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a b s t r a c t
For many birds and mammals relative brain and hippocampus volume are positively related to enhanced
behavioral ﬂexibility and spatial memory. I tested for correlations between species-speciﬁc diet selection and relative brain and hippocampus volumes in the New World leaf-nosed bats (Phyllostomidae). To
this end, I classiﬁed each of 53 species from this ecologically diverse family as one of the following: (i)
predatory, (ii) omnivorous, (iii) frugivorous, or (iv) nectivorous. Species-level analyses and the comparative method (i.e. phylogenetically independent contrasts) revealed that relative hippocampus volume
was greater in predatory species than in frugivorous and nectivorous species and that relative brain size
was greater in frugivorous species than in predatory species. As previously reported, specialized frugivory appears to be associated with increased relative brain volume suggesting these two traits evolve
together. I suggest some plausible functional explanations for variation in hippocampus volume in light
of our current understanding of the acquisition of spatial information and its use by echolocating bats.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
Neuroecology involves the comparative study of adaptive variation in brain and behavior. It is based on the premise that ecological
demands on particular cognitive, motor and perceptual functions
inﬂuence the size of brain structures that support these functions.
This is illustrated in food-storing birds that retrieve their caches by
remembering the locations of cache sites (e.g., Sherry et al., 1981;
Shettleworth and Krebs, 1982), a behavior that places demands on
spatial memory. The hippocampus, a telencephalic structure that
plays a role in spatial memory (e.g., O’Keefe and Nadel, 1978), is
larger in food-storing birds than in non-food-storing birds (Krebs
et al., 1989; Pravosudov and Clayton, 2002; Sherry et al., 1992;
Sherry, 2006). The strong link between spatial memory and hippocampal function in birds (e.g., Hampton and Shettleworth, 1996;
Sherry and Vaccarino, 1989) and mammals (Morris et al., 1982;
Wilson and McNaughton, 1993), including humans (Ekstrom et al.,
2003; Maguire et al., 2000), suggests that comparative studies may
lead to new insights about the neurobiological bases of natural
spatial behaviors. For example, bats appear to be an especially relevant group for investigating potentially meaningful relationships
between relative brain and hippocampal volume and habitat complexity (Ratcliffe et al., 2006; Saﬁ and Dechmann, 2005; Shumway,
2008).
Amongst mammals, and vertebrates in general, bats are longlived and for a variety of reasons presumably face extraordinary
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demands on spatial information processing. Maternity colonies of
the insectivorous free-tailed bat Tadarida brasiliensis can number in
the millions and mothers must relocate their single, non-volant pup
amongst countless others after returning from the night’s foraging (McCracken, 1993). Other bats migrate thousands of kilometers
each year – both predatory bats (e.g., Pipistrellus nathusii, Hutterer
et al., 2005) and Old World fruit bats (e.g., Eidolon helvum, Richter
and Cumming, 2006) – while the ﬂower bat Glossophaga soricina is
able to remember from what ﬂowers it has fed and depleted and
thus ascertain what ﬂowers might still contain nectar (Winter and
Stich, 2005). G. soricina belongs to the family Phyllostomidae (the
New World leaf-nosed bats), one of the most species rich families
of bats alive today (Jones et al., 2002).
The phyllostomids are found only in consistently warmer parts
of the Americas but are the most ecologically diverse group of bats
with respect to diet. It is comprised not only of predatory bats
(including vampires), but also of omnivorous species, frugivores,
and bats that include in their broad diet the nectar of ﬂowers, a specialization reﬂected in morphology, behavior and sensory systems
(von Helversen and Winter, 2003). Compared to other families of
echolocating bats, the phyllostomids exhibit little variation in either
wing morphology or echolocation call design. Among laryngeal
echolocators, it is these bats that most obviously use non-auditory
sensory information for the detection and discrimination of food
(e.g., olfactory information: Carollia castanea, C. perspicilata, Thies et
al., 1998; visual information: G. soricina, Winter et al., 2003). However, what information is used in foraging, and to what extent, has
been studied in only a very few phyllostomid bat species. Here I
investigate potential relationships between brain and hippocampus size and diet in phyllostomid bats. I predicted that frugivorous
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phyllostomids would have relatively larger brains than species relying primarily on insects and other small animals because of greater
requirements for acquiring spatially distributed food, assessing its
ripeness and its efﬁcient and effective handling. Together, these
demands might be correlated to an enlargement of several areas
of the brain involved with sensory information processing, integration, and motor control and, thus, on a coarse scale an overall
larger brain. I also predicted that the hippocampuses of phyllostomids specialized (i) for feeding on the nectar of ﬂowers and/or (ii)
for hunting animal prey from perches would be relatively larger
than in frugivorous and omnivorous species. I hypothesize that the
demands on spatial memory are greater for bats that would do well
to remember (i) where and when a nectar resource was last visited
and/or depleted or (ii) where a previously used hunting perch is
located and when it might again be productive. This as opposed to
the demands faced by frugivores and omnivores, which might better rely on the phenology of different fruits and nightly inspection
of their foraging range.
2. Materials and methods
Body mass and brain volume data were available for 53 phyllostomid species in Baron et al. (1996) and all were used in the
following analyses. Based only on diet information taken from two
books (Nowak, 1994; Reid, 1997) and available mammalian species
accounts, I assigned each bat species to one of four categories. Bats
were classiﬁed as being (a) predatory, (b) omnivorous, (c) frugivorous, or (d) nectivorous (Fig. 1 and Table 1). All analyses were
carried out as previously described (Ratcliffe et al., 2006). Brieﬂy, I
log transformed species-speciﬁc data on body mass, brain volume,
and hippocampus volume and brain remainder volume (i.e. species’
brain volume minus species’ hippocampus volume). I then took the
standardized residuals from log–log regressions of (i) brain volume

