3D photogrammetry of bat skulls: perspectives for macro and micro-evolutionary analyses
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SUPPLEMENTARY MATERIAL

Data acquisition and model landmarking
Photogrammetry. PH is widely used in palaeontological and zoological studies to extract reliable measurements from 2D images or 3D models. Although it is more intensively applied to scan live animals (Marchal et al. 2016; Postma et al. 2015; Ratnaswamy and Winn 1993), studies of museum specimens have recently increased (Evin et al. 2016; Moshobane et al. 2016; Muñoz-Muñoz et al. 2016). Precautions are required to obtain successful mesh reconstructions in 3D models of small and complex objects (Mallison and Wings 2014), such as bat skulls. PH 3D models were obtained employing a 24 mega-pixel digital SLR Nikon D5300 camera attached to a Nikkor 60 mm macro lens and mounted on a tripod. The general camera lighting settings and positioning, specimen arrangement and number of pictures per specimen were adapted from Falkingham (2012) and Mallison and Wings (2014). A turning platform (~10 cm diameter), covered by black velvet, was placed inside a white photography tent and surrounded by three natural white lights to provide a constant and homogeneous illumination (enhancing the contrast between the skull components and avoiding excessive shadows and non-natural coloration). We positioned the specimen on the centre of the platform to ensure standardized data acquisition across all samples. The camera was positioned at approximately 10-15 cm from the skull at an angle of ca 30-40º relative to the platform plane. 
Pictures were taken so that approximately 2/3 of the frame was occupied by the image of the cranium, thus optimizing the number of informative pixels in the frame. We took pictures at successive rotation intervals of 8-9 degrees, obtaining a total of 40-45 high quality image acquisitions for each complete platform rotation (=chunk), which was enough to ensure a sufficient frame overlap. A total of 120-135 pictures were acquired for each specimen from 3 complete rotations of the skull: one rotation on the transverse axis (laying on the basicranium: horizontal chunk) and a double rotation on the longitudinal axis (standing on the occipital bone: vertical chunks).
The aperture of the camera lens was set at f32 to increase the depth of field (guaranteeing that most of the cranium was in focus) while the exposure time (usually between 0.33-0.63 secs) was dependent on light condition (exposure meter between 0 and -1).  The data acquisition time with this protocol ranged between 20-30 minutes per sample. 

Agisoft PhotoScan Professional v. 1.3.4 software (Agisoft LLC, St. Petersburg, Russia) was used to obtain 3D spatial data from the images and reconstruct the model. The same workflow was adopted for each chunk: 1) mask application to all pictures, 2) picture alignment with subsequent sparse cloud generation, 3) dense cloud production (~16,000,000 points), 4) dense cloud cleaning, 5) chunk alignment, 6) mesh creation (~3,000,000 faces) and saving of the 3D model in .ply format (for a review of PH workflows see Falkingham 2012; Mallison and Wings 2014). Most of these steps can be performed efficiently in a semi-automatic manner (batch process mode) and multiple projects can be processed at a time. The resulting .ply file was scaled in MeshLab 2016.12 software using a scale factor that was obtained from three skull measurements (dorsal length, ventral length and width). These measurements were taken (to the nearest 0.01 mm) with a digital calliper (Senator 6, Senator Quality Tooling). The average time required to perform all the steps listed above was around 150 minutes per model. To potentially reduce the reconstruction time, only one rotation on the longitudinal axis can be used and the second one kept as backup in case of failure of the first. This would reduce the reconstruction time to around 120 minutes without compromising the mesh reconstruction success. To further reduce the reconstruction time the pictures can be subsampled to reduce the number per chunk to around 36 here. Nevertheless, this tended to lead to a failing of the dense cloud production step, preventing the mesh reconstruction in approximately one third of the samples. 
Surface laser scan. Many fundamental and processing steps for LS are shared with PH. Breuckmann technology is widely used for morphometric analyses in biology and anthropology (Evin et al. 2016 among others; Katz and Friess 2014). We employed a Breuckmann Laser Scan, model SmartSCAN R5/C5 5.0 MegaPixel (AICON 3D systems, Braunschweig, Germany). It is equipped with two digital cameras (30° of triangulation angle) either side of a white light projector unit. An automatic turning platform is located at a distance of 37 cm from the cameras. The specimen was placed at the centre of the platform. The system requires stable lighting and a dark environment: any additional light acts as noise and can compromise the reconstruction process. We employed the field of view S-030 which is optimal for very small objects (240 mm length) and can achieve a maximum resolution of 10 µm. After calibrating the cameras, 12 pairs of pictures were taken for each complete rotation. The operator changed the specimen orientation at the end of each chunk and, depending on the size of the specimen, collected 3-4 chunks for each skull. Chunks were processed with OptoCat software (AICON 3D systems, Braunschweig, Germany). The software computes a primary mesh for each chunk which automatically aligns with the previous chunk. If unsuccessful, the operator can select three points that the software will use as a reference. When all chunks have been merged, the 3D model is saved in .ply format. This technique is the least time- consuming of the three with a total processing time of around 40 minutes (including image collection and 3D model generation).

