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Geographic Information System (GIS) is a system that captures, stores, manipulates,
analyzes, manages, and presents spatial or geographical data. As this technological
environment has been created to deal with space problems, it is perfectly adaptable
to solve these type of issues in the context of vertebrate comparative morphology. The
pectoral and pelvic girdles are key structures that relate the axial skeleton with the limbs
in tetrapods. Owed to their importance in locomotion, the morphology, development,
and morphogenesis of these structures have been widely studied. The complexity of
the structures and tissues implied in the development of the girdles make quantitative
approaches extremely difficult. The use of GIS technology provides a visual interpretation
of the histological data, a general quantitative assessment of the processes taking place
during the ontogeny of any structure, and would allow collecting information about
the changes in the surface occupied by the different tissues across the ontogenetic
processes of any vertebrate taxa. GIS technology applied to map morphological
structures would be a main contribution to the construction of the vertebrate ontologies,
as it would facilitate the identification and location of the structures. GIS technology
would allow also us to construct a shared database of histological quantitative changes
across the ontogeny in any vertebrate. The main objective of this study is to use GIS
technology for spatial analysis of histological samples such as these of the pelvic
girdle using histological cuts of anurans and chicken, allowing thus to construct a
morphoscape, analogous to a landscape. This is the first attempt to apply GIS tools
to ontogenetic series to infer biological properties of the spatial analysis in the context of
comparative biology. More frequent use of this technology would contribute to obtaining
more profitable and biologically informative results.
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INTRODUCTION

Geographic Information System (GIS) is a system that captures,
stores, manipulates, analyzes, manages, and presents spatial or
geographical data (Madurika and Hemakumara, 2017). This
technology is used to compare layers of different types of
data connected by locations in geographic space (Ungar and
Williamson, 2000). Many tools of GIS are designed to model
the physical surface of the earth (Zuccotti et al., 1998). As this
technological environment has been created to deal with space
problems, it is perfectly adaptable to solve these type of issues in
the context of vertebrate comparative morphology. GIS software
has been explored in the context of analyzing topography of
the dentition (Zuccotti et al., 1998; Jernvall and Selänne, 1999;
Ungar and Williamson, 2000; M’Kirera and Ungar, 2003; Ungar,
2004, 2007; Evans et al., 2007; Plyusnin et al., 2008; Eronen
et al., 2009; Wilson et al., 2012; Salazar-Ciudad and Marin-Riera,
2013), spatial analysis of histological traits in human bone (Rose
et al., 2012), conodont morphologies (Manship, 2004; Manship
et al., 2006; Yacobucci and Manship, 2011; Knauss, 2012, 2013),
skeletal structures of echinoderms (Sheffield et al., 2012; Zachos,
2012, 2015), and for morphometric analysis of the ammonoid
shells (Knauss and Yacobacci, 2014). Additionally, GIS software
is used to contribute to interoperability and data reuse (Fonseca
and Egenhofer, 1999; Fonseca and Sheth, 2002), biological data
mining (Plyusnin et al., 2008), and additionally could be used
in developing terminological standardizations for the anatomy
of vertebrates, such as the anatomical ontologies proposed for
anurans (Maglia et al., 2007) or any other vertebrate. Techniques
of GIS could be also used to find a tissue, helping to find out what
exists at a particular location. This location can be described in
many ways, using, for example, name or color of a tissue, or even
topographic references relative to the area surveyed.

The pectoral and pelvic girdles are key structures that
relate the axial skeleton with the limbs in tetrapods. Owed
to their importance in locomotion, the anatomy, development
and morphogenesis of these structures have been widely
studied (Borkhvardt, 1991; Kaplan, 2000; Baleeva, 2001, 2009;
Malashichev, 2001; Borkhvardt and Baleeva, 2002; Malashichev
et al., 2005, 2008; Ročková and Roček, 2005; Shearman, 2005,
2008; Manzano and Barg, 2005; Pomikal and Streicher, 2010;
Robovská-Havelková, 2010; Pomikal et al., 2011; Valasek et al.,
2011; Don et al., 2013; Manzano et al., 2013; Nowlan and Sharpe,
2014; Nagashima et al., 2016; Soliz et al., 2018 among many
others) mainly from a qualitative perspective. The complexity
of the structures and tissues implied in the development of the
girdles made quantitatives approximations very limited (but see
Roddy et al., 2009; Pomikal and Streicher, 2010; Pomikal et al.,
2011).

