids are designated by carbon num-
ber and number of double bonds; thus, 16:0 refers to a chain of 16 carbons with
no double bonds. Myristic acid (14:0) is also much more prominent in the phyl-
lostomatids, particularly Leptonycteris, than in the insectivorous Myotis lucifugus
and Tadarida brasiliensis. Stull et al. (1966) also reported a high concentration
(21 per cent) of myristic acid in the milk fat of Leptonycteris sanborni. The milk
fat of Vampyrodes caraccioloi differs markedly from that of the other phyl-
lostomatids in its low concentration of palmitoleic acid (16:1) and high concen-
trations of 18:2 and 18:3 acids. The bat milk fats analyzed to date contained only
small amounts of short chain (less than 14 carbons) fatty acids. Such acids gen-
erally are prominent in ruminants and some rodents and primates. They are syn-
thesized by the mammary cells and their absence from bat milk implies that bats
derive their milk fatty acids largely from food fat rather than by biosynthesis in
the mammary gland.

Carbohydrates

The carbohydrate contents reported in Table 1 were determined by a nonspe-
cific method and are calculated and expressed as lactose. However, paper chro-
matography of the soluble carbohydrates of bat milks reveals that lactose actually
is the predominant constituent (Fig. 1). Although not shown in Fig. 1, the dialyza-
ble carbohydrate fraction of the milks of the other phyllostomatids tested (Carol-
lia perspicillata, Vampyrodes caraccioloi, Artibeus cinereus, and Diphylla



206 SPECIAL PUBLICATIONS MUSEUM TEXAS TECH UNIVERSITY

A I 2 3 4 5 6
Origin— —— -

Inositol

f
Lactose (NN N

Galactose
Glucose

B 1 2 3 4 5 6
Origin —

Inositol &
Lactose

Galactose
Glucose

FiG. 1.—Paper chromatograms of sugars of bat milks (run on Whatman no. | filter paper
for 16 10 20 hours with ethyl acetate. pyridine. water 10:4:3). A: |, standard (glucose, galac-
tose, lactose, mvo-inositol); 2, Glossophaga soricing. 3. Mvyors lacifugus, 4, Tadarida
brasiliensis; 5, Mvotis yvumanensis, 6, Leptonyeteris sanborni. B: 1, standard; 2, Balan-
tiopteryx plicata; 3, Molossus atery 4, Myotis nigricans, 5, Artibeus jamaicensis; 6, Artibens
Jamuaicensis.

ecaudata) also have been found to contain a prominent component identified as
lactose. Significant concentrations of glucose and galactose sometimes occur (as
shown in Fig. | for Artibeus jamaicensis). These vary from specimen to speci-
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FiG. 2.—Acrylamide gel electrophoretic patterns of whey proteins and blood serums
(5 per cent acrylamide. veronal buffer pH 8.6, ionic strength=0.02): Vampyrodes carac-
cioloi (1 serum. 2 W.P.); Vampyrodes caraccioloi (10 serum, 9 W.P.); Artibeus cinereus
(3 serum, 4 W.P.), Artibeus jumaicensis (5 serum, 6 W.P.: Artibeus jamaicensis (7 serum,
8 W.P.); Carollia perspicillata (12 serum, 11 W.P.); Glossophaga soricina (14 serum, 13
W.P.); Mvotis lucifugus (16 serum, 15 W.P.).

gested energy is partitioned by the organism for growth and maintenance, or is
lost in urine or feces. This relationship can be expressed as:

I=M+G+E,

where [ is total ingested energy/time, M is energy used in maintenance/time,
G is energy stored as mass increase/time, and E is energy egested or wasted/
time. Many studies on small (less than 30 grams) rodents and insectivores
(Barrett, 1969; Gebczynski er al., 1972) and bats (Brisbin, 1966; Neuhauser and
Brisbin, 1969; O'Farrell er al., 1971, Pagels and Blem, 1973) uniformly yield an
assimilation efficiency—100 (/— E)/l—approximating 90 per cent. Although
we have found no specific information on phyllostomatids, it seems safe to assume
that, on a natural diet, at least the smaller leaf-nosed bats would use about 90
per cent of ingested energy for maintenance and growth and would waste about
10 per cent (in males and anaestrus females). Several studies utilizing a wide
variety of organisms indicate that the portion of assimilated energy used for
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growth or increase in biomass is dependent upon endogenous thermoregulatory
performance of the species. Ectotherms channel a maximum of about 15 per cent
of ingested energy to growth (Odum and Odum, 1955; Slobodkin, 1959; Wie-
gert, 1964, 1965), whereas for endotherms the percentage is much lower (Golley,
1960; Odum, ez al., 1962). Overall partitioning of ingested energy for phyl-
lostomatids should be roughly 10 per cent egested or wasted, 75 to 89 per cent
used in maintenance, and one to 15 per cent contributing to growth. Such par-
titioning will vary with some predictibility for individuals depending on age and
reproductive condition.

