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1. Summary

There are amost 1000 species of bat in the world, and many research papers on them.
A large number of these have investigated wing morphology and echolocation, such
as this study. The aims were to investigate both of these components in relation to
species and their food preference. The region in which this study was conducted has
been severely under researched. This region is Centra America, specificaly
Honduras, which holds approximately 100 bat species. Following Norberg & Rayners
(1987) analysis, it was discovered that subfamilies exhibited similar wing
morphologies. As well as this, a relationship between food preferences was seen

between both wing morphology and echolocation calls across the data collected.



2. Introduction

The Chiroptera is often said to be the most diverse and abundant mammal on the
planet. Almost 1000 species have been discovered, which exploit a niche few other
animals have adapted to — the dark. Adaptation to the dark requires some obvious
evolutionary pressures. For instance, how does an animal get around in the dark - eyes
are little use since there is hardly enough light to see by. Bats are one of the few
animals to have evolved echolocation to overcome this hurdle. They have aso
adapted to a variety of food sources, for instance, the Noctilionidae catch and ezt fish,
Antrozous pallidus eats scorpions amongst other things, Myotis spp. eat insects and
the Stenodermatinae eat fruit. There are also nectarivorous bats, such as Glossophaga
soricina, as well as the notorious Desmodus rotundus, the Vampire bat, an obligate

sanguivore (Altringham, 1996).

Much research has been carried out around the world on bats, both in areas where
there is a large number of endemic species, such as South Africa (Aldridge &
Rautenbach, 1987), and aso in areas containing few endemic species such as in
Hawaii, with one species (Belwood & Fullard, 1984; Barclay et al, 1999) and New
Zedand, whose only indigenous mammals are two species of bat (Pryde et al, 2005).

Much of this research looks at bat conservation (Pryde et al, 2005), diseases, such as
rabies, ebola, and SARS (Kemp et al, 2005; Bradbury, 2006; Salazar-Bravo et al,
2006) and horticulture (LIoyd et al, 2005). There are also many studies looking at the
wing morphology and echolocation of bats (Norberg & Rayner, 1987; Fullard et al,
1991; Jennings et al, 2004). This last example, wing morphology and echolocation,
shall be the focus of this study.

Norberg & Rayner (1987) carried out a comprehensive study of 257 bats, with
morphological data derived from 63 sources. They defined many of the quantities
used in the present study and thus has been used throughout. They concentrated on
how wing morphology affects flight and have shown that there are striking
correlations between the wing morphology and the flight morphology of the bats. For
instance, they found that insectivores preying on high flying insects tended to be agile



with small, pointed wings, which allows for high flight speeds, and low transport
costs. Another example is that piscivores, predating fish over open water, were found
to have long wings, alowing for low transport costs and low power, with long
rounded tips, which increase control and stability. They also show correlations
between wing adaptations and echolocation call structure.

Fullard et al (1991), studied insectivores in Western Australia, finding that the bats
preyed on awide variety of insects and also that wing morphology relationships were
different depending on the habitat the bats resided in. They aso found that there was a
difference in the call morphology, also dependent on the habitat in which the bat
foraged (supported by Sherwin et al, 2000).

Jennings et al (2004) reported findings of adaptation to environments in a number of
bats from the Antillean Islands in the Caribbean. They found that a number of
insectivores could hunt in background cluttered space efficiently, and can also hover
when needed. They also found that some members of the Phyllostimidae were adapted
to foraging at the edge of vegetation, whilst others were more suited to foraging in the
under canopy, and are not suited to commuting long distances at high speeds. It was
also observed that a third group in the Phyllostimidae were well suited to both flight

in cluttered space and could also fly fast and efficiently in open areas.

The hypotheses this study considers are i) different bat species have different wing
morphologies, ii) bats with different preferences over food have different wing
morphologies, and iii) the echolocation calls of bats are different dependent upon the
food a bat prefers.



3. Materials & Methods

The datafor this study was collected in Honduras near the small town of El Paraiso in
the Cortes region, on the North West coast of the country (Figure 3.1). The area used
consists of old cocoa, bean and maize plantation land which has been abandoned for
the last decade and left to alow the rainforest to reclaim the land in the hope that the
land may be some use as an ecotourism attraction at some point in the future. The area
consists of a valley with a river running down the middle and trails running up the
ridges on either side. There are reports of scattered primary forest sites, but the
majority of the valley shows signs of disturbance (Anon, 2004). The area contains a
high abundance of flora and fauna, a previous study of which found 22 species of bats
covering 4 subfamilies (Senior et al, 2004).
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Figure 3.1. Honduras. The grey shaded areaistheregion of Cortes. El Paraiso valley is
marked as small red section labelled as Paraiso.
Figure amended from Operation Wallacea, 2006.



