Obtaining three-dimensional models of limb long bones
from small mammals: A photogrammetric approach
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ABSTRACT

The use of two-dimensional (2D) pictures to analyse form variation of three-dimensional (3D) objects
entails measurement error, loss of important information and a possible misinterpretation of real shape
changes. Despite the increasing availability of 3D imaging technologies, many geometric morphometric
analyses of 3D objects are often performed on 2D images for several reasons. This issue is particularly
relevant in the study of postcranial bones from small mammals, as devices precise enough for digitising
tiny objects are the most expensive ones. In this chapter, we describe a photogrammetric protocol to
obtain 3D models of limb long bones from small mammals. The procedure is based on obtaining 2D
pictures from different angles using techniques of macro photography. To assess the usefulness of this
method for geometric morphometric studies, we compare the form of the humerus between fossorial and
semiaquatic water vole species (genus Arvicola).
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1. BACKGROUND
1.1. 2D vs 3D LANDMARK DATA IN FORM STUDIES

Geometric morphometrics is the statistical analysis
of biological form based on two-dimensional (2D)
or three-dimensional (3D) Cartesian landmark
coordinates (Mitteroecker & Gunz, 2009). In a
morphometric context, landmarks are discrete an-
atomical loci that can be reliably recognised as the
same loci in all specimens under study (Zelditch
et al., 2004). Although some biological structures
are virtually 2D (e.g. insect wings), organisms and
their parts are predominantly 3D objects. There-
fore, it would seem reasonable that most geomet-
ric morphometric studies should use 3D land-
marks to assess form variation. In contrast, many
3D biological structures have been studied using
2D images because of the simplicity, efficiency
and reduced cost of this technique (Cardini, 2014;
Gould, 2014; Mufioz-Muiioz et al., 2016). This

practice, however, entails some problems such
as measurement error, loss of important infor-
mation, and a possible misinterpretation of real
shape changes (Chiari et al., 2008; Cardini, 2014;
Buser et al., 2017). These drawbacks are espe-
cially remarkable in structures with an important
3D component (Cardini, 2014). In fact, while a
considerable degree of concordance between 2D
and 3D datasets has been detected regarding the
patterns of size and shape variation of rather flat
structures, such as the mandible of the marmot or
the mouse, this concordance has been less evident
in highly 3D structures, such as the skull of the
marmot or the sculpin (Cardini, 2014; Navarro
& Maga, 2016; Buser et al., 2017). These results
warn about employing 2D landmarks to assess
form variation of highly 3D structures, especially
at the intraspecific level (Cardini, 2014).

While the use of 2D images to measure mor-
phological variation of 3D biological structures
is a widespread practice that will likely contin-
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FIGURE 1. Evolution of the number of 3D geometric
morphometric studies from the year 2000 to
2017. The upper panel shows the increase in the
total number of geometric morphometric studies
(grey line) and in the number of 3D geometric
morphometric studies (black line). The lower panel
shows the change in the percentage of the latter in
relation to the former.

ue for several years (Cardini, 2014), the num-
ber of published studies that use 3D landmarks
has increased steadily since the development of
geometric morphometrics. This trend is illustrat-
ed in figure 1, which shows how the number of
3D geometric morphometric studies has evolved
between the years 2000 and 20171, The rise of

1. The graphs were constructed from the number of pub-
lications included in all databases of Web of Science
containing as a topic “geometric morphometrics” only,
and both “geometric morphometrics” and “3D” simul-
taneously. In order to include the maximum number of
published articles on these topics, terminological variants
were included in the search with the connector “or”: the
variants “geometric morphometrics” and “geometric
morphometric”, and “3D”, “three-dimensional”, and
“three dimensional” were considered. Containing these
words as a topic was regarded as indicative of the meth-
odology followed in the article. However, it should be
taken into account that a detailed analysis of the litera-
ture was not carried out to verify if the articles including
these words as a topic actually used these methodologies.
Moreover, the search was not exhaustive, and therefore
these graphs should be contemplated as approximate.
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3D geometric morphometric studies might have
several reasons, among which there might be the
generalised perception among researchers that us-
ing data of the proper dimensionality would im-
prove the results. However, the increasing availa-
bility and precision of 3D technologies probably
also plays a prominent role in the expansion of
this approach. The first 3D geometric morpho-
metric studies almost exclusively obtained land-
marks from “big” mammalian skeletal structures,
such as the skull of primates or carnivores, with
the aid of 3D coordinate digitisers (e.g. O Hig-
gins & Jones, 1998; Reig et al., 2001). Since then,
the technologies to obtain 3D landmarks direct-
ly from the object or, alternatively, to obtain 3D
models from which landmarks can be recorded,
have developed and diversified enormously, and
at present allow us to obtain 3D landmarks from
a vast array of biological structures.