One obvious complication of the equation above occurs during lactation, in
which case the equation must be modified to include milk production, that is,

Ln=M,,+ G, + E,;+ milk energy

where subscript m is used to designate maternal values. Furthermore, a second
equation is generated for the nursing young:

milk energy=1,=M,+ G+ E,

where subscript n refers to neonatal values.
We shall discuss three of the several methods employed for estimating one or
more of the variables in the first equation above.

Assimilated Energy Method

Several investigators have determined total ingested energy (/) or assimilated
energy (I— E) for rodents during anaestrus periods, pregnancy, and lactation
(Kaczmarski, 1966; Migula, 1969). The increase of total energy ingested or as-
similated relative to anaestrus levels provides an estimate of energy costs of preg-
nancy and lactation. This method has the following limitations:

1) It cannot differentiate the assimilated energy into growth or maintenance
categories during pregnancy or into growth, maintenance, and milk production
categories during lactation.

2) It assumes that maintenance, growth, and waste energy for the female alone
are constant throughout anaestrus, pregnancy, and lactation—a situation known
to be untrue for small rodents (Trojan and Wojciechowska, 1967).

3) It is valid only for those species that remain homeothermic throughout
pregnancy and lactation, and, further, that maintain the same level of regulated
body temperature and thermal conductance throughout the reproductive cycle.

4) It is useful only for those animals that can be maintained in captivity and
will reproduce there.

5) It assumes that rates of embryonic and neonatal growth in captivity are sim-
ilar to those under field conditions and that the investigators can provide a
reasonably natural diet yielding a relatively normal assimilation efficiency.

Feeding habits of phyllostomatids are extremely diverse inasmuch as the family
includes insectivorous, frugivorous, nectarivorous, sanguivorous, carnivorous,
and omnivorous representatives (McNab, 1969, 1971; Fleming er al., 1972). Sev-
eral species of leaf-nosed bats have been maintained in captivity for extended
periods, and some of them reproduce successfully in captivity (Wimsatt and
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Guerriere, 1961; McNab and Morrison, 1963; Novick, 1963; Rasweiler and de
Bonilla, 1972; Rasweiler and Ishiyana, 1973). Surprisingly, the amount of food
consumed is detailed for only one species (Wimsatt and Guerriere, 1962). This
study dealt with a sample of vampires with sexes pooled and in various repro-
ductive conditions. It is thus a rather marginal use of the assimilated energy
method.

Metabolic Rate Method

A second technique used in estimating energetic parameters involves the deter-
mination of average daily metabolic rate (ADMR) (Hansson and Grodzinski,
1970; Drozdz et al., 1972; Gebczynski et al., 1972). This method is useful in
estimating energy costs of pregnancy and lactation through the determination of
ADMR of females throughout the stages of the reproductive cycle (Trojan and
Wojciechowska, 1967). It provides an assessment of the maintenance costs of the
female but it ignores energy of growth and energy wasted and is, of course, com-
plicated during the period of lactation by maintenance energy required by the
offspring. This method has the same limitations involving thermoregulation of
females and captivity as the preceding method. When both methods are com-
bined, however, values for I, M, and E are generated for captive animals and thus
energy devoted to growth can be calculated.

In principle, the ADMR of free living animals can be measured by the double
labeled water (D5 '80) method (see Gessaman, 1973; Mullen, 1973). This method
requires that the animal be captured, injected with D, 180, released, and then re-
captured after an interval for determination of blood levels of the isotopes in
water and carbon dioxide. It is expensive and has not yet been applied to bats or
to any lactating mammal. It has been used to show that the metabolic rate is con-
siderably greater in free-living rodents than in those in captivity (Mullen, 1970,
1971).