Mist nets were erected just before twilight, to coincide with the time when the first
bats emerge. Locations for nets were chosen dependent upon suitably clear areas,
paths were generally utilised. Precipitation was also a limiting factor. If it rained

during the night the nets were closed and reopened again once it had stopped.

Captured bats were removed from the nets and placed in a cloth bat bag to allow them
to relax for a short period of time before processing. Placing them in the bag aso
allowed any faeces passed by the bat to be collected and saved for identification of
any seeds or body parts within, the data from which will not be discussed further in
this study. Any faeces collected was placed in an Epindorph tube and |abelled with bat

ID number.

Bat processing consisted of weighing the bat in the bag, the bag alone (to derive the
weight of the bat itself), identification using Reid (1997), measurements of the bats
forearm and tibia length (also aided in identification), distinguishing the bats
reproductive status (pregnant, virgin, lactating), sex, age (adult or juvenile),
photographing the bats wing against millimetric paper and taking small wing punches
(for DNA and as a method of determining re-capture). All data was recorded on pre-
printed data sheets (Appendix 2) and the data transferred to an MS Access database
the following day. All bat handlers wore gloves appropriate for the size of the bat

being handled, and were immunized against rabies.

The reproductive status of the bats was determined by age in males and by anatomical
differences in females. For instance, a lactating bat has large nipples, a pregnant bat
has a hard stomach and a bat which has weaned before has bare nipples. Any female
bats not covered by the above were classed as virgins, regardless of their age. Male
bats of Surnira lilium when mature, develop glands on their necks which secrete

strong smelling chemicals, and this allows for easy aging on this particul ar species.

Age of bats was determined by the difference in knuckle between adults and
juveniles. As figure 3.2 demonstrates the adult knuckles look very different to the

juveniles, This difference can be seen by shining a strong torch behind the knuckle.



Figure 3.2. Diagram of the differences between adult and juvenile knuckles. a. an adults knuckle
exhibits plates which greatly reduce the translucency of thejoint in comparison to juvenile
knuckles (b.).

The sex of each bat was determined simply by the genitalia.
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Figure 3.3 Forearm and Tibia L engths. The lengths measured in thefield using dial callipers.

Measurements of the forearm and tibia were made with dia callipers whilst the bat
was held in the hand. Measurements were made from elbow to wrist, with the hand at
90 to the forearm, and the elbow bent. Tibia measurements were made in a similar

manner. Lengths are shown in figure 3.3.



Figure 3.4. Artibeus literatus being photographed on millimetric paper with wing and tail
membrane outstretched.

Each bat caught was photographed a number of times. The bats right wing was spread
out and its legs spread out so the tail membrane was visible as well (figure 3.4). The
millimetric paper was used to make measurements on the bats wing on a computer. If
the wing and tail membrane could not be captured in the same picture a second picture
was taken of the tail membrane alone. This method was chosen because it causes the
bats the least trauma, rather than causing the bat high levels of stress by making
measurements on the animal itself. Photos were also taken of the bats face, both head

onand in profile.

Small wing punches were taken from near the bottom of the wing for DNA anaysis
purposes (which may be published at some point in the future), and also as a form of
capture marking. These were placed in Epindorph tubes in alcohol. The punch was
sterilised after each use.

Each bat was given a unique identifying code consisting of the date, location of the

net, species and its number in the overall number of bats captured up to that point.

Once all processing was completed, the bat was placed back in its bag until release.
This gave it ashort period of time in which to recover from any stress inflicted during

processing. Any pregnant bats caught, and any insectivorous bats caught, were given a



small amount of sugary water before being placed in the bag. This was done because
the amount of time the bats were in the bag, which ranged between one hour and up to
seven hours, could be a substantial proportion of the bats avail able feeding timein one
night, and the pregnant bats and insectivores are most susceptible to having problems

dueto this.

Nets were packed away at approximately midnight, dependent on how busy the nets
are, i.e. if a 11pm we had 30 bats to process the nets were closed , if not they were

left open longer. 00:30am was used as the absol ute cut off time.

Bats in bags, either awaiting processing or release were hung on lines away from any

noise and light to allow them the best chance of recovery.

Bats were released at, or near the site of capture. They were released from the hand
towards a bat detector. Sounds detected were transferred to an MP3 recorder for easy

transfer to computer for analysis later.

Pictures of the bat wings were analysed using ImageTool® 3.0 from UTHSCSA
(University of Texas Health Science Centre in San Antonio) figure 3.5. Measurements

are described in the morphological measurements section (figures 4.1 and 4.2)

Cadlls collected in the field were assigned names based on the same nomenclature as
the pictures, and stored in the same folders as the pictures. Analysis was carried out
using Adobe Audition® 1.5 (figure 3.6). Measurements are described in the

morphological measurements section.