versus body mass and (ii) hippocampus volume versus brain volume remainder as species-speciﬁc measures of (i) relative brain
and (ii) hippocampus volume. I compared standardized residuals
at the species level and, to control for the potential effects of shared
evolutionary histories (Felsenstein, 1985), calculated standardized
independent linear contrasts based on these residuals using the
program CAIC v. 2.6.9 (Purvis and Rambaut, 1995). Based on the phylogeny for the Phyllostomidae found in Jones et al. (2002), including
relevant polytomies, I used the Crunch procedure and dummy variables to map and analyze these data (Dunn et al., 2001; Ratcliffe et
al., 2006).
3. Results
Brain volume was highly dependent upon species’ body mass;
similarly species-speciﬁc hippocampus volume was dependent on
brain volume remainder. Log brain volume was positively related
to log body mass (F1,51 = 904.1, R2 = 0.95, P < 0.001). Log hippocampus volume was positively related to log brain volume remainder
(F1,51 = 286.7, R2 = 0.85, P < 0.001). Standardized residuals from these
log–log regressions were compared using traditional statistics and
standardized independent contrasts.
Among species and for independent contrasts, relative brain size
was signiﬁcantly greater in frugivorous species than in predatory
species (species data—ANOVA: F3,49 = 3.27, P = 0.029; independent
contrasts—ANOVA: F3,49 = 3.37, P = 0.0195; Tukey HSD post hoc
tests; Fig. 2a). At the species level and for independent contrasts, relative hippocampus volume was signiﬁcantly greater in
predatory species than in frugivorous and nectivorous species and
signiﬁcantly greater in omnivorous species than in frugivorous
species (species data—ANOVA: F3,49 = 7.95, P = 0.0002; independent
contrasts—ANOVA: F3,49 = 7.13, P = 0.0001; Tukey HSD post hoc tests;
Fig. 2b).

Fig. 1. (a) Tonatia saurophilus, a predatory species; (b) Phyllostomus discolor, an omnivorous species; (c) Artibeus jamiacensis, a frigivorous species; (d) Anoura geoffroyi, a
nectivorous species. Photographs taken by Marco Tschapka.
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Table 1
Diet, brain and hippocampus volume, and body mass for each of the 53 phyllostomid species considered here (brain volume = brain mass/1.036, Baron et al., 1996). Mesophylla
(=Ectophylla) macconnelli, not included in the phylogeny of Jones et al. (2002) was substituted for Ectophylla alba for which brain volume data was not available.
Species

Diet category

Diphylla ecaudata
Desmodus rotundus
Macrophyllum macrophyllum
Micronycteris brachyotis
Micronycteris megalotis
Micronycteris minuta
Micronycteris schmidtorum
Trachops cirrhosus
Vampyrum spectrum
Tonatia bidens
Tonatia schulzi
Tonatia silvicola
Mimon crenulatum
Phylloderma stenops
Phyllostomus discolor
Phyllostomus hastatus
Phyllostomus elongatus
Sturnira lilium
Sturnira ludovici
Sturnira tildae
Sphaeronycteris toxophyllum
Artibeus hartii
Artibeus cinereus
Artibeus concolor
Artibeus jamaicensis
Artibeus lituratus
Mesophylla macconnelli
Chiroderma salvini
Chiroderma villosum
Chiroderma trinitatum
Vampyressa pusilla
Uroderma bilobatum
Vampyrodes caraccioli
Platyrrhinus brachycephalus
Platyrrhinus helleri
Platyrrhinus infuscus
Platyrrhinus lineatus
Platyrrhinus vittatus
Rhinophylla pumilio
Carollia castanea
Carollia perspicillata
Brachyphylla cavernarum
Lionycteris spurrelli
Lonchophylla mordax
Lonchophylla thomasi
Leptonycteris curasoae
Leptonycteris nivalis
Monophyllus plethodon
Glossophaga soricina
Glossophaga longirostris
Anoura caudifer
Anoura geoffroyi
Choeroniscus minor