1.2. THE PARTICULAR CASE OF SMALL MAMMALS

Over the last two decades, the use of 3D land-
marks has showed an increasing trend, becoming
the standard methodology in fields such as anthro-
pology and biomedical research. However, this
tendency seems to be somewhat slower in certain
groups of animals, as is the case with small mam-
mals?. A possible explanation for this fact is that
devices precise enough for accurate 3D digitization
of tiny objects have a high cost (Mufioz-Muiioz et
al., 2016). Nonetheless, this seems to be changing
with the increasing variety and accessibility of 3D
technologies. Towards the end of the twentieth
century, some pioneer studies already employed
sets of photographs and statistical methods to ob-
tain 3D landmarks from skulls of small mammals
(Fadda et al., 1997; Fadda & Corti, 2001). The
methodology followed in these studies involved
sets of complex instruments or entailed constraints
on the positioning of the objects under study.
Maybe for these reasons, this methodology was
not generally adopted, and studies of shape vari-
ation in small mammals conducted during the fol-
lowing years were mainly based on 2D landmarks

2.The term small mammals does not correspond to any
taxonomic category or natural group of mammals. This
term is usually used to refer to members of the orders
Rodentia, Eulipotyphla and Scandentia, in which the
majority of species are small-bodied as compared to
most other mammals. Here we use the term small mam-
mal to refer to those mammalian species whose skull
length is around, or smaller than, 50 millimetres.
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recorded on different views of the structure under
analysis (e.g. Monteiro et al., 2003; Fernandes et
al., 2009; Sans-Fuentes et al., 2009; Kamilari
et al., 2013; Wilson, 2013; Yazdi & Adriaens,
2013). More recently, a growing number of stud-
ies have employed 3D landmarks to assess form
variation of the skull of small mammals (e.g. Evin
et al., 2011; Attanasio et al., 2013; Cornette et al.,
2013; Martinez-Abadias et al., 2013; Parsons et
al., 2014; Gomes-Rodrigues et al., 2016; McIntosh
& Cox, 2016a, 2016b; Navarro & Maga, 2016).
Because of its complexity and biological impor-
tance, the mammalian skull (comprising the cra-
nium and the mandible) is a model structure for
the study of morphological variation. Moreover,
some species of small mammals, such as the mouse
or the rat, are model species in the fields of bio-
medical research and evolutionary biology. These
two factors might explain why analyses of mor-
phological variation of the skull of model species
seem to be leading the shift from 2D to 3D. Lately,
the form of post-cranial bones, such as limb long
bones, of small mammals has also been analysed
using 3D data (Caskenette et al., 2016). However,
most of the published works analysing the form of
post-cranial bones in these animals are still mainly
based on 2D pictures (e.g. Echevarria et al., 2014;
Marcy et al., 2016; Morgan et al., 2017). Because
of the important 3D component of these bones and
the difficulty in orienting them in a plane, the use
of 3D data to analyse their form seems, at least,
appealing. In addition, since the high cost of the
devices precise enough for 3D digitization of small
objects is a possible cause of the predominance of
2D over 3D studies, the development of more af-
fordable techniques to recover 3D shape of these
bones would be of interest.