Micro CT scan. The µCT scans of the 19 bat specimens were performed at the MNHN of Paris using a phoenix v|tome|x s with a voxel size range of 18-28 µm (average 23 µm). The remaining specimens from the RBINS were scanned with a XRE UniTom µCT and the scans achieved a voxel size ranging from 12 to 20 µm (average 15 µm). All crania were located inside a plastic tube separated from one another by a low-density material. The computed tomography technique uses x-rays to acquire cross sectional images on three dimensions, all at a specific distance from each other. We processed these virtual slices with the software Avizo (FEI Visualization, Hillsboro, USA) to reconstruct the 3D volume of the scanned object. The 3D models were obtained through a segmentation routine, by selecting the regions of interest in the 2D radiography images. Lastly, the model was saved as an .ply file. 
No digital alteration of any kind (e.g. smoothing, decimation) was applied to the models following the guidelines of Veneziano, Landi and Profico (2018).
Model landmarking. The open source software Landmark Editor (Wiley et al. 2005) was used to place 24 unilateral landmarks on the dorsal, lateral and ventral side of the cranium that were anatomically defined as shown in Figure 1. Landmark configuration was adapted from Bogdanowicz et al. (2005) and Sztencel-Jablonka et al. (2009). Homologous anatomical points were chosen to be easy to identify in all samples, reducing the degree of digitizing error (two landmarks of type I and 22 of type II; Bookstein, 1991). Each landmark was specified by 3D coordinates along arbitrary x, y and z axes. For each 3D landmark configuration, size was represented by the centroid size (defined as the square root of the squared distances of each landmark to the barycentre of the configuration: Bookstein 1989). The 3D raw coordinates were imported as .TPS files for subsequent analyses using the R packages “geomorph” (Adams and Otárola-Castillo 2013) and “Morpho” (Schlager 2013). The raw landmark coordinates were translated, rotated and scaled (therefore superimposed) to unit centroid size via Generalised Procrustes Analyses (GPA).  This provided a new set of 3D coordinates called Procrustes Shape Coordinates (Kendall 1984; Rohlf and Slice 1990). The new set of coordinates were used for all subsequent analyses. 
For the interspecific study (19 species), we assessed the landmarking error by recording coordinates three times on a subsample of nine species, selected to represent the morphological variation within our sample (Carolia perspicillata, Desmodus rotundus, Glossophaga soricina, Myotis emarginatus, Myotis capaccinii, Nyctalus noctula, Rhinolophus hipposideros, Rhinolophus ferrumequinum and Tadarida teniiotis) for each technique (LS, PH, µCT). Some species were morphologically very divergent, as assessed from principal component scores (see later)(e.g. D. rotundus and G. soricina) while others were very similar (e.g. R. hipposideros and R. ferrumequinum).
For the intraspecific dataset, we performed triple landmarking on seven specimens that were representative of the three focal species within the study (3 M. brandtii, 2 M. nigricans and 2 N. noctula). This was repeated for both techniques employed in this second study: µCT scanning and PH, to allow assessment of the magnitude of landmarking error between models.
Using GMM we analysed the two data sets (intra and interspecific) separately to help identify differences and similarities between 3D models at different scales.
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Table S1- Skull total length of 19 specimens from the MNHN. Average skull length= 15.62; minimum= 10.41; maximum= 22.44.

	Catalogue number
	Family
	Genus
	Species
	Total length (mm)