The main objective of this study is to use GIS technology
for spatial analysis of histological samples, taking as examples
the pelvic girdle of anurans and chicken, allowing to construct
a morphoscape analogous to a landscape. Analyzing and
representing pelvic girdle ontogeny with GIS tools provides a
frame of reference for normal development and can be used for
a visual interpretation of the data, and in a quantification of the
growth of any structures or tissues of the vertebrate body. We

used these unrelated taxa as examples of the possibilities of this
approach, and are sure that more frequent use of this technology
would contribute to obtaining more profitable and biologically
informative results.

MATERIALS AND METHODS

Histology
Four specimens of Lysapsus limellum FML 28180 (Fundación
Miguel Lillo, Tucumán, Argentina. Stages 37, 40, 44, 46 of
Gosner, 1960) and three specimens of Boana riojana FML (Stages
37, 44, 46 of Gosner, 1960) were used in this study. These
species were selected because previous work on the girdles by
our team (Soliz et al., 2018) provided the necessary histological
samples in the required sections. We also use images of four
histological cuts of a developing chicken pelvic girdle, Stages 30–
35 of Hamburger and Hamilton (1951) from Nowlan and Sharpe
(2014). Images of the chicken histological cuts were nicely made
available by Dr. Niamh Nowlan (Imperial College, London). We
refer to our two species as Anuran Model because differences
between them are minor in comparison with those of the Anuran
and Chicken Models.

Specimens were dehydrated through a graded ethanol series,
cleared in xylene and embedded in Paraplast. Embedded
specimens were sectioned in serial and semi-serial sections of 5–
10 µm. Sections were then deparaffinized, hydrated, and stained
with Hematoxylin–Eosin (H-E). All sections were once again
dehydrated, bathed in xylene, and sealed with Canada Balsam
under a cover slip. Terminology of girdles tissue and structures
follows Baleeva (2001); Shearman (2008), Diogo and Abdala
(2010); Manzano et al. (2013), Diogo and Molnar (2014); Soliz
et al. (2018).

GIS Application
As a way to facilitate the application of this technology, we
include a tutorial (Supplementary Material). From more than
100 cuts, a colored section of the same structures from each
of the two anuran species, in all four different developmental
stages were selected, photographed and digitized, at the same
magnification. The original cross-sectional cuts composite image
and the SMA.jpg image were imported into a single map in
QGIS. To calibrate the measures and enable the accurate use
of measuring tools, we built our own reference system. We
assign milimeters as the unit of measure. The cuts were scaled
200 µm. In all images the scale was respected. The 200 µm
segment of the original cut was rescaled into 0.2 mm. QGIS
was used to refer all images to a single reference system. To
this end, we used the transverse Mercator reference system.
After that, we identified the plane of bilateral symmetry or the
sagittal plane, and defined a work area of 1.60 × 0.8 mm,
which represents 100% of our area of analysis (Figure 1).
After several trials, we found that this size of area allowed us
to comfortably follow the anatomical structures through the
different ontogenetic stages. New map layers were created in
QGIS to represent four cartilaginous structures for the anuran
species: pelvic hemigirdle, femur epiphysis and diaphysis, and
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FIGURE 1 | Lisapsus limellum. Selected area and the ontogenetic Stages 37–46 showing the increase in size and change of location of pelvic girdle tissues and
structures. In the frequency histograms the growth of the structures is depicted.