1.3. PHOTOGRAMMETRY: AN AFFORDABLE
AND VERSATILE SOLUTION

Several technologies to obtain 3D landmarks are
currently available, such as coordinate digitis-
ers (e.g. Microscribe™ and Polhemus™), reflex
microscopes, automated precision measurement
systems (e.g. Micro-Vu Vertex Multisensor Meas-
uring Center ™), computed tomography, 3D scan-
ners (including contact scanners, laser scanners,
and structured light scanners), and photogram-
metry. Of course, each of these techniques has its
advantages and drawbacks, and the suitability of
each one depends on the particular circumstances,
including specific features of the object under study
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(e.g. the type, its size, its surface), the place where
the data or the model will be obtained, or the pref-
erences of the researcher. For example, coordinate
digitisers, reflex microscope, and Micro-Vu Ver-
tex allow 3D landmarks to be obtained directly
from the object, whereas 3D scanners, computed
tomography, and photogrammetry generate 3D
digital models or surfaces from which landmarks
can be recorded. Having in silico models may be
interesting when the sample is not easily accessi-
ble, as is the case with museum specimens or wild
animals, because once you have obtained the mod-
el it is always available. This makes it feasible to
obtain additional data or revise possible errors
without the need to get back to the real specimen.
Performing a detailed enumeration and analysis
of the pros and cons of each of these technolo-
gies is out of the scope of this chapter. However,
when the budget is limited, the choice of which
technology to use in order to obtain 3D data from
tiny objects depends on two main factors, name-
ly the precision of the device and its cost, which
tend to be positively associated. Of course, other
factors, such as the time needed to obtain the data
or the usefulness of the technology in future stud-
ies, might also be important when deciding which
technology to employ. In this context, we consider
photogrammetry a very interesting tool, since it is
economical and versatile. Stereophotogrammetry
(or photogrammetry for short) estimates 3D coor-
dinates of points on an object using measurements
made on two or more 2D images taken from dif-
ferent positions. Thus, the basic equipment needed
for photogrammetry consists of a digital camera
and specialised software. Because these compo-
nents have a considerably lower cost than other
devices for obtaining 3D data, photogrammetry is
usually considered a low-cost method (Chiari et
al., 2008; Katz & Friess, 2014; Mufioz-Mufioz
et al., 2016). In fact, since some specialised soft-
ware is freely available on the web and digital
cameras are widely accessible, photogrammetry
can be performed at virtually no cost. However,
obtaining precise models of small objects requires
specific photographic material, which increases
the overall cost of the technique. Moreover, free
software usually offers limited versions of payment
software, or only performs some of the utilities
of the latter, which at the end implies either us-
ing a complex set of specialised programs or buy-
ing licensed software. In this study, we used the
software PhotoModeler Scanner (Eos System Inc,
2014), which is commercial software with a life-
long license currently listed at $2,995. When com-
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pared with that of other technologies, this cost is
still limited (Katz & Friess, 2014). However, com-
parison of costs should be taken with caution since
it can change considerably with time. In addition
to being cost-effective, photogrammetry has oth-
er advantages. One of the most remarkable ones
is its versatility. We consider photogrammetry a
highly versatile tool for two main reasons. First,
photogrammetry allows us to obtain precise 3D
models from structures of virtually any size, from
earth surface regions (e.g. Haneberg, 2008) to mi-
croscopic objects (e.g. Eulitz & Reiss, 2015; Ball
et al., 2017). Second, photogrammetry can be per-
formed in a wide range of conditions and places,
from the field to the lab or the museum. As a re-
sult, we can use photogrammetry to perform stud-
ies of very different organisms only adapting the
technique to the particular situation by adding or
changing some specific devices to the equipment.
For example, if we want to obtain the 3D model
of a small object (e.g. the skull of a mouse), then a
macro lens and a tripod, or another type of camera
support, will be indispensable.

Photogrammetry has been widely used in disci-
plines such as geomorphology, architecture or ar-
chaeology. In the field of morphometrics, its possi-
ble advantages were already highlighted more than
three decades ago (Jacobshagen, 1981). However,
studies have only recently started using photogram-
metric techniques to recreate 3D models of human
(e.g. Katz & Friess, 2014; Hasset & Lewis-Bale,
2017; Quinto-Sanchez et al., 2018) or animal (e.g.
Chiari et al., 2008; Falkingham, 2012; Aristide ef
al., 2013; Evin et al., 2016; Mufioz-Mufioz et al.,
2016) phenotypes. Although it is common to com-
bine photogrammetric techniques with macro pho-
tography to generate 3D models of small objects
in disciplines such as archaeology (e.g. Yanagi &
Chikatsu, 2010; Gajski et al., 2016; Marziali &
Dionisio, 2017), as far as we know this approach
has not been applied to the study of form variation
of limb long bones in small mammals. Considering
the interest in using 3D data to analyse form var-
iation, and the advantages that photogrammetry
offers in recreating small 3D objects, the aim of
this study was to establish a protocol that would
allow the construction of 3D models of limb long
bones from small mammals being appropriate for
geometric morphometric analyses. The technical
details to obtain the 3D models can be found in
the following two sections. In section 2 we present
a list of the equipment employed in this study and
their specific utilities in the context of macro pho-
tography, whereas in section 3 we perform a de-

tailed description of the imaging protocol. In order
to test the usefulness of the resulting 3D models to
analyse form variation, in section 4 we present a
practical case in which we compare the 3D form of
the humerus of two different species of the genus
Arvicola, one fossorial and one semiaquatic, by
means of standard geometric morphometric analy-
ses. This case study is performed with a small sam-
ple and does not intend to be a detailed analysis of
form variation between the two species. It aims to
unveil the main size and shape differences of the
humerus between the two species and compare the
results with previous descriptions.