A similar method can be found in Jennings et al (2004).
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Figure 3.5. ImageT ool 3.0. ImageTool© 3.0 was used to measur e numer ous wing parameters.
M easurement of forearm shown.

Figure 3.6. Adobe Audition showing Hanning window and call spectrum.
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4. Morphological Measurements

Wing Mor phology

Using the photographs of bats taken in the field, a number of measurements were

taken using | mageTooI© version 3. These are described in figure 4.1.

Figure 4.1. Morphological measurements made using ImageTool® v3. S,,, isthe area of thearm
wing, S, the area of the hand wing, L, isthe length of the hand wing measured from the wrist
to thetip of thewing, L 5y isthelength of the arm wing measured from the shoulder to thewrist,

L, isthelength of the wing measured from the shoulder to thewingtip and L isthe
circumference of the wing.
See also Norberg & Rayner (1987) Figure 2.

M easurements taken were defined and labelled following Norberg & Rayner (1987)
and are as follows.

Wing span, B (m). This is the distance between the wing tips with the wings
fully extended. Following Norberg & Rayner (1987), data from one wing can be
used, doubled to get the span of both wings and adding 10% to account for the
width of the body.

. Wing area, S (m?). This the area of the wings, tail membrane and body

(excluding the head). This is depicted on figure 4.2. This was calculated using
the Sy and S, doubling it for the second wing, and adding 10% for the body
again, and a further proportion dependent on the family to account for the tall
membrane (seetable 4.1).

Aspect ratio, A, thisis a measure of the squareness of the wings. It is calculated
as A = B/ S. A higher ratio generally corresponds to a higher aerodynamic
efficiency.

12



IV. Wing loading, Mg/S (N m?), this is the mass (M) of the bat times the
acceleration due to gravity (g, 9.81 m?) divided by the wing area (S). It gives an
idea of the mean pressure on the wings (Norberg & Rayner, 1987).

Since aspect ratio is correlated with wing shape, but does not describe everything

about it, Tip length ratio (T)), tip area ratio (Ts) and tip shape index (1) were aso

calculated.
V. Tiplengthratio, T), iscalculated as T = Lnw / Lay (Seefigure 4.1).
VI. Tiparearatio, Tg, iscalculated as Ts = S/ Sav (Seefigure4.1).

VII. Tip shapeindex, I, iscaculated as| = Ts/ (T; — Ts). This is a measure of the
roundedness of the wingtip, with high values indicating rounded wingtips and
low values indicating nearly triangular tips (see Norberg & Rayner (1987) page
348 for a mathematical explanation).

VIII. The circumference of the wing was also measured.

Figure 4.2. Quantities derived from measurements. From using the measurementstaken above
the area of thewing (S;) and hence S (ar ea of the whole wing and body), and the wingspan of the
bat were derived.

See also Norberg and Rayner (1987) Figure 2.

Table4.1. Adjustmentsto Sto account for tail membrane (see also Table 2, Norberg & Rayner,

1987).
Family % added for tail membrane
Emballonuridae 10
M ormoopidae 10
Vespertilionidae 15
Phyllostomidae 6
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Call Morphology
Calls taken in the field which showed good definition against background noise were
analysed using Adobe® Audition® 1.5. Those calls whose background noise made call

definition hard were ignored.

Figure 4.3. Call spectra showing quantities measured. Also showsthe call of a second bat
(marked). The peak frequency isthefrequency of the call which isbrightest, it ismore easily
seen using a Hanning window.

Measurements taken are as follows.
I. Peak frequency, kHz, this is the loudest frequency within the call and was
measured using a 1024 FFT Hanning window.
[1. Pulse duration, ms, this is the length of one pulse within a call sequence (see
figure 4.3).
[11. Pulse interval, ms, this is the length of time between two pulses within a call
sequence (Figure 4.3).
V. Pulse shape, this is nominal data, and is made up from the shape of call, e.g.
constant frequency followed by a frequency modulated sweep (CF-FM) or FM-
CF-FM calls etc.

The number of harmonics were also counted.

14



5. Statistical Analysis

Juvenile, pregnant and deformed bats (e.g. those with broken wings) were excluded
from the analysis, except in those cases highlighted in Table 6.1, to reduce any skew
in the data.

Bivariate correlations between body mass and wingspan, wing area, aspect ratio and
wing loading were computed (as in Norberg & Rayner, 1987) using MINITAB®.
M easurements were averaged to give a single point per species which is assumed to
be a true average for healthy adults within each species. As in Norberg and Rayner,
sexual dimorphism, geographic variation (this should not be an issue due to the small

area surveyed) and ontogenetic change have been neglected.