the lateral articular cartilage; six muscles: ischiotrochantericus
D, gracilis major, puboschiofemoralis externus B, pubotibialis
A, puboischiofemoralis externus A, puboischiofemoralis internus
A-extensor iliotibialis A complex, and two tendons: tendon
of the puboschiofemoralis externus B and pubotibialis A.
We also identify the connective tissue area that separates
both hemigirdles. In regard to the chicken, we identify four
cartilaginous structures: ischium, ilium, femur epiphysis and
diaphysis; a cavity filled with mesenchimatic tissue (Figure 3).
We also identify cell nuclei, the matrix of cartilaginous tissue,
dense and lax mesenchimatic tissue and empty areas, which
in the Stages 34 and 35 included the acetabular joint cavity.
Unsupervised digital classifications of 10× images of the chicken
cuts (Nowlan and Sharpe, 2014), another commonly used GIS
technique to mark areas, were used to identify the tissues,
a procedure commonly used with satellite images. A digital
classification of the jpg images of the histological cuts of Gallus
gallus was made. Image classification refers to the task of
extracting information classes from a multiband raster image,
in this case three bands (RGB). The raster resulting from the
image classification can be used to create thematic maps. In this
case, an almost non-supervised classification (iso clusters) was
made. Unsupervised classification searches for spectral classes (or
clusters) in a multiband image without the analyst’s intervention.

Ten initial classes were defined and from them were recovered
those that responded similarly in their RGB combinations (which
in GIS would correspond to spectral similarity). Finally, five
different types of structures were identified: core, cartilaginous
matrix, dense mesenchyme, lax mensenchyme and cavity.

These structures and tissues were manually identified and
annotated (Figures 1–3), and their scores were recorded in
the attribute table for each layer (Figures 1, 3). The attribute
table relates any type of data, such as tissue types, and different
structures that have been spatially located in the GIS. QGIS
was used to create a separate layer containing the images
of the histological sections for separate viewing. This was
accomplished with the geographical data-base by creating an
edited histodatabase. A histodatabase is a data model constructed
in standard database formats, allowing for storage of a variety of
different layer types within GIS environment. A data repository
with all original jpg images, images with reference system,
results of digital classifications in raster format and shapefiles
used for this work (in a QGIS Project) will be available in
a web repository1. After preparation of the appropriate layers,
several tools within QGIS were used to identify distributional
patterns of histological features. Thus, we obtained, the growth

1https://ibn.conicet.gov.ar/recursos/
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FIGURE 2 | Boana riojana. Selected area and the ontogenetic Stages 37–44–46 showing the increase in size and change of location of the pelvic girdle tissues and
structures. Note the embryonic connective tissue restricted to the future osteochondral ligament. In the frequency histograms the growth of the structures is
depicted.

percentages of selected structures and tissues through the
ontogenetic stages. We also identify the middle point of the
femur epiphysis and follow it in the cuts of all stages of
anuran and chicken development, which allowed us to build
a trajectory for easy visual recognition of this bone movement
thoroughly during development (Figures 1, 3). Additionally,
we calculated the shared perimeter between the anatomical
structures (Supplementary Material).

RESULTS

Anuran Model
Sequence of the Ontogenetic Stages of the Anuran
Pelvic Girdles Structures and Tissues
Lisapsus limellum and Boana riojana
At Stage 37, both species Lisapsus limellum, Figure 1 and Table 1;
Boana riojana, Figure 2 and Table 2) present the hemigirdle
as a single pre-cartilaginous piece, almost rectangular and at
an angle of around 50◦ with respect to the sagittal plane. This
structure occupies 2.4% of the analyzed structures, which are

11.5% of the delimited area in Lisapsus limellum. In Boana riojana
the hemigirdle occupies 9.9% of the analyzed structures, which
are 61.1% of the delimited area. The space between the sagittal
plane is occupied by a loose connective tissue, with abundant
ground substance and relatively few fibers and cells, filling the
inter hemigirdle zone, 2% of the analyzed area in L. limellum.
In B. riojana the central loose connective tissues occupies 23.8%
and the typical connective tissue occupies 0.5%, and a part of
the tadpole coelome. The acetabular fossa is already observable,
housing the pre-cartilaginous femoral head, which occupies the
1.2% of the analyzed area in L. limellum and 7.1% in B. riojana.
The femur diaphysis is also observable occupying 1.2% of the
analyzed area in L. limellum and 6.9% in B. riojana. Four
premyogenic masses corresponding to the ischiotrochantericus
D, puboschiofemoralis externus B, puboischiofemoralis externus
A, and puboischiofemoralis internus A are visible. All these
premuscle or muscle masses occupied the 4.5% of the analyzed
area in L. limellum and 12.9% in B. riojana. Considering tissues
instead of structures, it could be seen that the cartilaginous
tissue occupies 4.7% of the analyzed area, almost the same
percentage as the premyogenic masses in L. limellum (4.5%),
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FIGURE 3 | Chicken histological cuts between Stages 30 and 34 HH (Nowlan and Sharpe, 2014) showing the increase in size and change of location of the pelvic
girdle tissues and structures. In the frequency histograms the growth of the structures is depicted.

whereas in B. riojana, cartilage corresponds to 23.9% of the
analyzed area and the premyogenic masses to 12.9%. The central
loose connective tissue occupies 2% of the analyzed area, whereas
the typical connective tissue of the femur epiphysis 0.3% in
L. limellum.

