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Methods for Estimating the Volume of the Tympanic Bulla
in the Big Hairy Armadillo Chaetophractus villosus
(Mammalia, Xenarthra, Dasypodidae)
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SUMMARY: Two methods of measurement of bullar dimensions (callipers and scaling from digital images) and subsequent
application of four volume formulae (rectangular prism, cylinder, ellipse and elliptical cone) were tested to find the noosatepp
non-destructive method for estimating the bullar volun@haetophractus villosud/aterial for the study consisted in clean adult skull
(n=22). Real volume was obtained from latex casts of the tympanic bulla. Each estimation was corrected by a factor based on the
differences between the estimated and the real volumes. Highest accuracy (5-7 % of underestimation) and precision ¢€oefficient
variation: 13.27 %) were obtained from callipers and application of rectangular prism, cylinder and ellipse formulae.spoadioge
correction factors were 0.31, 0.39 and 0.58, respectively.
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INTRODUCTION

The big hairy armadilldChaetophractus villosus vocal communication (Schleich & Vasallo, 2003; Schleich
(Desmarest, 1804) belongs to the widespread and divefsddusch; Francescolet al) and detection of predators
dasypodid family, a group of primarily burrowing mammal§Ravicz & Rosowski, 1997; Schleich & Vasallo; Francescolli
that dig tunnels for foraging activity, to obtain shelter frongt al). In dasypodids, the bullae are generally large and
predators and climate, and to be used as dens. inflated, better developed than in any other group of

xenarthrans (Roig; Segall, 1976; Patterrstoad,, 1989; Wible

In subterranean environments, low frequencies hageGaudin, 2004), condition that has been suggested as being
been shown to be better propagated than higher frequend8sadaptation to life not only in underground niches but also
(Heth et al, 1986). Therefore, animals under selectivé increased eremic conditions (Roig; Squaetial, 2007).
pressures in hypogean habitats have developed certBigtwithstanding, studies that allow comparing bullar volume
anatomic and physiological auditory specializations th@&mong the different species of armadillos are scarce, which
enhance low frequency detection, which may includepresents a major shortcoming if taking into account that
massive middle ear ossicles, loosening of their ligamentosigch knowledge would be a valuable starting point for testing
attachments, large tympanic membranes and increased buing adaptive value of auditory specializations in the group.
volumes (Burdaet al, 1990, 1992; Webster & Plassmann,

1992; Mason, 2001, 2004, 2016; Begall & Burda, 2006; The estimation of the bullar volume by non-
Argyle & Mason, 2008; Schleich & Busch, 2004; Francescollestructive methods is not an easy task, owing to its convex
etal, 2012). The latter, which was mainly studied in rodent§hape and, sometimes, to the laboriousness in establishing
has been interpreted as a character with adaptive value withig exact limits of the bony walls. Some authors have
underground tunnels in terms of echolocation (Roig, 1978ssociated the shape of the bulla of different mammalian
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species to idealised geometric figures in order to calculdBetermination of the real BV (RBV).After the registration
the bullar volume from external measurements; such figaf parameters were completed, the ventral wall of the bulla
res include, for example, the cylinder (Laregeal, 2004), was sectioned by means of a dental lab drill (16000 RPM,
the rectangular prism (Huamg al, 2002; Lange & Burda, 1/4 HP) to obtain two bullar halves (dorsal and ventral).
2005), or the elliptical cone (Schleich & Vassallo; Begall 8Middle ear ossicles were carefully removed. External
Burda; Francescoéit al). However, a comparison betweenacoustic meatus was sealed with epoxy mastic
the different methods employed has never been performédOXILINA®), whereas tiny holes (oval and round windows,
nor is available a detailed study of the relationship betwesmall fissures, etc.) were sealed with a fast-drying product
this type of estimations and the real tympanic volume. THEOXIMIX®). Both halves of the bulla were then filled with
objective of the present work was to evaluate the accuraiguid pre-vulcanized natural latex (REVULTEX MR), dyed
and precision of non-destructive methods to estimate tidth a small amount of artificial colorant; this procedure
bullar volume inC. villosus was performed slowly with the aid of a syringe (0.13%rtm
avoid the formation of air bubbles. Owing to the contraction
that occurs in the latex during its drying, the bony halves
MATERIAL AND METHOD were refilled as many times as necessary to achieve com-
plete filling. After 43 h from the beginning of the filling
process, the casts were removed and weighed in a digital
Adult skulls of C. villosus(n=22) were taken from balance (O"Haus PA313; 0.001g). Latex density (0.95:g cm
the collection of the Laboratory of Comparative Anatomy) was used to make the conversion from weight to volume;
(Departamento de Biologia, Bioquimica y Farmacia, UNSYo know the change in mass that occurs during the
solidification of the product owing to water evaporation, a
Estimation of the bullar volume (BV). Two non-destructive known quantity of it was weighed at liquid state and weighed
methods were used to obtain external linear measuremeaggin after 43 h. The change in density caused by the addition
of the tympanic bulla: digital callipers (0.01 mm) and scalingf the artificial colorant was considered negligible.
tool of TPSDig2 software (Rohlf, 2010). In the last case,
images were obtained with a digital camera (Panasonic ~ For each specimen, the volume of the middle ear
Lumix DMC-TZ5); parallax problems were minimised byossicles was obtained by the volume of water displaced in a
taking into account several considerations: i- the camera wagaled microsyringe, and this value was subtracted from the
fixed at a constant visual distance with the aid of a verticablume of the corresponding cast to obtain RBV.
stand; ii- the material was successively placed in the middle
of the visual campus, coordinated on a graph paper betwdata analysis.Each set of the eight estimations (raw data)
horizontal and vertical lines; iii- allimages were captured iwas divided into two groups according to the difference
one session. between the estimated volume and RBV. In each case, the
group with the lowest differences (n=9) was used to calculate
Three parameters were registered with each methadorrection factor o RBVI
)