2. THE EQUIPMENT
2.1. THE CAMERA AND THE LENS

When performing photogrammetric 3D recon-
structions, the result is entirely dependent on the
quality of the photos, so choosing the right cam-
era (or set of cameras) is essential. Almost any
camera can be useful to construct 3D models of
“big” objects, but when it comes to obtaining
precise 3D models of tiny objects it is worth con-
sidering to use a digital single-lens reflex (DSLR)
camera. The maximum resolution that can be
achieved depends, among other things, direct-
ly on the number of megapixels the camera has.
Professional DSLR cameras give optimal results,
but they are very expensive; however, the pictures
obtained with mid-priced DSLR cameras yield
very good models as well. Although a high res-
olution is very important, other camera features
are to be considered. For example, in macro pho-
tography it is crucial to avoid camera vibration
during the capture of the picture. Therefore, that
a remote trigger can be connected to the cam-
era or, alternatively, that the camera has a de-
layed-action shutter function, is mandatory (see
section 2.2). Another interesting camera feature
is the possibility to flip and rotate the screen, be-
cause it facilitates taking pictures with the camera
in any position.

The lens is also an important component of
the equipment, especially when we intend to take
pictures of small objects. In such a case, the best
solution is to use a macro lens. Fixed focal length
lenses are preferable for photogrammetry, because
they maximise the quality of the photographs
and prevent any accidental variable focal lengths,
which may occur with a zoom lens. As occurs with
the camera, the better the lens, the better the re-
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FIGURE 2. Photographic equipment employed to
obtain the pictures of the Arvicola humeri. The
camera with the macro lens, the polarising filter,
the tripod, and the remote trigger separately (top)
and mounted in front of the humerus fixed to the
turntable inside the lightbox (bottom).

sult. Unfortunately, though, also the higher the
cost. However, good macro lenses are available at
a reasonable cost, being 1:1 macro lenses an inter-
esting option. A magnification ratio of 1:1 means
that when the camera is positioned at the closest
focus distance, the image formed on the sensor
will be the same size as the subject. This magnifi-
cation is achievable only at the very closest focus
distance, which might be a problem in some par-
ticular situations (for example, if we want to take
photographs of free-moving animals, because they
will probably escape).

It is also interesting to add a polarising filter
to the lens, because it reduces reflections on shiny
surfaces, which is the case with bones. In this
study, we used a Canon EOS 750D DSLR camera
(24.2 megapixels) equipped with a Tamron 60mm
£/2.0 Di II LD macro lens and a polarising filter
(figure 2).

2.2. THE TRIPOD AND THE REMOTE TRIGGER

Vibration of the camera during image capture
produces blurry photos, especially at low shutter
speed. This is a major problem when performing
photogrammetric reconstructions because image
blur disturbs the visual analysis and interpretation
of the data, causes errors, and can degrade the ac-
curacy of automatic photogrammetric processing
algorithms. This problem is even greater in macro
photography because the depth of field decreases
as magnification increases, and a shallow depth of
field means that an important part of the picture
will be out of focus. A way to increase the depth of
field, and therefore the focused portion of the pic-
ture, is to set a large F-stop number, which actu-
ally means a small aperture of the diaphragm. Un-
der given lighting conditions, taking photographs
with large F-stop numbers results in a reduction
of the light that arrives at the sensor. Decreasing
the shutter speed compensates the loss of light that
occurs with small diaphragm apertures, but this
increases the problem of camera vibration. In these
conditions, the use of a tripod or any other camera
support and a remote trigger is essential to obtain
focused and sharp images. The self-timer (at a po-
sition of 2 seconds), or trigging the shutter by a
light touch on the screen in a touchscreen camera,
can replace the remote trigger. In this study, we
used a Benro Travel Angel FTA 18 ABO aluminium
tripod and a Canon RC-6 P/550D remote trigger.