Predatory
Predatory
Predatory
Predatory
Predatory
Predatory
Predatory
Predatory
Predatory
Predatory
Predatory
Predatory
Predatory
Omnivorous
Omnivorous
Omnivorous
Omnivorous
Frugivorous
Frugivorous
Frugivorous
Frugivorous
Frugivorous
Frugivorous
Frugivorous
Frugivorous
Frugivorous
Frugivorous
Frugivorous
Frugivorous
Frugivorous
Frugivorous
Frugivorous
Frugivorous
Frugivorous
Frugivorous
Frugivorous
Omnivorous
Frugivorous
Frugivorous
Frugivorous
Frugivorous
Omnivorous
Nectivorous
Nectivorous
Nectivorous
Nectivorous
Nectivorous
Omnivorous
Nectivorous
Nectivorous
Nectivorous
Nectivorous
Nectivorous

Hippocampus volume (mm3 )
41
42.4
19.6
22.6
14.1
17.3
14.4
50.6
110.4
41.7
16.1
27.1
18.2
91.7
67.9
79.8
49.1
23.2
24.3
27.8
20.5
21.3
20
25.3
44.1
49.5
13.5
27.6
22.8
17.2
14.9
28.4
30.2
20.7
19.4
36.4
26
46.8
12.7
16.9
20
36.8
13.6
15.6
13.5
23.1
22.4
15.3
14.9
17
15.7
24.1
16.5

4. Discussion
At both the species level and when controlling for the potential
effects of a shared evolutionary history, I found that the relative
brain volume of frugivorous species was greater than that of predatory species within the family Phyllostomidae (see also Eisenberg
and Wilson, 1978; Saﬁ and Dechmann, 2005). This relationship
between brain size and frugivory mirrors that found for frugivorous primates and those more reliant upon insects as food (Barton et
al., 1995). The phyllostomid adaptive radiation may be at least partially explained by this group’s exploitation of fruit and may have
depended on the evolution of larger brains (see Sol et al., 2005 for a
potentially analogous situation in birds). Insectivory is believed to
be the ancestral state of the Order Chiroptera and with the exception
of the phyllostomids and the Old World fruit bats (family Pteropodidae), all other families consist solely of predatory species. Indeed,

Brain volume (mm3 )
770.3
964.3
309.8
393.8
264.5
276.1
297.3
968.1
2497.1
760.6
492.3
729.7
314.7
1291.5
1052.1
1464.3
854.2
596.5
652.5
676.6
505.8
493.2
450.8
611
980.7
1190.2
332
785.7
681.5
518.3
364.9
590.7
914.1
562.7
501
1071.4
715.3
1134.2
343.6
436.3
527
1154.4
339.8
417
325.3
588.8
565.6
429.5
379.3
419.9
390.9
565.6
375.5

Body mass (g)
30.9
36.3
8.6
14.7
6.5
6.9
7.8
36.9
173
29.4
21.3
32.3
11.8
46.1
36.6
90.1
44.9
20.2
25.9
24.4
18.4
16.1
12.6
19.4
41
56
7.5
26.1
24.8
13.7
8.6
16.2
39.7
12.9
13.8
50.2
22.6
36.6
8.9
13.1
17.8
44.5
7.55
10.7
6.9
24.5
22.8
15
9.9
11.3
10.6
16
9.6

insectivory appears to have been the ancestral state of the New
World fruit bats (Fenton, 1992; Jones et al., 2002). That only frugivorous species – and not also omnivorous and nectivorous species
– have relatively larger brains than predatory species might be a
reﬂection of the cognitive demands of specializing solely on fruit
rather than taking what is immediately available in the form of
small animals, fruit, pollen, nectar and seeds.
At both the species level and for independent contrasts predatory species’ hippocampuses were relatively larger than the
hippocampuses of frugivorous and nectivorous species. Those of
omnivores were also larger than those of frugivorous species at
both levels of analysis. Prior to discussing the possible implications
of the correlation between diet and hippocampus volume, a number of caveats are in order. First, this gross morphological approach
does not control for potential species-speciﬁc differences in neuronal density and connectivity. Second, we do not yet understand
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Fig. 2. (a) Relative brain size in phyllostomid bats in relation to four diet categories; (b) relative hippocampus volume in phyllostomid bats in relation to these same four categories (A = Predatory; O = Omnivorous; F = Frugivorous; N = Nectivorous; mean ± S.D.). Left panel: based on species-level analysis (SL); right panel: based on phylogenetically
independent contrasts (PICs). See text for details of statistically signiﬁcant relationships.