Fixed line regression plots have been produced and significance calculated for each
correlation mentioned above. One individual has been removed from the dataset due

to having wildly different characteristics to others of the same species.

A section of the data was tested for normality and was found to be normal. Due to the
data being normal, no transformation, such as the logarithmic transformations carried

out by Norberg & Rayner (1987), was required.

Data for individuals was standardized using the mean and standard deviation for

individual species.

Principal Component Analysis (Fowler et al, 1998) was then carried out on the
standardized data. All three calculated components have been plotted.

Call structure was plotted against each bat species for which a call was analysed so

that any species with similar calls could be identified.

15



6. Results

The nomenclature of the species caught can be found in Table 6.1. The averages of
these species morphological data which shall be used is given in Table 6.2. This data

was used to produce the following bivariate correlations (Figures 6.1 — 6.5) and

Principal Component Analyses (Figures 6.6 — 6.11). Sonagrams have also been

included of samples of the calls analysed. These were then put on to two of the PCA
graphs (6.12 & 6.13)

Table 6.1. Nomenclatur e of species caught along with the acronym which shall be used in all
figureswithin the analyses. Also included isthe preferential food for each species (f = fruit, n
= nectar, i = insects, b = blood, asin Norberg & Rayner, 1987; and Reid, 1997).

Acronym | Species Subfamily Family Food
Arjam Artibeus jamaicensis Stenodermatinae | Phyllostominidae | f
Arlit Artibeus literatus Stenodermatinae | Phyllostominidae | f
Arpha Artibeus phaeotis Stenodermatinae | Phyllostominidae | f
Cabre Carollia brevicauda Caralliinae Phyllostominidae | f
Cacas Carollia castanea Caralliinae Phyllostominidae | f
Caper Carollia perspicillata Carolliinae Phyllostominidae | f
Casub Carollia subrufa Caralliinae Phyllostominidae | f
Chwil Chiroderma villosum Stenodermatinae | Phyllostominidae | f
Derot Desmodus rotundus Desmodontinae | Phyllostominidae | b
Epfur Eptesicus furinalis Verspertilionidae [
Glsor Glossophaga soricina Glossophaginae | Phyllostominidae | n
Liobs Lichonycteris obscura Glossophaginae | Phyllostominidae | n
misch Micronycteris schmidtorum | Phyllostominae | Phyllostominidae [
mynig Myotis nigricans Verspertilionidae [
Phdis Phyllostomus discolor Phyllostominae | Phyllostominidae | f
Plhel Platyrrhinus helleri Stenodermatinae | Phyllostominidae | f
Ptpar Pteronotus parnellii Mormoopidae i
Sabil Saccopteryx bilineata Emballonuridae i
Still Surniralilium Sturnirinae Phyllostominidae | f
Stlui Surniraluis Sturnirinae Phyllostominidae | f
Tobra Tonatia brasiliense Phyllostominae | Phyllostominidae | f
Tosau Tonatia saurophila Phyllostominae | Phyllostominidae | f
Urhil Uroderma bilobatum Stenodermatinae | Phyllostominidae | f
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Table 6.2 Averages of quantities measured for each species, grouped by family. Included are the number of batsused to make
the measurements described in the mor phological measur ements section. $in the number column denotes a species caught but
not utilised dueto age or sexual status (pregnancy), * refersto species with juvenile bats whose measurementsare very closeto
those of adults, and deemed useful.