(Fig. 1). From the ventral view of the skull, we obtained (CF=1/9 Z._l—
bullar length (BL, distance between the rostral and caudal =L pyi

maximum convexities of the bulla) and bullar width (BWwhich was applied over the second group (n=13) to obtain
perpendicular distance to BL, at the point of the maximuithe corrected estimated volume: GRECY,, CEL_, CCQ,
bullar convexity). In lateral view, we registered bullar heighf€RP,, CCY,, CEL,, CCQ..

(BH, perpendicular length to the plane defined by BL and

BW, measured at the dorsal border of the external acoustic ~ Regression analyses were performed between the
meatus). All measurements were performed in the right beerrected estimated volumes and RBV (n=13 in all cases;
lla, unless it was not correctly preserved. Infostat version 1.1, 2006).

Measurements were used to estimate the BV by
applying the volume formulae for different geometrical fiRESULTS
gures: rectangular prisnRP = BL * BW *BH , cylinder
(CY =mr* BL/ 2* BW/2* BH), ellipse EL = 4113 * BL/2 *
BW/2 * BH/29 and elliptical condCO =[mr*BL/2 * BW/ Mean RBV ¢ S.D.) was 826.14113.3) mm. The
2*BH]/3). Eight estimations were then obtained, four frontatex casts, which were easily removed with the aid of
callipers (RR, CY,, EL_, CO,) and four from digital images dissecting forceps, were predominantly elliptical, with
(RP,, CY,, EL,, CQ,). accessory small and spherical masses. The middle ear

129



BASSO, A. P.; SIDORKEWICJ, N. S. & CASANAVE, E. B.Methods for estimating the volume of the tympanic bulla in the big hairy arm@tifletophractus villosudlammalia, Xenarthra,
Dasypodidae)int. J. Morphol., 35(1)128-132, 2017.

Table I. Mean values (mm), standard deviations (SD, mm)
and coefficient of variation (CV, %) for the bullar dimensions
of Chaetophractus villosus.

Callipers
BL BW BH BL BW BH
Mean 1430 1057 16.56 1536 10.69 1591
SD 0.82  0.69 1.60 1.24 1.08 1.78
(6)Y 576 656  9.67 807 10.10 11.19
BL: bullar length; BW: bullar width; BH: bullar height.

Digital images

ossicles represented on average 0.0025 % of the bullar
volume.