Actually no ADMR method has been used to estimate the bioenergetic costs
of pregnancy and lactation in phyllostomatids. Several studies have dealt with the
relationship of metabolic rates to ambient temperature (Carpenter and Graham,
1967, Lyman and Wimsatt, 1966; McNab, 1969) as well as energetics of flying
bats (Thomas and Suthers, 1972). Morrison and McNab (1967) reported diel
cycling of metabolic rates in a few caged phyllostomatids. There are, however,
no other literature references concerned with measured daily metabolic rates.
This is, of course, understandable in view of the natural volant locomotion of
bats.

The use of either the assimilated energy method or the ADMR method is com-
plicated by variability in ability to regulate temperature. Thus, temperate and
Neotropical leaf-nosed bats have been reported to be homeothermic after a period
of laboratory acclimation (Carpenter and Graham, 1967; Arata and Jones, 1967,
McNab, 1969), occasionally to exhibit thermolability (Morrison and McNab,
1967; LaVal, 1969), and to be variably thermolabile immediately after capture
(Studier and Wilson, 1970). Similar variations have been reported in pteropodids
(Bartholomew et al., 1964, 1970; Kulzer, 19634, 19635b; Jones, 1972). Two ves-
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pertilionids (Myotis thysanodes and M. lucifugus) exhibited marked cycling of
tendency to regulate temperature during different stages of the reproductive
cycle (Studier and O’Farrell, 1972).

Energy Accretion Method

The third procedure that may be useful in estimating energy costs of preg-
nancy and lactation involves the determination of the rate of energy incorporation
by the developing foetus or neonate (Studier et al., 1973), and is, therefore, a
measure of only the minimal amount of energy required for embryonic or neo-
natal growth. This procedure ignores energy costs of maintenance and waste and
requires embryos or neonates of known age. It has the advantages, however, of
being unaffected by thermoregulatory performances of females or neonates and
does not require that animals be kept in captivity.

This method for estimating energetics during reproduction has been applied
to two vespertilionid species (Studier et al., 1973) and could be applied to phyl-
lostomatids because it is independent of thermoregulatory performance of either
adult females or suckling young. It requires adequate data on pre and postnatal
growth patterns. Such information has only recently become available (Schmidt
and Manske, 1973; Bleier et al., this volume).

Energy Requirements of Desmodus rotundus

Unfortunately, it must be concluded from the discussion in the preceding sec-
tion that some methods for estimating energy requirements for reproduction are
of questionable applicability to phyllostomatids and satisfactory experiments
remain to be performed. The construction of energy budgets for pregnancy and
lactation is tenuous at present because of lack of satisfactory data; however,
some insight may be gained through such an attempt. The best available and use-
able literature relates to common vampires; thus, an attempt will be made to esti-
mate roughly energy costs of lactation in this species. Results of the calculations
are given in Table 3. Vampires, like most phyllostomatid bats, regularly deliver
only one young per pregnancy, which simplifies estimates of energy costs of lac-
tation because growth rates of young are influenced by the number of litter mates
(Miller and Parsonage, 1971).

Neonates

The growth rate of vampires from day 5 (7.0 grams) to day 20 (12.0 grams)
after birth is approximately 0.33 grams per day (calculated from Schmidt and
Manske, 1973). For older animals, growth rates calculated from the same source
are 0.17 grams per day (days 20 to 50), 0.1 grams per day (days 50 to 100) and
0.035 grams per day (days 100 to 200). The initial growth rate for vampires
(days 5 to 20) is identical to that of Myotis thysanodes (O’Farrell and Studier,
1973). If the energy content is constant on a dry weight base throughout the nurs-
ing period as it is in laboratory mice (Brisbin, 1970) and Myotis thysanodes
(Studier et al., 1973), and the percentage of body water in developing vampires
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TABLE 3.—Approximated bioenergetic parameters of neonatal and laciating vampires (Des-
modus rotundus). See text for further explanation.