Family Tip
Wing Tip aea | Tip
mass |Area, S\Wingspan, B Aspect |loading (N | length | ratio, | Shape
Species n| (kg) | (M) (m) Ratio, A m?) |ratio, TI| TS |Index, |
Emballonuridae  |Saccopteryx bilineata 4* | 0.007 | 1.118 | 0.282555 | 0.07156 | 0.05824 | 1.116 | 0.71 | 3.335
M ormoopidae Pteronotus par nellii 1] 0018 | 1.895 | 0.35154 | 0.06523 | 0.0907 | 1.139 | 0.669 | 1.423
Phyllostominidae |Artibeus jamaicensis 11| 0.042 | 2.924 | 0.429335 | 0.06337 | 0.14199 | 1.438 | 0.835 | 1.408
A. literatus 10| 0.067 | 3.722 | 0.487284 | 0.06424 | 0.16054 | 1533 | 0.92 | 16
A. phaeotis 10| 0.013 | 1.237 | 0.278292 | 0.06278 | 0.10258 | 1.55 | 0.985 | 1.803
Carollia brevicauda 10| 0.018 | 1.616 | 0.311262 | 0.06015 | 0.11259 | 1.576 | 1.056 | 2.198
C. castanea 5] 0014 | 1.291 | 0.230215 | 0.04828 | 0.10452 | 1.494 | 1.026 | 2.308
C. perspicillata 10| 0.023 | 1.796 | 0.328314 | 0.06011 | 0.12519 | 1.497 | 0.962 | 1.824
C. subrufa 5| 0019 | 1.531 | 0.303744 | 0.06109 | 0.12373 | 1.58 | 1.057 | 2.112
Chiroderma villosum $
Desmodus rotundus 5] 0.031 | 1.982 | 0.366534 | 0.06851 | 0.15466 | 1.051 | 0.631 | 1.926
Glossophaga soricina 10| 0.011 | 1.02 | 0.254856 | 0.06381 | 0.10873 | 1.38 | 0.932 | 2.147
Lichonycteris obscura 2| 0.008 | 0.826 | 0.234885 | 0.0668 | 0.09553 | 1.53 | 1.115| 2.701
Micronycteris schmidtorum 1] 0008 | 0.866 | 0.22071 | 0.05628 | 0.08508 | 1.123 | 0.753 | 2.029
Phyllostomus discolor $
Platyrrhinus helleri 3| 0014 | 1.139 | 0.28091 0.07 0.12365 | 1.555 | 1.014 | 1.937
Surniralilium 12| 0.019 | 1.225 | 0.276087 | 0.06226 | 0.15473 | 1.576 | 0.99 | 1.738
S luis $
Tonatia brasiliense 2* | 0.009 | 1.145 | 0.241185 | 0.05082 | 0.07726 | 1.223 | 0.597 | 0.952
T. saurophila 1| 0031 | 2645 | 0.38892 0.0572 | 0.11511 | 1.39 09 | 1837
Uroderma bilobatum 2| 0.018 | 1.513 | 0.299145 | 0.05916 | 0.11848 | 1.561 | 0.973 | 1.657
Verspertilionidae  [Eptesicus furinalis 1] 0011 | 0994 | 027489 | 0.07599 | 0.1037 | 1.174 | 0.651 | 1.247
Myotis nigricans 1] 0045 | 0.636 | 0.21735 | 0.07424 | 0.69448 | 1.034 | 0.632 | 1.573
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Figure6.1. Bivariate correlation between mass and wing span for all species (individuals
averaged). Bats arelabelled using the acronyms given in Table 6.1.
R?=0.53 (P<0.01)

The relationship between mass and wing span was found to be significant at P < 0.01,
meaning that as the mass increases, the wing span increases (Figure 6.1). The
groupings of the species around the regression line would be tighter if M. nigricans
() were removed from the regression, athough since this is unlikely to alter the R?
value much, this has not been done. A similar situation with regards to M. nigricans
could be said for all other relationships tested (Figures 6.2 — 6.4), except tip length
ratio versus tip area ratio (Figure 6.5). The significance values for these can be found
in Table 6.3.

Figure 6.2 shows that as mass increases the wing area increases, which is as expected.
Whereas Figure 6.3, demonstrates that aspect ratio does not appear to be effected by
mass in the same way as wing area, in fact this was found to be non-significant (Table
6.3). Figure 6.4 shows that as mass increases, wing loading also increases, although
wing loading appears to peter off at higher masses. Finally, the relationship shown in

Figure 6.5 presents an increasein Ts as T, increases.

18



Figure 6.2. Bivariate correlation between mass and wing area for all species (individuals
averaged). Bats arelabelled using the acronyms given in Table 6.1.
R?=0.571 (P<0.01)
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Figure 6.3. Bivariate correlation between mass and aspect ratio, A, for all species (individuals
averaged). Bats are labelled using the acronyms given in Table 6.1.
R?=0.024
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Figure 6.4. Bivariate correlation between mass and wing loading for all species (individuals
averaged). Bats arelabelled using the acronyms given in Table 6.1.
R?=0.268 (P<0.05)
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Figure 6.5. Bivariate correlation between tip length ratio (T1) and tip arearatio (Ts) for all
species (individuals aver aged). Bats are labelled using the acronymsgiven in Table 6.1.
R?=0.86 (P<0.01)
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Tip length ratio versus tip area ratio was found to be non-significant with all bats
included; however, it appeared as though there was an anomalous result (appendix 3).
This anomalous result was found to be due to a single individua in this species (U.
bilobatum). Without this single individual, the relationship was found to be significant
(Figure 6.5).