2.3. LIGHTING

In photogrammetric reconstruction, lighting is im-
portant for several reasons. When taking the pho-
tos, the light should be intense, diffuse, and uniform.
Intense lighting allows to shoot at small diaphragm
apertures and at low ISO. Closing the diaphragm
increases the depth of field (as explained in section
2.2) whereas lowering the ISO reduces the grain and
the noise, and both options together result in sharp-
er pictures and better 3D reconstructions. More im-
portant than the intensity of light is its evenness. In
fact, a soft light with no gleams is preferable to an
intense but uneven light (Mallison & Wings, 2014).
The uniformity of the lighting will reduce the gleams
on shiny objects, and will avoid harsh changes in
shadows during the rotation of the subject, which
might cause the failure of photogrammetric process-
ing. In order to have good lighting conditions, we
used an Amzdeal photo lightbox equipped with a
strip of 30 LED lamp beads.
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FIGURE 3. Diagram of the position of the camera during the two complete rotations (top) and picture of
the camera positions around the humerus that constitute the imaging protocol (bottom).

2.4. THE “TURNTABLE”

With the aim of obtaining photographs of each
humerus from different perspectives, we used the
“turntable method”, which consists in taking a se-
ries of photographs with the camera fixed onto a
tripod by rotating the object across a small angle
between shots with the aid of a turntable (section
3; Mallison & Wings, 2014). Although using an
automatic turntable and shooting with the burst
mode greatly reduces the time needed to photo-
graph the object, this practice has the inconven-
ience that some pictures may be poorly focused
and that the time intervals between shots could
change depending on the speed of the camera. For
both reasons, we used a manual rotating device
and took the photographs one by one (see section
3 for details). As a rotating device, we used a Petri

dish with the base fixed to the floor of the lightbox
and with a printed 360° ruler stuck to the internal
face of the lid. As a support to hold the bones, a
stick of 10 cm was fixed to the centre of the exter-
nal face of the lid (figure 2). This stick was used to
separate the object from the floor, which makes it
easier to take the photographs and crop the bone
from the background.

2.5. THE SOFTWARE

Some specialised software is freely available on the
web. However, as explained in section 1.3, free
software usually offers limited versions of pay-
ment software or performs very specific functions.
Therefore, working with free photogrammetric
software finally comes at the price of using a com-
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plex set of specialised programs. In this study, we
used the commercial software PhotoModeler Scan-
ner (Eos System Inc, 2014).

3. THE IMAGING PROTOCOL

As explained in section 2.4, images were obtained
with the “turntable method” (Mallison & Wings,
2014). Humeri were fixed by their proximal end
onto the support with the aid of a reusable put-
ty-like adhesive (Blu Tack™). A tripod was used
to fix the camera in a portrait position at a dis-
tance of 20 cm from the surface of the lens to the
humerus. In order to cover the whole surface of the
bone, 33 photographs of each humerus were taken
through two complete rotations of 360° with the
camera placed at a different height each time (fig-
ure 3). In the first whole rotation, the camera (tak-
ing the centre of the lens as a reference) was set at
the same height as the bone (the horizontal plane).
At this height, 24 photographs were taken, by ro-
tating the bone at intervals of 15°. In the second
rotation, the camera was set at a height in which
the axis of the lens formed an approximate angle
of 20° above the horizontal plane. From this angle,
nine photographs were taken by rotating the bone
at intervals of 40°. Although in principle it is not
necessary, the first photograph of each complete
rotation was always taken with humeri placed in
the same position, i.e. with the caudal surface ori-
ented parallel to the camera lens. The focus was
set to manual and adjusted for each shot, in order
to get as much focused surface as possible. The
camera settings (i.e. the ISO, the F-stop or dia-
phragm aperture, and the shutter speed) were also
adjusted manually to obtain properly exposed pic-
tures. Because we intended to obtain photographs
of a small object under controlled conditions of
light, the key camera setting was the F-stop. As
explained in section 2.2, in macro photography
large F-stop numbers are desirable to increase the
depth of field and consequently the focused part
of the subject. However, as the F-stop number in-
creases, so do the diffraction and the blurriness of
the image; for this reason, extremely high F-stop
numbers were avoided. The general rule of thumb
is to use F-stop numbers of about F11 or F16,
so we used F16. Because the aperture of the dia-
phragm was small, a high ISO and/or a low shutter
speed were needed to counteract the loss of light.
As previously mentioned, the noise increases with
the ISO, while a low shutter speed was not a big
problem in our case because the camera was fixed

onto the tripod and shot with a remote trigger.
Therefore, we decided to shoot at ISO 200 and at
a shutter speed of 2 seconds to counteract the loss
of light.