In Lisapsus limellum at stage 40 the pre-cartilaginous
structures have increased their size. The entire hemigirdle-femur
framework is closer to the sagittal plane at an angle of around
30◦. The hemigirdle occupies 12.9% of the analyzed area and the
femur epiphysis 4.8%. The femur diaphysis is indistinguishable.
The space between the hemigirdle and the sagittal plane is entirely
occupied by a loose connective tissue (3.8% of the analyzed
area). The premyogenic masses also increased their size to occupy
29.8% of the analyzed area. The displacement of the hemigirdle-
femur framework allows distinguishing the future gracilis major
along with the other five premuscle masses.

Results on the shared perimeters between the structures
analyzed in this paper are included in the Supplementary
Table 1. The shared perimeter between the femur epiphysis and
the hemigirdle is shown in Figure 1.

Lisapsus limellum and Boana riojana Comparison
At Stage 44 the hemigirdle is parallel to the sagittal plane and
attached to the other hemigirdle along almost all the medial
surface. In Lisapsus limellum the hemigirdle occupies 15.1% of
the analyzed area, and in Boana riojana 12.7%. In the center

of the attachment region between both hemigirdles is an oval
open region filled with the loose connective tissue that is reduced
to 1.5% of the analyzed area in Lisapsus limellum. In Boana
riojana this connective tissue occupies a long area between the
hemigirdles that corresponds to 0.5% of the analyzed area. In
the femur epiphysis (9.2%) the lateral articular cartilages are
clearly visible, along with the osteochondral ligament (2.2%) in
L. limellum. In B. riojana, the femur epiphysis occupies 12.1% of
the analyzed area. The osteochondral ligament is not visible in
this histological cut. The femur diaphysis is clearly recognizable
(6.6%) in L. limellum. In B. riojana it is ossified and occupies
2.3% of the analyzed area. In L. limellum, at Stage 44, the muscles
have lengthened compared to the Stage 40, but their covered a
smaller area (23.8% vs. 29.8 in Stage 40). In B. riojana, at Stage
44, the muscles have also lengthened but with a greater area
than in the Stage 37 (18.7%). In B. riojana tendons are visible at
Stage 44, occupying 2.9% of the analyzed area. At Stage 46 both
hemigirdles (37%) are completely attached, leaving just vestiges
of the loose connective tissue (0.3%) in Lisapsus limellum. In
Boana riojana, the hemigirdle is composed by a cartilaginous
part (18.7%) and an ossified part (6.1%), so the total hemigirdle
occupies 24.8%.The femur epiphysis (13.4% in L. limellum; 19.1%
in B. riojana) is totally adjusted to the acetabulum. The femur
diaphysis is indistinguishable in L. limellum, and Boana riojana.
All muscular masses are composed of mature tissue and occupy
39.9% of the analyzed area in L. limellum and 24.6% in B. riojana.

Frontiers in Ecology and Evolution | www.frontiersin.org 5 April 2021 | Volume 9 | Article 642255

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-642255 April 8, 2021 Time: 15:36 # 6

Abdala et al. GIS Applied to Biological Systems

TABLE 1 | Tissues (light brown) and structures (light blue) percentages (%) in
relation to the analyzed area (Lisapsus limellum).