Table 6.3. Significance values for regression linesfor bivariate correlations. Amended tip length
ratiovstip arearatio refersto the dataset with the one U. bilobatum individual removed

(appendix 3).
Relationship R? Degr ees of Significance
tested freedom
Massvswing span | 0.530 18 Significant at P < 0.01
(B)
Massvswingarea | 0.571 18 Significant at P < 0.01
(©)
Mass vs aspect 0.024 18 Not significant
ratio (A)
Mass vswing 0.268 18 Significant at P < 0.05
loading
Amended tip length | 0.860 18 Significant at P < 0.01
ratio (T.) vstip
arearatio (Ts)

Principal Components Analysis
Principal components have been obtained using MINITAB®. Table 6.4 shows the

Eigenvalue, proportion and cumulative proportions of each variable, and Table 6.5

shows the variable loadings for each of the three principal components cal culated.

Table 6.4. Eigenanalysisfor the principal components calculated from mass, wing span (B) and
wing area (S). PC1 explains 93.2% of the data, whilst 5% and 1.8% respectively account for
PC2 and PC3.

PC1 PC2 PC3

Eigenvalue 2.8190 | 0.1517 | 0.0555
Proportion 0.932 0.050 | 0.018
Cumulative 0.932 | 0982 | 1.000

Table6.5. Variableloadingsfor each principal component.

Variable PC1 PC2 PC3
Mass 0.568 0.793 | -0.220
Wing area 0.586 -0.202 | 0.785
Wing span 0.578 -0.575 | -0.580

21



Using Table 6.5, it is possible to interpret each of the three calculated
components as over all size, mass per wing length unit, and wing area
respectively. Thisisin contrast to Norberg & Rayner (1987), whose second and
third components were described as being equivalent to wing loading and aspect

ratio respectively.

Figures 6.6 — 6.8 show plots of PC1 against PC2, labelled by species (Figure
6.6), subfamily (Figure 6.7) and food preference (Figure 6.8), whilst Figures 6.9
—6.11 show score plots for PC2 against PC3, with the same groupings.
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Figure 6.6. Principal components analysis. Score plot of PC1 against PC2, individuals labelled
by species. Bats are labelled using the acronyms given in Table 6.1. The first component is
equivalent to overall size, and the second component is equivalent to mass per wing length.

22



I
bome
©»

X+ 4 A

Figure 6.7. Principal components analysis. Score plot of PC1 against PC2, individualslabelled
by subfamily, given in Table 6.1. Thefirst component is equivalent to overall size, and the
second component is equivalent to mass per wing length.
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Figure 6.8. Principal components analysis. Score plot of PC1 against PC2, individualslabelled
by food preference, given in Table 6.1. The first component isequivalent to overall size, and
the second component is equivalent to mass per wing length.
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Figure 6.9. Principal components analysis. Score plot of PC2 against PC3, individualslabelled
by species. Bats are labelled using the acronymsgiven in Table6.1. The second component is
equivalent to mass per wing length, and the third component is equivalent to wing area.
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Figure 6.10. Principal components analysis. Score plot of PC2 against PC3, individuals
labelled by subfamily, given in Table 6.1. The second component is equivalent to mass per
wing length, and the third component is equivalent to wing ar ea.
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Figure 6.11. Principal components analysis. Score plot of PC2 against PC3, individuals
labelled by food preference, given in Table 6.1. The second component is equivalent to mass
per wing length, and the third component is equivalent to wing area.

Figure 6.6 shows that individual bats of particular species tend to be grouped
together when the relationship of overall size and mass per wing length is
plotted. Figure 6.7 shows that bats of the same subfamily are also grouped
together, athough, the Stenodermatinae seem to be spread out much more
because this subfamily includes both large bats (A. literatus and A. jamaicensis)
and also quite small bats (A. phaeotis and P. helleri). Figure 6.8 shows that
nectarivores and insectivores tend to be much smaller than frugivores, which
appear to split into two groups, with sanguivores in between. It also seems to
show that insectivorous bats have a lower mass per wing length unit than

nectarivores.

Figures 6.9 — 6.11 plot mass per wing length unit against wing area. Figure 6.9
shows that some species (A. literatus) seem to have a very wide range for both
mass per wing length unit and wing area, whilst others (C. brasiliensis and C.
subrufa) have quite narrow ranges for both components. It also suggests that all

the species caught lie within a very narrow margin. Figure 6.10 shows the
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Stenodermatinae spread across a broad region of the graph, whilst others, such as
the Emballuronidae and Sturnirinae, seem to be at localised points on the graph.
Figure 6.11 suggests that frugivores cover a broad range of mass per wing length
unit but cover a narrow range of wing area, whilst sanguivores have a middle
value of mass per wing length, but a low wing area. Nectarivores appear to have
middle values of mass per wing length unit and wing area, whilst insectivores

exhibit low mass per wing length values and low wing areas.

Call Morphology

Measurements are given in Table 6.6, and a depiction of the call from each

speciesisgivenin Figure 6.12.