4. APPLYING THE PROTOCOL TO THE STUDY OF THE
HUMERUS FORM IN FOSSORIAL AND SEMIAQUATIC
WATER VOLES (GENUS ARVICOLA)

4.1. INTRODUCTION

With the aim of testing the method here described
to analyse form variation of skeletal structures
in small mammals, we selected a small sample of
humeri of two rodent species. Since this bone pro-
vides important and rich functional information
we compared its form variation in two species that
are phylogenetically very close but very different in
their ecology and ethology. Specifically, our analy-
ses were focused on two water vole species of the
Palaearctic genus Arvicola: the southwestern water
vole, Arvicola sapidus, which occurs in the Iberian
Peninsula and much of France (e.g. Ventura, 2007
and references therein), and the montane water
vole, Arvicola scherman (formerly fossorial form of
Arvicola terrestris; for details see Musser & Car-
leton, 20035; but see also KryStufek ez al., 2015),
which is found in mountainous areas of southern
and central Europe (Musser & Carleton, 2005).
While A. sapidus is a semiaquatic rodent, A. scher-
man is hypogeal and has a fossorial type of locomo-
tion. Fossorial water voles construct extensive bur-
row systems in grasslands, pastures, and orchards
(Airoldi, 1976). The digging process used by these
mammals follows a strict pattern of stereotyped cy-
clic events; the skull is the main tool for excavation,
but the limbs, and particularly the forelimbs, also
play an essential role in soil removal (for details see
Airoldi et al., 1976). Significant differences between
fossorial and semiaquatic water voles in the skel-
etal structures involved in locomotion, including
the humerus, have been described in the literature
(e.g. Laville et al., 1989; Laville, 1990; Cubo et al.,
2006; Ventura & Casado-Cruz, 2010).

4.2. DATA

For analyses, we used the right humerus of ten
adult males, five belonging to A. spidus and five
to A. scherman. In each 3D model, 18 landmarks
(figure 4; table 1) were collected with the com-
mand “Point Auto-detection” of the PhotoMod-
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Table 1. Anatomical definitions of the collected landmarks displayed in Figure 4

Landmark Description

1 Most mid-distal point of the trochlea.
2 Most mid-proximal point of the caudal side of the trochlea.
3 Point of maximum curvature of the olecranon fossa.
4 Most latero-proximal point of the caudal side of the trochlea.
5 Most distal point of contact between the trochlea and the capitulum.
6 Most medial tip of the medial epicondyle.
7 Most lateral point of the lateral epicondylar crest.
8 Point of insertion of the lateral epicondylar crest on the diaphysis.
9 Point of maximum curvature at the distal part of the deltopectoral crest between the deltoid tuberosity
and the diaphysis.
10 Most distal point of the deltoid tuberosity.
11 Most proximal point of contact between the deltopectoral crest and the tricipital line.
12 Most distal point of the union between the humerus head and the diaphysis.
13 Most mid-distal point of the great tuberosity at the suture between the proximal epiphysis and the diaphysis.
14 Union between the tricipital line and the greater tuberosity at the suture between the proximal epiphysis
and the diaphysis.
15 Most proximal point of the bicipital groove from cranial view.
16 Point of maximum curvature of the suture between the proximal epiphysis and the diaphysis at the groove
between the humerus head and the lesser tuberosity.
17 Most mid-proximal point of the cranial side of the trochlea.
18 Most latero-proximal point of the cranial side of the capitulum.

FIGURE 4. Images of the 3D model of an Arvicola
sapidus right humerus from caudal (left), lateral
(centre), and cranial (right) views indicating the
location of the 18 anatomical landmarks (see table
1 for landmark definitions).

eler Scanner software. Morphometric data are
affected by measurement error (ME), which is de-
fined as the variability of repeated measurements
of a particular character taken on the same indi-
vidual, relative to its variability among individu-
als in a particular group (Bailey & Byrnes, 1990).

In order to evaluate the ME associated with the
landmarking procedure, landmarks were recorded
twice by the same person in two separate sessions.

The 3D models were scaled in order to study
size. The linear distance between landmark 1 and
15 (ILD 1-15) directly measured on the humerus
of each specimen was used to scale the 3D models.
Measurements were obtained with a Mitutoy 500-
161-21 Digital Caliper (Mitutoyo America Corpo-
ration, Aurora, Illinois, USA) with 0.01 mm reso-
lution. To reduce the effect of ME in the scaling of
the models, this distance was measured three times
in each specimen and the mean of three replicates
was used to obtain the scaling factor.