Tissue Structure Stage 37 Stage 40 Stage 44 Stage 46

Cartilage Femur diaphysis 4.7 1.2 17.7 30.9 6.6 50.4

Femur epiphysis 1.2 4.8 9.2 13.4

Hemigirdle 2.4 12.9 15.1 37.0

Connective Femur epiphysis 2.3 0.3 3.9 3.7 0.3

Interzone 0.1

Inter hemigirdle
zone

2.0 3.8 1.5 0.3

Osteochondral
ligament

2.2

Premuscle Muscle 1 4.5 0.5 29.8 1.8 23.8 1.6 39.9 4.8

Muscle 2 2.5 4.1 10.2

Muscle 3 1.0 7.2 3.9 7.3

Muscle 4 6.2 1.0

Muscle 5 0.5 1.3 6.6 3.6

Muscle 6 2.4 10.8 7.8 13.0

Tendon Tendon muscle 3 1.4 0.6

Tendon muscle 4 0.8

Total 11.5 51.4 59.7 90.6

Liquid Coelome 23.7 23.7

Muscle Tadpole muscle 7.1 7.1

TABLE 2 | Tissues (light brown) and structures (light blue) percentages (%) in
relation to the analyzed area (Boana riojana).

Tissue Structure Stage 37 Stage 44 Stage 46

Cartilage Femur diaphysis 23.9 6.9 24.8 41.2

Femur epiphysis 7.1 12.1 19.1

Hemigirdle 9.9 12.7 18.7

Growth zone 3.4

Connective Embryonic
connective tissue

24.3 0.5 0.5 5.3

Inter hemigirdle zone 23.8 0.5

Tela 5.3

Muscle Muscle 1 12.9 1.2 18.7 2.3 24.6 3.7

Muscle 2 1.0 6.8 7.1

Muscle 3 1.8 3.4

Muscle 4 4.2

Muscle 5 6.6 4.0 6.2

Muscle 6 2.3 5.6

Tendinous Tendon 2.9 2.3

Pre bone Femur diaphysis 2.1 2.1

Bone Femur diaphysis 2.3 2.3 6.1

Hemigirdle 6.1

Total 61.1 51.3 78.6

The cartilaginous tissue occupies 50.4% of the analyzed area in
L. limellum and 41.2% in B. riojana. In B. riojana the tendons
occupy 2.3% of the analyzed area.

Both hemigirdles are moving to the sagittal plane of the
body. Growth of cartilaginous structures tend to be proportional
through all stages, with the hemigirdle and femur epiphysis being
the largest at Stage 46. This pattern of proportional growth is
not so obvious in relation to the muscles in L. limellum, which

TABLE 3 | Tissues (light brown) and structures (light blue) percentages (%) in
relation to the analyzed area (Gallus gallus).

Tissue Structure Stage 30 Stage 32 Stage 33 Stage 34

Cartilage Femur diaphysis 16.0 2.7 21.2 10.5 22.1 6.6 17.0 3.8

Femur epiphysis 1.3 2.0 2.2 3.8

Illium 5.6 2.2 4.1 5.0

Ischium 6.5 6.4 9.2 4.4

Mesenchima Cavity 3.2 4.8 6.3 5.1 0.8

Total 19.2 26 28.4 22.1

exhibit more variability; in B. riojana the growth of the muscles
is as proportional as the cartilaginous structures. In both cases a
higher overall growth between the Stages 44 and 46 is noticeable.
Tendinous tissue appears late in the ontogeny and remains
comparatively small.

Chicken Model
Sequence of the Ontogenetic Stages of the Chicken
Pelvic Girdles Tissues and Structures

In the chicken model (Figure 3), at Stage 30, the hemigirdle is
composed of two pieces, the ischium and the ilium, separated by
mesenchimatic tissue. The hemigirdle is located almost paralell
to the sagital plane of the body at Stage 30, and rotates to reach
almost 55◦ at Stage 32. Both hemigirdles are moving away from
the sagittal plane of the body. The femur epiphysis and diaphysis
are distinguishable. Percentages of the different structures and
tissues in relation to the analyzed area are shown in Table 3.
Growth of the cartilaginous structures tends to increase to the last
stages, with some inconsistencies probably owed to the depth of
the histological cuts. The mesenchime of the cavity surrounding
the femur epiphysis tend to grow up to the Stage 33 (6.3%), and
then shows a soft decrease in Stage 34 (5.1%) owed to the increase
of the area occupied by the femur epiphysis (from 1.3% in Stage
30–3.8 in Stage 34).