the adaptive function(s) of the hippocampus in bats as well as we do
for some rodents and birds (Neuweiler, 2000). For example, while
preliminary results suggest that echolocating bats in general exhibit
low adult hippocampal neurogenesis relative to rats (Amrein et al.,
2007), Ulanovsky and Moss (2007) have shown that big brown bats
Eptesicus fuscus have hippocampal place cells that ﬁre in a manner similar to those of rodents. Third, my categories reﬂect diet
selection and not necessarily the ways that phyllostomid bats go
about ﬁnding and relocating nutritious food resources (that is, I
have used reported diet from the secondary literature as a proxy
for behavior). Last, I recognize that more detailed species-speciﬁc
diet information exists for a subset of the species considered here
but have elected to take information from three sources in an effort
to standardize the data. These caveats acknowledged, given what
is understood about this group of bats as a whole and the importance of brain and hippocampus size for adaptive behavior and
spatial memory in other mammals and birds, I offer the following
preliminary analysis.
Anecdotal reports and past research ﬁndings suggest that bats
possess exceptional spatial memories (Grifﬁn, 1958; Fleming, 1988;
Schnitzler et al., 2003). Examples include the use of acoustic landmarks for spatial orientation (Jensen et al., 2005) and associations
of speciﬁc structural cues with prey capture (Siemers, 2001). Three
of the four diets I consider have been suggested to be demanding
with respect to resource location (e.g., perch hunting: Ratcliffe et
al., 2005; fruit ﬁnding: Fleming, 1988; ﬂower visiting: Thiele and
Winter, 2005; Winter and Stich, 2005). However, little experimental work has been undertaken at the behavioral level on spatial
memory in bats (for a rare example see Jensen et al., 2005) and
even less at the neurobiological level on hippocampus function
(Neuweiler, 2000; Ulanovsky and Moss, 2007). Omnivorous species,
as a result of their broad diet, may not rely heavily on spatial
memory for relocating speciﬁc resources. Similarly, frugivorous
and nectivorous species are able to detect and localize preferred

resources at some distance through fruit and ﬂower olfactory cues
(Mikich et al., 2003; Thies et al., 1998; von Helversen and Winter,
2003). Ratcliffe et al. (2006) found that among predatory species,
substrate-gleaning and behaviorally ﬂexible species (i.e., species
able both glean and aerially hawk prey) trend towards having
relatively larger hippocampuses than species that capture only airborne prey, seemingly irrespective of habitat use and home range.
Among phyllostomid bats, excepting water trawling Macrophyllum
macrophyllum, predatory species (including vampires) primarily
employ a gleaning strategy for prey capture. Using the relationship between wing area and body mass as a proxy for behavior,
Saﬁ and Dechmann (2005) found that species expected to forage in cluttered habitats had larger hippocampuses than those
expected to forage in more open spaces. It is among these cluttered habitat foragers that most gleaning and behaviorally ﬂexible
species are found (Ratcliffe et al., 2006). Taken together these
results suggest that one way to interpret the ﬁnding that predatory phyllostomids have larger hippocampuses than do frugivorous
and nectivorous species would be through an overdue consideration of the role of spatial memory for perch hunting. It appears
that at least some of the time all predatory species of bat take airborne prey on the wing, however of those that also take prey from
surfaces, many may use familiar perches for hunting (e.g., Megaderma lyra, Audet et al., 1991). This sit-and-wait strategy, during
which time the bats are passively listening for low-intensity, preygenerated sounds, may be augmented by the ability to remember
when and where patches of prey were discovered over and between
seasons. And so, while monitoring spatiotemporal ﬂuctuations in
fruit phenology and recalling the depletion of nectar in ﬂowers are
undoubtedly cognitively taxing (Fleming, 1988; Thiele and Winter,
2005; Winter and Stich, 2005), the demands of remembering where
a perch is located within a cluttered habitat and when that perch
might again be a good place to listen for prey may be more taxing
still.
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