4.3. STATISTICS

Geometric morphometric analyses were performed
by implementing the methods included in the Mor-
pho] software, version 1.06d (Klingenberg, 2011).
The form of the humerus was decomposed into size
and shape, which were studied separately. Size was
estimated through centroid size (CS), which is de-
fined as the square root of the sum of the squared
distances from each landmark to the centroid of
the configuration (Rohlf & Slice, 1990). Then, the
configurations of landmarks were superimposed
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Table 2. Results of the nested ANOVA for CS (above) and the Procrustes ANOVA for shape (below)

Effect SS % SS df F P
Species 310.388 96.35 310.388 1 216.18 <0.0001
Individual 11.486 3.57 1.436 8 53.74 <0.0001
Replicate 0.267 0.08 0.027 10

Effect SS % SS df F P
Species 1.921x1072 37.07 4.087x10* 47 5.47 <0.0001
Individual 2.807x1072 54.17 7.466x10°5 376 7.73 <0.0001
Replicate 4.538x1073 8.76 9.655x107° 470

* SS, sum of squares; % SS, percentage of total sum of squares; MS, mean squares; df, degrees of freedom; F, F statistic; P, P-value.

through a generalised Procrustes analysis, and
they were projected onto the tangent shape space
(Dryden & Mardia, 1998). This procedure removes
the variation in the landmark coordinates due to
isometric size, position, and orientation, while
preserving shape information (Dryden & Mardia,
1998). To assess the effect of ME on size and shape,
an analysis of variance (ANOVA) was performed
separately for each component of form. To assess
the ME in humerus size, a nested ANOVA was con-
ducted with CS as a dependent variable, individual
as random factor, replicate as error term, and spe-
cies as additional main effect (Palmer & Strobeck,
1986). The ME in humerus shape was assessed by
means of a Procrustes ANOVA, which is equivalent
to the two-factor ANOVA developed by Palmer
and Strobeck (1986) but adapted to the study of
shape (Klingenberg & MclIntyre, 1998; Klingen-
berg et al., 2002). In this ANOVA, individual was
entered as random factor, replicate as error term,
species as additional main effect, and the Procrustes
coordinates as dependent variables. Although these
ANOVAs were originally developed for the study of
asymmetry (Klingenberg & Mclntyre, 1998; Klin-
genberg et al., 2002), they can also be used to assess
the relative magnitudes of ME from repeated meas-
urements even if structures only from one body side
are measured (e.g. Morgan & Alvarez, 2013), as is
the case with this study.

Allometry, i.e. size-dependent shape changes, was
evaluated with a multivariate regression of shape
onto the logarithm of CS (log CS). Statistical signif-
icance was calculated using a permutation test with
10,000 iterations under the null hypothesis of no al-
lometric relationship (Monteiro, 1999). In order to
visualise the whole set of form changes that allow us
to compare our results with those reported in previ-
ous studies, and considering that no dependence of
shape onto size was detected (see section 4.4), subse-
quent analyses were performed with raw data.

Afterwards, patterns of shape variation were ex-
plored with a principal component analysis (PCA)

conducted on the variance-covariance matrix of
mean individual shapes. A canonical variate analysis
(CVA) and a discriminant function analysis (DFA)
were conducted to examine the shape features that
best distinguished between species. Mahalanobis
distance (MD) between species was obtained, to-
gether with the statistical significance resulting from
permutation test with 10,000 iterations.

4.4, RESULTS AND DISCUSSION

The ANOVA for CS revealed significant size dif-
ferences between the humerus of the two species
(table 2), with A. sapidus having bigger humerus
than A. scherman (mean CS of 41.4 and 33.5 mm,
respectively). These results are completely con-
cordant with those obtained in traditional mor-
phometric studies performed with a sample con-
taining the specimens used in this study (Ventura,
1990, 1992). The ANOVA also revealed that size
variation among individuals was significantly larg-
er than variation among replicates (ME), which in
fact only represented 0.08 % of total CS variation.
The Procrustes ANOVA for shape revealed similar
results (table 2). Significant differences in humer-
us shape were also detected between species. As
observed for CS, variation among individuals was
significantly larger than variation among replicates
(ME), although in this case ME represented a high-
er percentage of shape variation (table 2).

The multivariate regression of shape onto log
CS was not significant (9.9%, p = 0.565), though
this is probably due to the small sample size em-
ployed in this study.