Table 6.6. Averages of call measurements made. Speciesis given asthe acronymsfrom Table
6.1. The shapes of the calls can be seen in Figure 6.12.

Peak Number
frequency/ | Length/ of Interval
Species kHz ms harmonics| /ms Shape
arlit 75.28 0.02 1.00 0.38 steep downward FM sweep
arjam 60.46 0.05 1.00 0.45 steep downward FM sweep
cabre 70.83 0.03 3.00 0.40 steep downward FM sweep
cacas 92.68 0.02 0.85 0.92 vertical FM sweep
caper 62.01 0.03 0.00 1.16 downward FM sweep
derot 94.42 0.03 2.00 0.60 downward FM sweep
sabil 46.97 0.06 3.00 0.96 CF-steep FM
steep downward FM-CF-steep

sahil 46.97 0.06 4.00 0.96 downward FM

still 95.00 0.03 0.00 0.53 shallow downward FM

steep upward FM-CF-steep

ptpar 55.67 0.06 3.00 0.86 downward FM
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Figure 6.12. Sonagram of selected calls measur ed r epresenting the mean frequency span
and pulse duration for each species measured. Time scale has been split up to makeit
easier to determinethelength of thelater callsand does not represent a scale acrossthe
wholefigure. Therearetwo callsfor S. bilineata because the same bat produced both call
structures one after another, although not on the time scale as depicted above.

Figure 6.13. Shows Figure 6.6 with sonagrams overlaid. Bats are labelled using the acronyms
givenin Table6.1.
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Figure 6.14. Shows Figure 6.8 with sonagrams overlaid. Bats are labelled using the acronyms
givenin Table6.1.

Figure 6.13 shows that when looking at the different areas of the graph, there is
no obvious grouping of bats in terms of subfamily and family, with a particular
call structure. Figure 6.14 expands on Figure 6.13 by grouping the bats into
feeding preference. It shows that most frugivores have downward FM sweep
calls of one form or another, whilst insectivores have much more intricate FM-
CF-FM calls. Unfortunately, due to the quality of calls recorded, it isimpossible

to say if nectarivores have their own call structure.
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7. Discussion

It is clear from the data above, with the exception of Myotis nigricans (to be
discussed shortly), that wing morphology in bats is governed by a large number
of variables, not least mass and, therefore, wing loading. The mass of a bat has
such a tremendous effect on the wing morphology because as mass increases, so
does the need for the bat to fly faster just to stay aloft (Altringham, 1996). This
explains why mass seems to be strongly correlated with all quantities measured
except aspect ratio (Figure 6.3). Due to this, mass is the single largest factor
which groups the bats together in all analyses where it is incorporated (Figures
6.1-6.5).

Due to the fact that aspect ratio is a measure of the shape of the wings, it is not
affected by the mass of the animal directly, but the size and shape of the wings,
which, in itself, is affected by the environment the bat inhabits. In cluttered
environments bats need low wing loading and low aspect ratios in order to fly
slow and be more manoeuvrable, whilst in open areas, high wing loading and
high aspect ratio, enabling the bat to fly fast, is better (Norberg & Rayner, 1987;
Altringham, 1996).

As mentioned above, M. nigricans appears to be an anomalous result in all
calculations where mass is included. The mass of M nigricans, according to the
graphs (Figures 6.1 — 6.4) and Table 6.2, is 0.045kg. According to Reid (1997),
the mass of this species of bat is 3 — 6g (0.003 — 0.006kg), therefore the mass for
this species is incorrect, either due to incorrect measurement, an incorrect
identification or more likely a typing error when data was inputted in to the
database. Hence this will not be included in further discussion where generalised

trends are mentioned.

As mass increases, wing loading appears to peter off (Figure 6.4). This seems to
suggest that there is an upper limit to wing loading in bats. Altringham (1996)
states that with increasing mass, the oxygen consumption of the bat during flight

decreases. In light of this, as mass increases, the wing loading increases, although
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if this becomes too great it may result in inefficient flight due to oxygen
consumption. Hence, a maximum wing loading value may be apparent to
maintain oxygen consumption efficiency at a high level. This may be apparent
here, and the proposed wing loading maximum would in this case be in the
potential range of 20 — 30 N m%. However, since all the bats captured for this
study are relatively small, this may not be generalisable to all bats, particularly
those in other regions, such as the paleotropical Megachiropterans. This

phenomenon seems to be unrecorded in the literature to date.