The parameters registered by means of callipers were
more precise than those obtained from digital images (Table
). In both measurement methods BH was the variable which
involved more effort to be obtained and resulted in higher

Fig. 1. Ventral (above) and lateral (below) views of the skull oflata deviation.
Chaetophractus villosuslustrating the measured parameters. BL: The
bullar length; BW: bullar width; BH: bullar height.

results from the
combination between measurement

) methods and mathematical
Table Il. Raw (n=22) and corrected (n=13) mean valte3Y) of the estimated bullar volume (fm f m?ulae used are shown in Table

obtained from two different measurement methods and subsequent application of four mathemfl |Cﬁ .

formulae. The over (+) and under (-) estimations with respect to the real volume (RBV=8Z§ drenm l."Raw data underestimated (CO)
shown between parentheses (bias, %). The coefficient of variation (CV, %) and the determin@foverestimated (RP, CY, EL) the
coefficients corresponding to the corrected volume-RBV relationshif)saR also indicated. CF: RBYV, both from callipers as from
correction factor applied to the raw data to obtain the corrected volume. Other abbreviations: in tegital images; greatest

Callipers Digital images overestimations were observed with
Rectangular Raw volume RP=2521.6+ 3344 RP,=2618.6 £610.0 RP formula. followed by CY and
prism (RP) (bias, %) (+ 205 %) (+217 %) in the last place, EL. The values
CF 0.37 0.38 : 1 X
Corrected volume ~ CRPc=10053£954  CRPy=1119.0 £216.3 obtained by applying the correction
(bias, %) (+22 %) (+35 %) factor generally diminished these
cv 9.49 20.24 biases, and reduction was more
R2 0.82 0.04 marked in CRE, CCY, and CEL..
Cylinder (CY) Raw volume CYc=2051.2 +288.7 CYp=2056.6 +479.1 These estimates were also the most
(bias, %) (+ 148 %) (+149 %) . .
CF 0.47 049 precise, as indicated by the smallest
Corrected volume CCYc=1003.0 +95.2 CCYy=11258+224.6 values of coefficient of variation
(bias, %) (+ 21 %) (+36 %) (CV).
cv 9.49 19.33
Ellipse (EL) R Rz1 EL 132% 192.4 EL 13(1);)? 319.1 The relationships between
1pse aw volume c= S+ . p= A+ . .
(bias. %) (+ 65 %) (+59 %) corrected estimated volym.e.s and
CF 071 0.74 RBV were found to be significant
Corrected volume CEL=1010.1+95.9 CEL»=1130.9 +228.9 only for the estimations based on
(bias, %) (+ 22 %) (+37 %) callipers (p<0.0002 in all cases).
cv 9.49 19.95 The four mathematical formulae
Elliptical R Rzl Cco 62§§ 87.5 Cco 62(3);51 159.7 yielded acceptable values of
1ptical aw volume c=660.2 = 87. D= S+ . . . ..
cone (CO) (bias. %) - 20%) C17%) determination coefficients @R
CF 110 102 although CO presented the lowest
Corrected volume CCO:=702.9 + 114.0 CCOy=631.5+121.3 one (Table II).
(bias, %) (- 15 %) (-24 %)
cv 16.22 19.21 Taking into account that the
R2 0.73 0.66
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the combination of callipers and RP, CY and EL formula@f accuracy and precision were obtained also with the
but still resulted in considerable biases (+ 21-22 %), nesylinder and the rectangular prism. The elliptical cone was
adjusted correction factors (ACF) were calculated as followthie least appropriate, as indicated by the highest CV and the
ACF = (RBV *CF/BY , where BV was CRP CCY_and lowest R values.
CEL_. The values of ACF were 0.31, 0.39 and 0.58 for CRP
CCY, and CEL, respectively, which drastically reduced The application of a correction factor to the estimated
errors to — 5 % (CRP 781.#103.7), - 6 % (CCY. volumes ensured to minimise errors arising from not
772.4£102.4) and - 7 % (CEL 765.8101.6). Regressions considering spaces occupied by middle ear ossicles,
of the new estimated volumes vs. RBV for the whole dafromontorium, etc., as well as from the possible existing
(n=22) resulted in low values of2R0.57) owing to the differences between the real shape of the tympanic bulla
something higher CV's (13.27) but were highly significanand the idealised geometric figures considered. The
(p<0.006) in the three cases. correction factor obtained in this study was precise and robust
enough because calculations were based on the least
differences between the real and the estimated volume; this
DISCUSSION was demonstrated by the highi 8btained when it was
applied to another subsample with higher range of RBV-BV
differences. However, a considerable bias was still present
We have tested two methods of measurement of bullahich was markedly reduced by adjusting calculations,
dimensions and subsequent application of different volunodbtaining a new correction factor with good levels of
formulae to find the most appropriate non-destructive methadcuracy and precision.
for estimating BV inC. villosus
We conclude that the measurement of bullar
Bullar height (BH) represented the most difficultparameters with callipers, subsequent application of
parameter to register both with callipers as with digitahathematical formulae and correction by a factor can be a
measurements owing that the upper limit of the bulla is nealuable alternative to obtain information about the bullar
clearly defined in lateral view. On the other hand, its lowaroume inC. villosuswhen destructive methods or computed
limit lies in a deeper plane with respect to the upper one; @snography are not possible prospects. Best results in terms
a result the callipers did not have a fixed toehold whereasaccuracy and precision were obtained by application of
the digital images had logical problems of parallax. rectangular prism, cylinder and ellipse formulae, with
correction factors of 0.31, 0.39 and 0.58, respectively. The
Calllipers resulted in more precise estimations of tr@mplicity of the method, which enables to quickly obtain
bullar volume than digital images. Registration of parametersliable results, makes it an advisable alternative to be tested
based on digital images appears as a promising tool farother dasypodid species with similar bullar characteristics,
creating data files which can be used in future studies. Rarevious finding of its own correction factors.
the tympanic bulla of. villosus however, it does not seem
to be a valid alternative. The markedly rounded shape of the
bulla in this species caused, despite the precautions takEOBKNOWLEDGMENTS
during photograph shooting to avoid parallax issues, intrinsic
problems that were present not only for BH but also for
parameters taken in ventral view (BL and BW). Since linear The authors thank the statistical assistance and the
measurements were introduced into volumetric formulaeritical revision of the manuscript made by M.V. Lodovichi.
minor variations led to markedly increased data dispersidrinancial support by the Secretaria General de Ciencia y
Tecnologia, Universidad Nacional del Sur (Project PGI 24/
Several authors have determined the BV in differe3198) is greatly acknowledged.
mammalian species from external measurements which were
later introduced in mathematical formulae (e.g. Laatge;
Huanget al; Lange & Burda; Schleich & Vassallo; BegallBASSO, A. P. ; SIDORKEWICJ, N. S. & CASANAVE, E.B.
& Burda; Francescoét al), but the reasons for the electionMétodos para la estimacion del volumen de bula timpénica en el
of a determined volume formula were not put forwar@€.In duirquincho grandeChaetophractus villosugMammalia,
villosus in particular, the ellipse seems to be a priori th§enarthra, Dasypodidaent. J. Morphol., 35(1)L28-132, 2017.
most adequate expression to be used because is the most
assimilable (in external view) to the real shape of thg, o
tympanic bulla. However, results showed that similar levels