The first two PCs resulting from the PCA per-
formed with raw data together explained 63.1%
of shape variation. The scatter plot of both PCs
showed a non-overlapped arrangement of the two
species along PC1, which is consistent with the
differences between species detected in the Procru-
stes ANOVA (figure 5). Shape changes associated
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FIGURE 5. Scatter plot of PC1 vs. PC2 obtained with
raw data. Percentage of shape variation explained
by each PC is indicated within parentheses. Black
dots belong to Arvicola scherman and grey dots to
Arvicola sapidus.

with PC1 indicated that, when compared with A.
sapidus, the humerus of the fossorial species
A. scherman shows greater distancing between
the zones of muscular insertion and the articular
surfaces, which is consistent with previous studies
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(Laville, 1990). In particular, a relative latero-prox-
imal and caudal displacement of the epycondilar
crest, a relative distal displacement and a widening
of the deltopectoral crest, and a widening of the
proximal and the distal epiphyses were observed
when moving from A. sapidus to A. scherman
along PC1 (figure 6). The CVA and DFA analyses
confirmed these results, the shape changes between
species being almost identical to those associated
with PC1. Moreover, despite the small sample size,
Mabhalanobis’ distance between the two species was
significant (MD = 3.381, p = 0.006).

According to Laville at al. (1990), the more dis-
tal position of the deltopectoral insertion in rela-
tion to the shoulder joint in A. scherman increases
the efficiency of the acromiodeltoid, spinodeltoid,
pectoral and latissimus dorsi muscles. Under a kin-
ematic point of view, this efficiency can be asso-
ciated with a more active action of pushing and
traction of the proximal part of the forelimb dur-
ing the digging phase in which the humerus is in-
volved. Additionally, shape changes both in prox-
imal and distal epiphyses of the humerus between
fossorial and semiaquatic water voles suggest cer-
tain interspecific differences in the strength of: i)
the scapular muscles involved in the extension,
adduction, flexion and rotation of the humerus; ii)
the brachialis muscles, and antebrachium flexor;
and iii) the elbow ligaments.

Caudal

\.15 12d

e

Cranial

FIGURE 6. Shape changes associated with PC1 from caudal, latero-cranial, and distal views of the humerus
(left, centre, and right panels respectively). Grey circles represent the consensus configuration, and vectors
represent a shape change of 0.05 units of PC score in the negative direction along the PC axis.
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5. CONCLUSIONS

In our experience, an important point when per-
forming photogrammetric reconstructions of small
biological structures is to establish a specific im-
aging protocol for the object we intend to model.
Since different biological structures differ in their
form, colour, and texture, the imaging protocol
(including the number and position of the photo-
graphs and the camera settings) has to be adapted
to these particular traits of the object in order to
be useful to obtain the 3D models. However, once
the protocol has been established, the 3D models
are obtained consistently and with a reasonable
time investment.

Previous studies have highlighted that the 3D
models obtained with photogrammetry are pre-
cise and accurate for morphometric analysis
(Mufioz-Munoz et al., 2016 and references there-
in). Although we have not specifically tested the
accuracy of the method in obtaining 3D models
of humeri from small mammals, the changes in
size and shape between the two species detected
in the case of study are fully consistent with those
already described in the literature (Laville et al.,
1990). This concordance lets us suggest that the
3D models built with the photogrammetric tech-
niques explained in this chapter are accurate and
capture actual morphological differences between
the two species. The ANOVAs for size and shape
indicated that variation among individuals is sig-
nificantly larger than variation among replicates,
which points out that the technique is precise and
that ME error is not an important concern in our
study. However, it should to be noted that ME
could especially lead to biased results in those
studies where interesting variation is subtle, like
in fluctuating asymmetry analyses (Palmer &
Strobreck, 1986; Klingenberg & MclIntyre, 1998;
Klingenberg et al., 2002). In fact, the ANOVAs
employed in this study have been specifically de-
signed to test if variation in fluctuating asymmetry
is larger than ME. Since we have only analysed the
right humerus, the magnitude of ME with respect
to fluctuating asymmetry, which is usually lower
than variation among individuals, remains to be
tested. However, the percentage of sum of squares
(SS) of the replicate term in our study is similar to
the percentages obtained in previous studies, and
the total amount of variation of the replicate term
is of one order of magnitude lower (see Mufioz-
Mufioz et al., 2016 for comparison).

For all these reasons, we conclude that the pho-
togrammetric protocol described in this chapter

is a useful and affordable solution to obtain 3D
models of limb long bones from small mammals
for morphometric analysis.
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