As expected, when wing morphology is considered, individual species of bat are
grouped together (Figure 6.6). This grouping is also found for food preference
(Figure 6.8) and, to a lesser extent, subfamily (Figure 6.7), which show a much
wider spread due to incorporation of arange of sizes of bat (such as A. literatus
and A. phaeotis in the Stenodermatinae). Although other subfamilies (such as the
Carolliinae) exhibit atight grouping since the genera included are all of asimilar
size. In terms of food preference (Figure 6.11), the different preferences are all
grouped together, with frugivores covering a much larger range within
parameters, overlapping al other groups. This is consistent with, and supports
observations made by other studies (Norberg & Rayner, 1987; Fullard et al,
1991)

The different structures of the echolocation calls of bats seems to be linked to
which food they forage on. Figure 6.14 shows that of the species caught and
analysed, calls were similar, dependent on the food preference of the bat species.
For instance, the frugivorous bats all have a downward frequency modulated
(FM) cal structure which may or may not have harmonics, whilst the
insectivorous bats had two FM sweeps partitioned by a constant frequency
portion, and calls from both insectivores analysed (Saccopteryx bilineata and
Pteronotus parnellii) possessed multiple harmonics. In the case of sanguivores
(Desmodus rotundus), call structure consisted of the primary call (portrayed by a
more intense recording), surrounded by three harmonics present at different
frequencies (2 above and one below) at a similar intensity to the primary call.
Since only one species of the three known sanguivores was caught this can not be

generalised to the other sanguivorous species.
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It is known that certain call structures and frequencies are better suited to one
particular task than others. Low frequency narrow band calls penetrate air well,
are associated with Doppler-shifts, and so, are useful for long-range prey
detection, whilst broad band calls suffer from attenuation in the air, and so are
better for use in cluttered environments (Aldridge & Rautenbach, 1987).
Therefore, the insectivores, which have low frequency narrow band calls,
comprising a CF portion are best adapted to foraging in clutter-free airspace,
whilst most frugivores (al except Sturnira lilium) are broad band without CF
portions, and are therefore more suited to foraging for fruit in cluttered
environments, such as ex-plantations. However, echolocation calls are known to
change dependent on situation. For example, a bat flying from its roost to a
known feeding site might produce exploration phase calls, and then when it
reaches its feeding site, could switch to using approach phase calls (Kalko &
Condon, 1998; and Barclay et al, 1999). Further, A. jamaicensis and Carollia
spp. have been shown to use olfaction as a major guide to finding fruit (Kako &
Condon, 1998). Due to this, it is impossible to determine the call phase of those
analysed. A better method would be to record the bats in an enclosed structure
and record them for prolonged periods, as a number of studies have done (Kako
& Condon, 1998; and Jennings et al, 2004).

There are numerous examples of studies into bat wing morphology. Many, as this
study has attempted to do, have followed Norberg & Rayner’s (1987) approach
within the analysis. In line with this previous study, the presented analysis
demonstrates that bats within subfamilies exhibit similar wing morphometrics,
dependent on size, whilst bats that share food preferences also share similar
morphometrics. The present study has demonstrated a comparison of the food
preference of various bat species (as opposed to one species) and their different
cal structures. It has been identified that call structures are linked to food
preference and thus wing morphology, as discussed previously, although more
work needs to be conducted within this area as many investigations have focused

on just one species.
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Appendix 1: Materials and methods including models

Mist nets A selection of net sizes were used ranging between 5 and
15 metres

Poles Approximately 2m tall, used to erect the mist nets, string
guys used to hold poles upright

Bat bags Cloth bags to alow the bats to rest between removal from
the net and processing

Did callipers Used for measuring forearm length and tibia length

Spring balance Used to establish the mass of each bat

Thick gloves Used in the handling of each bat, thick enough so the bat

can't bite through

Digital camera

Model: Olympus 410; To alow photos to be taken of
each bat, transferred to computer and analysed later

Bright torch Allows the determination of age

Watch Time of capture for each bat recorded

Epindorph tubes Contain alcohol; used for storage of DNA samples

Bat detector Model: Petterson Elektronic AB Ultrasound detector

D240x; used to record the echolocation calls of each bat

Recording device

Call transferred from detector to MP3 recorder, for
transfer to computer and anaysis

Wing punch Used to punch small holes in bats wing as DNA sample
and also works as a means of determining re-capture
Graph paper Bats photographed against millimetric paper to allow size

to be determined in analysis

Identification guide

Reid, 1997. Plates and descriptions used to identify bats to
species level

Computer

Used for analysis of pictures using ImageTool© 3, sounds
using Adobe® Audition® 1.5 and MS® Access® database
compilation
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Appendix 2: Field Data Sheet
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Appendix 3: Original correlation between tip length ratio and tip
area ratio. The anomalous point is that of Uroderma bilobatum
(circled). A brief look at the data highlighted a single individual
which could be removed to give a mean for that species which was
closer to the true mean for the species.

R?=0.133
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