	MNHN-ZM-MO-1996-447
	Molossidae
	Tadarida
	teniotis
	19.82

	MNHN-ZM-MO- 2007-81
	Noctilionidae
	Noctilio
	albiventris
	20.48

	MNHN-ZM-MO-1998-667
	Phyllostomidae
	Carollia
	perspicillata
	20.44

	MNHN-ZM-MO-2007-90
	Phyllostomidae
	Desmodus
	rotundus
	22.44

	MNHN-ZM-MO-1977-527
	Phyllostomidae
	Glossophaga
	soricina
	18.42

	MNHN-ZM-MO-1977-58
	Rhinolophidae
	Rhinolophus
	ferrumequinum
	18.78

	MNHN-ZM-MO-1932-4107
	Rhinolophidae
	Rhinolophus
	hipposideros
	13.17

	MNHN-ZM-MO-2003-222
	Vespertilionidae
	Eptesicus
	serotinus
	17.00

	MNHN-ZM-MO-1932-4270
	Vespertilionidae
	Hypsugo
	savii
	11.70

	MNHN-ZM-MO-2004-460
	Vespertilionidae
	Miniopterus
	schreibersi
	13.20

	MNHN-ZM-MO-1955-671
	Vespertilionidae
	Myotis
	capaccinii
	15.15

	MNHN-ZM-MO-1983-506
	Vespertilionidae
	Myotis
	dasycneme
	15.30

	MNHN-ZM-MO-1997-322
	Vespertilionidae
	Myotis
	daubentoni
	13.61

	MNHN-ZM-MO-2004-1308
	Vespertilionidae
	Myotis
	emarginatus
	13.73

	MNHN-ZM-MO-2003-316
	Vespertilionidae
	Myotis
	nigricans
	11.61

	MNHN-ZM-MO-1932-4158
	Vespertilionidae
	Nyctalus
	noctula
	14.55

	MNHN-ZM-MO-1932-4267
	Vespertilionidae
	Pipistrellus
	nathusii
	11.73

	MNHN-ZM-MO-2003-283
	Vespertilionidae
	Pipistrellus
	pipistrellus
	10.41

	MNHN-ZM-MO-1932-4160
	Vespertilionidae
	Plecotus
	austriacus
	15.24


Table 1- Anatomical definitions of 24 unilateral landmarks. Landmarks with * are symmetric landmarks and are placed on the right side of the skull. 
	Lanmark number
	Anatomical definition

	1
	Dorsal internasal-opening midpoint

	2
	Uppermost point on the frontal suture

	3
	Highest point on the interparetial/supraoccipital suture

	4
	Midpoint on the posterior limit of foramen magnum

	5
	Lateral limit of the foramen magnum*

	6
	Midpoint on the anterior limit of foramen magnum

	7
	Most posterior point of the mandibular fossa*

	8
	Attachment point between zygomatic arch and mandibular fossa*

	9
	Most anterior point of the mandibular fossa*

	10
	Most internal point of the mandibular fossa*

	11
	Posterior end of the palatine

	12
	Ventral most anterior internal point of the zygomatic arch*

	13
	Ventral internasal-opening midpoint

	14
	External anterior base of C*

	15
	External posterior base of C*

	16
	End of the toothrow*

	17
	Midpoint of the lower margin of the infraorbital foramen*

	18
	Midpoint of the higher margin of the infraorbital foramen*

	19
	External margin of the notch above the lacrimal process*

	20
	Dorsal most anterior external point of the zygomatic arch*

	21
	Dorsal most posterior internal point of the zygomatic arch*

	22
	Dorsal most posterior external point of the zygomatic arch*

	23
	Most posterior point of tympanic bullae*

	24
	Most anterior point of tympanic bullae*


Table S3 Results of Kmultiv for phylogenetic signal A) and R2 for allometry and correlation with ecological variables B) for the multi-and singular-technique datasets. Results are computed by technique with (with-Phy) and without (no-Phy) phylogenetic correction. PS=phylogenetic signal; BF=bite force; FP=frequency peak

	A)
	
	Min
	Mean
	Max
	SD

	PS Size
	multi-technique
	0.800
	0.846
	0.889
	0.018

	
	singular-technique
	0.818
	0.848
	0.868
	0.021

	PS Shape
	multi-technique
	0.899
	0.940
	0.984
	0.016

	 
	singular-technique
	0.919
	0.943
	0.972
	0.022


	B)
	
	Without phylogenetic correction
	With phylogenetic correction
	

	
	
	Min
	Mean
	Max
	SD
	Min
	Mean
	Max
	SD

	Allometry
	multi-technique
	0.058
	0.066
	0.076
	0.003
	0.083
	0.096
	0.110
	0.004

	
	singular-technique
	0.062
	0.067
	0.072
	0.004
	0.098
	0.101
	0.105
	0.003

	Size~BF
	multi-technique
	0.752
	0.774
	0.796
	0.007
	0.811
	0.835
	0.857
	0.008

	
	singular-technique
	0.771
	0.775
	0.780
	0.004
	0.826
	0.836
	0.846
	0.008

	Shape~BF
	multi-technique
	0.069
	0.086
	0.106
	0.007
	0.030
	0.042
	0.058
	0.005

	
	singular-technique
	0.080
	0.087
	0.097
	0.008
	0.037
	0.042
	0.051
	0.006

	Size~FP
	multi-technique
	0.007
	0.011
	0.017
	0.002
	0.304
	0.324
	0.339
	0.008

	
	singular-technique
	0.012
	0.012
	0.013
	0.000
	0.316
	0.325
	0.331
	0.007

	Shape~FP
	multi-technique
	0.145
	0.155
	0.168
	0.004
	0.084
	0.092
	0.102
	0.002

	
	singular-technique
	0.152
	0.155
	0.158
	0.002
	0.092
	0.092
	0.093
	0.001


[image: image1.png]



Figure S1. Example of dorsal view for models built with photogrammetry, laser scan and µCT scan (respectively from left to right).
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Figure S2. Parameters distribution of allometry, phylogenetic signal (for size and shape), correlation with bite force and with frequency peak computed under phylogenetic comparative approach using 1000 trees sampled from the posterior distribution. 