T,y=32°C T,=22°C

Age of neonates (days)

S 20 50 100 200 5 20 50 100 200
Weight of neonates (grams)

Samples 7.0 120 17.0 220 255 7.0 120 17.0 220 255
Neonates
Gy (keal)
035 035 0.19 0.11 0.04 0.35 035 0.19 0.11 0.04

M, (kcal.)
a 0.3 0.5 0.5 0.6 0.7 0.3 0.4 0.5 0.5 0.6
b 1.7 2.5 33 4.0 4.4 5.1 6.3 6.6 8.0 8.9
c 34 5.1 6.6 8.0 8.9 10.1 12.7 131 160 17.8

Ej,(kcal))
a 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
0.2 0.3 0.4 0.5 0.5 0.6 0.7 0.8 0.9 1.0
c 0.4 0.6 0.8 0.9 1.1 1.2 1.4 1.5 1.8 2.0

Milk energy (kcal.)
a 0.7 0.9 0.8 0.8 0.8 0.7 0.8 0.8 0.7 0.7
b 2.3 3.2 3.9 4.6 5.0 6.0 7.4 7.5 9.0 9.9
c 4.1 6.0 7.5 9.0 9.9 1.7 144 148 179 198
Utilization efficiency (per cent)
a 479 376 232 138 5.0 507 402 253 15.1 5.6
b 15.5 109 4.9 2.4 0.8 5.8 4.7 2.5 1.2 0.4
¢ 8.5 5.8 2.5 1.2 0.4 3.0 2.4 1.3 0.6 0.2
Luctaring Females
Basic requirements (grams of blood)
17.8 178 178 17.8 17.8 23.8 238 238 238 238
Milk (grams)
a 0.3 0.4 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
b 0.9 1.3 1.5 1.8 2.0 2.4 3.0 3.0 3.6 4.0
c 1.7 2.4 3.0 3.6 4.0 4.7 5.8 5.9 7.1 7.9
Additional blood needed (grams)

a 0.7 0.9 0.8 0.7 0.7 0.6 0.8 0.7 0.7 0.7
1.4 1.7 1.5 1.5 1.5 1.3 1.6 1.4 1.4 1.4
b 2.1 3.0 3.6 4.2 4.6 5.6 6.9 6.9 8.3 9.2
4.2 5.9 7.2 8.4 9.2 1.2 137 139 167 18.4
c 3.8 5.6 6.9 8.3 9.2 10.8 134 137 165 183

7.7 112 139 167 184 21.6 268 274 331 36.6
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is roughly similar to that of Myotis thysanodes during initial postnatal growth,
then the minimum amount of energy necessary for growth from days 5 through
20 is approximately 0.35 kcal./day (G, in equation 3). Similar G, values were
calculated for older ages with slight modifications upwards due to presumed grad-
ual decrease in percentage of body water.

Maintenance energy (M,) values for neonates were calculated on three alter-
native bases as follows:

1) Ectothermy is assumed. Bartholomew and Tucker’s (1964) equation for
lizards at 30°C was used to estimate M, at 32°C, and a value 10 per cent less was
used for 22°C.

2) Homeothermy at minimum metabolic rate is assumed. Kleiber’s
(1961:212) equation (M=70W¢75) provided an estimate of M, at 32°C.
Values for 22°C were obtained by multiplying the 32°C values by 3.0 for age 5
days, by 2.5 for age 20 days, and by 2.0 for older ages.

3) Values twice those of category 2 were calculated. This probably represents
a more realistic energy demand for a wild mammal.

The energy in the ingested milk (/,) and energy wasted (E,) were then com-
puted on the assumption that G,+ M, represent 90 percent of /, and 10 per cent
is wasted. Finally, the efficiency of food utilization (100 G,;/{,;) was computed.

The maintenance requirements of neonates will, of course, be affected by the
degree to which the above assumptions of homeothermy, optimal thermal en-
vironment, and basal metabolic status’ are fulfilled. Heat loss of the sparsely
furred newborns will require greater heat production than for fully furred ani-
mals, but the lack of fur will be partially offset by contact with the mother and
with other young in the roost. These effects are difficult to quantify although the
magnitude of the effect of hairlessness is suggested by Mount’s (1971) report that
hairless mice have a weight-specific oxygen consumption about 25 per cent higher
than do haired mice of similar weight (32 to 35 grams).