DISCUSSION

Our results show that GIS technology is an effective interface to
study spatial problems even to microscopic scales. However, as
far as we know, apart from ours there has been only one attempt
to apply GIS environment to ontogenetic series to infer biological
properties of the spatial analysis in the context of comparative
biology (see Zachos, 2015). The application of this technology
exhibits some shortcomings more related to the difficulties of
obtaining appropriate histological cuts than to the technology
itself. Thus, we think that the small area of the tendinous tissue in
our results and the decrease of the area occupied by some muscles
in later stages compared to earlier ones, can be artifacts owed to
the lack of cuts at the same deep. The comparison of samples
coming from different species or stages of different sizes would be
also a problem. However, in view of analytical benefits the effort
to achieve standard samples is worth to carry out. Whenever
the focus is put on the analysis of shapes, structures of different
sizes can be accommodated within a window of standard size
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(for instance, the square unit). In spite of these limitations, GIS
tools are a powerful technology that could allow discovery of
interesting trends in the growth of tissues and structures along
all the ontogenetic periods of any living organism.

The use of GIS imaging has facilitated the quantification
of several features of pelvic girdle development that could not
be possible using whole-mount data and be very difficult with
histological data. The major advantage in using GIS is the fast
visual perspective of the tissues and structures, as well as the
option of a quick collection and catalog of histological and
structural data. The possibility to set the same reference area
for all specimens allowed us to highlight differences in the
trajectories of the hemigirdles between the studied species. Our
data clearly demonstrate that in frogs, rotation of the pelvis with
respect to the sagittal body plane makes both closer to each other
(see also Pomikal et al., 2011), whereas the opposite happens in
the chicken (see also Nowlan and Sharpe, 2014). Data on the
rotation angles of the hemigirdles in the chicken show that they
move away from the sagittal plane of the body. At earlier stages,
the angle between the hemigirdle and the sagittal plane of the
body is very small, and grows to about 55◦ in only one stage.
In the chicken all the structures occupy only half of the area
compared to frogs, and changes in the location of the femur
epiphyses are more gradual. The location of the femur epiphyses
change more acutely in frogs, from the lower quadrant to the
superior one. The more radical growth of the girdle structures
and the change in the locations of the femur epiphyses in frogs
could be easily related to the dramatic change from an aquatic to
a terrestrial habitat, which requires fully functional limbs (Muntz,
1975; Pomikal et al., 2011). It could be also inferred that the
opposite direction of the rotation of the femur and girdles in the
chicken can be owed to the bipedal position of the hindlimb in
birds that requires a more vertical location of this bone. We are
aware that these data are visible with histological cuts, however,
the use of GIS mapping highlight trends that remain hidden in
the complex landscape of serial histological sampling.

Analyses of the anuran pelvic girdle growth during
development using GIS tools reveal interesting patterns
worth considering. At Stage 37 around 60% of the analyzed
area of Lisapsus limellum and 40% of B. riojana are occupied
by tissues and structures of the tadpole. The connective tissue
that fills the inter hemigirdles zones is more extensive in Boana
riojana at Stage 37, 23.9% of the studied area, which corresponds
to 61.1% of the total area. At the same stage, in Lisapsus limellum
it occupies 2.3%, which corresponds to a 11.5% of the studied
area. Remarkably, at Stage 37, in both species the connective
tissue of the inter hemigirdle zone is almost the same percentage
of the connective tissue in general, 2 of 2.3% in L. limellum (0.3%)
and 23.8 of 24.3% in B. riojana (0.5%). Pomikal et al. (2011)
reported a highly detailed description of the ilio-sacral connector,
a strand of connective tissue linking the ilium and the sacrum
in several anuran species. It could be inferred that the big area
of connective tissue between the hemigirdles at the earlier stages
(IHZ in our Figures 1, 2), which persists as a small region at
Stage 46 in Lisapsus limellum and has practically disappeared at
Stage 44 in Boana riojana, could also be a hemigirdle connector.
As can be observed in the figures, the hemigirdle-connector

tissue appears highly different to the surrounding tissues, and-as
was demonstrated in Rana temporaria by Pomikal et al. (2011)—
growth of the cartilaginous structures is performed at the expense
of the connective strand. It would be very interesting to analyze
its composition and compare it with the ilio-sacral connector
and to the mesenchymal bridge described by Malashichev (2001)
that connects the lizard ribs.