RESUMEN: Se evaluaron dos métodos para la obtencién
didas de la bula (calibre y escalado a partir de imagenes
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digitales), con posterior aplicaciéon de cuatro formulas de volumé&avicz, M. E. & Rosowski, J. J. Sound-power collection by the auditory
(prisma rectangular, cilindro, elipse y cono eliptico), a fin de ha- Periphery of the Mongolian gertileriones unguiculatudll. Effect

llar el método no destructivo mas adecuado para el calculo de vo- ©f variations in middle-ear voluma. Acoust. Soc. Am., 101(2)35-
lumen de bula e@haetophractus villosugl material de estudio 47,1997,

istio P limpios de individ dult -22) El Rohlf, F. JTPSDig2, version 2.1&ew York, Department of Ecology and
consistio en craneos limpios de individuos adultos (n=22). El vo- Evolution, State University of New York at Stony Brook, 2010.

'Pme,” real fue 0bte_nid0.§1 partir de moldes de latex de la byigig v, G. La hipertrofia de la bula timpanica y su significado adaptativo
timpanica. Cada estimacion fue corregida mediante un factor ba- en los edentados de zonas aridzeserta, 87-97, 1971.

sado en las diferencias entre los volumenes reales y estimadosStiseich, C. E & Busch, C. Functional morphology of the middle ear of
mayor precision (coeficiente de variacion: 13,27 %) y exactitud Ctenomys talarurtRodentia: Octodontidae). Mammal., 85(2290-
(subestimaciones del 5-7 %) fueron obtenidas a partir de medicio- 5, 2004.

nes con calibre y aplicacién de férmulas de prisma rectangulthleiCh' C. E. & Vasallo A. |. Bullar volume in subterranean and surface-

i ; P _ dwelling caviomorph rodentd. Mammal., 84(1185-9, 2003.
fiil/:r?]r:n)tle?“pse (factores de correccion: 0,31, 0,39y 0,58, respeé:egall, W. Further observations on the ear in fossorial mammals with special

considerations a€hlamyphorus truncatyslarlan).Acta Anat. (Basel),
94(3)431-44, 1976.
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