In adult bats an ambient temperature (T3) of 10°C below the thermal neutral
zone results in at least a doubling of metabolic rate (McNab, 1973). The increase
would undoubtedly be considerably greater for neonates if they regulate deep
body temperature (Ty). It is highly unlikely, however, that newborn vampires do
so. Most small mammal neonates, including several vespertilionids, fail to reg-
ulate Tp during the first few days of postnatal life (Eedy and Ogilvie, 1970; Mc-
Manus, 1971; Studier and O’Farrell, 1972; Weigold, 1973). Of course lack of
thermoregulation would greatly reduce the daily energy requirements for main-
tenance.

Lactating Females

On the basis of published information (Crespo er al., 1961; Wimsatt and
Guerriere, 1962; Wimsatt, 1969; McFarland and Wimsatt, 1969; Tucker, 1970)
and data of his own, McNab (1973) calculated the daily energy budget of a 42-
gram male vampire to be 25.7 kcal./day at an average roost temperature of 22°C.
This would require a blood meal of 23.8 grams because a gram of blood is equiv-
alent to 1.08 kcal. (McNab, 1973). It can be assumed that a lactating female will
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have a similar basal energy requirement plus an additional requirement for milk
production. The figures presented in Table 3 were computed on the basis of
McNab’s (1973) value of 23.8 grams of blood for maintenance at 22°C and the
assumption that the requirement is 33 per cent less at 32°C.

Daily milk production required to meet the needs (I,;) of the neonates was cal-
culated on the basis of 2.5 kcal./gram of milk (the average for phyllostomatids,
excluding Glossophaga, see Table 1). A 30-gram female (0.072 kg.%73) secreting
10 kcal. of milk energy per day is producing at the rate of 139 kcal. per day per
kg.0-75, which is close to the value calculated by Linzell (1972) for 22 species.
Such production is similar to that of Mus musculus, an animal of similar size.

The additional dietary blood required for lactating females is given at the bot-
tom of Table 3. The upper figure represents the amount of extra blood required
if it could be transferred with 100 per cent energetic efficiency into milk, where-
as the lower figure represents estimates of additional blood required if it were
transferred into milk at 50 per cent efficiency. Brody (1945:792-852) calculated
gross energetic efficiency of milk production to be 28 to 34 per cent for cattle,
32 to 40 for goats, 41 to 47 for humans, and 44 to 48 for rats. The numbers
shown in Table 3 should not be construed to represent actual, but only relative,
values. On this basis, it is apparent that ectothermy on the part of neonates results
in by far the least energy cost to the lactating female and most efficient energy
use on the part of the neonate independent of roost temperature. Furthermore, if
the neonate is endothermic, T, has a profound effect on energy requirements,
again emphasizing the importance of roost site selection. Finally, neonatal
thermoregulatory level appears to affect energy demand more profoundly than
age or weight (that is, values rise more rapidly reading down data sets rather than
across).

If apparent blood requirements for lactating females are roughly correct,
in view of the load lifting capacity of vampires (Crespo et al., 1970) and observed
feeding capacities (Wimsatt and Guerriere, 1962), it is unlikely that lactating
females nursing homeothermic neonates feed only once nightly as has been re-
ported (Wimsatt, 1969).

An interesting observation of Schmidt and Manske (1973) was that after
about three months after birth, females regurgitated small amounts of blood,
which were eaten by the offspring. To our knowledge, this sort of feeding be-
havior has not been reported previously for bats and would greatly decrease the
energy requirements of the female after about day 100 of lactation. This behavior
of vampires suggests the possibility that other phyllostomatid species may not
feed their young entirely on milk but may regurgitate nectar (for example,
Leptonycteris) or transport or regurgitate fruit (for example, Artibeus).

Postnatal growth in Carollia is nearly linear (Bleier et al., this volume) with
initial growth rates of about 0.22 grams per day (days 1 to 20) and a later growth
rate of 0.20 grams per day (days 20 to 50). Adult weight is reached about 60 to
70 days after birth. Assuming that a single young is suckled, initial (days 1 to 20)
bioenergetic demands for lactation are probably less than those of vampires. If
milk is not supplemented by other food, lactation energy demands late in the
lactation period (days 20 to 50) would certainly be higher than those of vampires.
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