The fastest growing of all cartilaginous structures in the
anuran model occurs between Stages 44 and 46. It is remarkable
and similar to what occurs with muscles. This outcome is
surprising considering the sequence proposed by Muntz (1975) in
which tadpoles of Stage 42 should have fully functional limbs with
their tissues fully differentiated, suggesting that the faster growth
should occur to reach that stage. The growth between Stages 44
and 46 of most structures is faster indeed, passing in, e.g., the
femur epiphysis of L. limellum from 9.2 to 13.4% and in B. riojana
from 12.1 to 19.1% of the total area considered. This fast growth
suggests that although functional, tissues and structures in Stage
42 have to reach their most adjusted phenotype to perform the
physical activities of the organism.

The images of the chicken development show the gradual
change in the femur orientation, which acquires a more vertical
position. It is interesting that a previous study of Carrano and
Biewener (1999) has showed that an experimental change in

TABLE 4 | List of GIS functionalities that can enhance the work of
morphoanatomists.

GIS analysis
functions

Short description Applicability

Retrieval Selective search
manipulation

Information from database
tables can be accessed directly
through the mapped anatomic
structure

Classification Procedure of identifying
groups and defining
patterns

Using spectral decomposition
of images, clusters of cells can
be isolated

Overlay Layers with a shared spatial
extent are joined.
Composite maps by
combining diverse data
sets are created

Two different anatomical layers
(e.g., muscles and nerves) can
be crossed

Neighborhood Analyzing the relationship
between an object and
similar surrounding objects

It is of interest to assess the
character of a certain outlined
area. Analysis of a kind of
structure is next to what kinds
of structure can be done

Topographic Dealing with surface
characteristics with
continuously changing
value over an area

Representation of data such as
concentration of nuclei in a
sample as a digital elevation
model. It aids to visualize better
patterns of change

Interpolation Predicting unknown values
using the known values at
neighboring locations

Anatomical samples could be
either corrupted or incomplete.
The void in data can be filled by
using interpolation

Connectivity Analyzing different features
associated with network of
elements (structures
connected through links)

Anatomical networks are
increasingly studied.
Muscular-skeletal networks can
be identified here
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the location of the center of mass of a chicken by adding
postacetabular weigths, provoked a more horizontal femur
orientation. The change in the orientation of the femur through
chicken development suggests that the center of mass of
the embryo is shifting to a more anterior position. On the
contrary, the orientation of the femur in Lisapsus limellum
is in the opposite sense, probably indicating a shift of the
center of mass to a posterior location. These changes are more
clearly perceived and showed because of the GIS technology
used here.

The shared perimeter between the hemigirdle and the femur
epiphysis of Lisapsus limellum increases progressively until Stage
44, being shorter at Stage 46. As Figure 1 shows, this shortening
could be an artifact, as in the image, muscles cover the terminal
prominences of the hemigirdle. The Supplementary Table 1
shows that the longest perimeter of the embryonic tissue present
at Stage 37 is shared by the diaphysis of the femur. It could
be predicted that this embryonic tissue will differentiate into
diaphysis tissue. This type of data will help to uncover other
growth patterns of the tissued through the ontogeny.

In this paper we showed that GIS software can be used to
document, describe, and compare a variety of different structures
and tissues through histological mapping. We thus make a
histomorphoscape, in this case applied to girdles development.
This method allows the consideration of a new scale at which
to evaluate the variability of the histomorphology of a structure
(Rose et al., 2012). GIS technology would allow also to construct
a shared database of histological quantitative changes across the
ontogeny in any vertebrate. These data would be more efficiently
recovered and useful for comparisons at a higher scale than
with the tools available until now. In this way, any researcher
from the field of comparative morphology could achieve a
snapshot of possible analyzes involving shapes, measurement
of features, and topographic relationships among structures.
GIS provides tools that allow a fresh and dynamic new way
(Table 4). For example, the function of interpolation could
assist in dealing with non-complete samples. It sheds light on
the underlying nature of structures otherwise absent, which is
intrinsic to many GIS software, but not easily available in other
resources from digital image analysis. Sweat streams drained by
a rough skin could be analyzed with the same rationale as in a

continental watershed, presenting an unprecedented way to study
a natural phenomenon.
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