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Climate and landscape changes that occurred in Patagonia during the Pleistocene presumably led to the ample
biodiversity that currently characterizes the region. Many Patagonian species constitute unresolved complexes that
may be related to these environmental changes. Accordingly, discriminating among taxonomic entities within an
endemic and widely distributed species in Patagonia would enable a better understanding of the diversification
processes that occurred in the recent past. We explored the polymorphism of Calceolaria polyrhiza, a widely
distributed species for which phylogeographic studies suggest a recent diversification, with the aim of disentangling
the morphological variability patterns in this species. We employed quantitative and qualitative floral and
vegetative traits, including geometric morphometric variables. We used two clustering algorithms, testing for
correspondence between detected clusters and the species previously described for the complex. Finally, we
described these clusters using decision trees and sequential covering rule induction. Major clusters were deter-
mined, which match the previously described species. Floral traits related to corolla design and shape were the
most useful characters for distinguishing groups and the variation patterns in these traits might be associated with
historical and ecological factors. The need for conducting plant systematic studies using techniques that ensure
objective taxonomic delimitations and descriptions is stressed. © 2013 The Linnean Society of London, Botanical
Journal of the Linnean Society, 2013, 00, 000–000.

ADDITIONAL KEYWORDS: cluster analysis – endemic species – floral traits – flower size – geometric
morphometrics – infraspecific variation – leaf morphology – species complexes.

INTRODUCTION

The vast Patagonian region displays rich biodiversity
of probably recent origin associated with the impor-
tant climatic and landscape changes that occurred
during the Pleistocene, such as glacial advances and
retractions, fluctuations of the shoreline, orographic
processes and volcanism (Ruzzante & Rabassa, 2011).
These events led to species diversification processes
in the region, promoting the establishment of species
complexes or polymorphic phenotypes within species.

Discerning the boundaries among these taxonomic
entities is sometimes difficult and may lead to mises-
timation of the current biodiversity (Hewitt, 2000,
2004; Baylac, Villemant & Simbolotti, 2003; Morando,
Avila & Sites, 2003).

The most common approach for resolving species
complexes has typically relied on linear (or angular)
morphometric variables. Nonetheless, the recent use
of geometric morphometric techniques (Baylac et al.,
2003; Mitteroecker & Gunz, 2004; Zelditch et al.,
2004) in biological studies has proved useful. These
techniques allow for a better detection of differences
in shape and display higher statistical power than*Corresponding author. E-mail: marina.strelin85@gmail.com
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traditional morphometric techniques. Geometric mor-
phometrics has been frequently used in anthropologi-
cal studies (González-José et al., 2008; Baab &
McNulty, 2009; De Groote, 2011) and in studies using
other animals as model organisms (Cordeiro-Estrela
et al., 2008; Álvarez, Perez & Verzi, 2011; Von
Reumont et al., 2012). However, it is a relatively novel
tool in plant evolutionary research (Shipunov &
Bateman, 2005; Gomez, Perfectii & Camacho, 2006).

Data exploration to classify and describe species
complexes in the field of plant systematics has been
generally carried out using principal component
analysis, discriminant analysis (Ferreira da Costa,
Pena Rodrigues & Wanderlay, 2009; Li et al., 2010) or
only one type of clustering algorithm (Erxu et al.,
2009; Li et al., 2010; Hatziskakis, Tsiripidis &
Papageorgiou, 2011). Clustering algorithms can follow
different strategies, therefore it is often useful to
compare the outputs obtained with different cluster-
ing schemes. In the detection of subtle differences and
similarities within taxa affected by a recent diversi-
fication event, decision trees, classification rules and
other techniques derived from machine learning can
be an alternative to discriminant analysis. Moreover,
decision trees and classification rules enable us to
automatically infer qualitative as well as simple
quantitative descriptions of the groupings under
study. As the algorithms use different schemes for
data exploration and various parameters can be
adjusted, the taxonomist can explore the data using
different strategies in a practical way (Witten &
Frank, 2005). Therefore, these classification algo-
rithms are an interesting tool in systematic research.
Neural network-based classifiers are one of the
machine learning techniques that have been used for
taxon delimitation (Baylac et al., 2003; Clark, 2009;
Seiler & Keeley, 2009); however, although they are
often successful, they are not based on a structured
representation of the classified instances, which can
give further insight into the entities being studied.

Calceolaria L. (Calceolariaceae, a south Antarctic
element; Andersson, 2006; Cosacov et al., 2009). Cal-
ceolaria comprises approximately 250 species (Molau,
1988; Correa, 1998; Ehrhart, 2000) that occur from
southern Mexico to Tierra del Fuego, along the Andes.
Of the 42 Argentine Calceolaria spp., 16 occur in
Patagonian steppe and Andean forest regions (Correa,
1998; Zuloaga & Morrone, 1999). The Patagonian
steppe is a large (673 000 km2), dry, extra-Andean
plain covered by grassland and scrubby vegetation,
which extends from the eastern slopes of the southern
Andes to the Atlantic coast. The Andean-Patagonian
forest is a much smaller region (248 100 km2), covered
with woodlands and extending on the eastern and
western slopes of the Andes. Many Patagonian Cal-
ceolaria spp. form complexes with an unresolved sys-

tematics (i.e. Ehrhart, 2000, 2005), probably
attributable to the recent diversification of the genus
(Cosacov et al., 2009).

Different morphological traits and criteria have
been used to delimit species and sections in the
genus. Molau (1988) based his classification on
growth habit, leaves, flowers and seed morphology,
whereas Ehrhart (2000) employed traits related
mainly to floral and seed morphology, as she consid-
ered that vegetative traits did not contain enough
phylogenetic information. In particular, Ehrhart
(2000) proposed the use of corolla shape, colour
pattern and throat length for differentiating southern
Calceolaria spp. However, she employed these traits
in a qualitative way.

Calceolaria polyrhiza Cav. (Calceolariaceae) is a
perennial rosulate herb distributed in Argentina from
southern Mendoza province (35°S) to southern Santa
Cruz province (52°S), with a latitudinal range of
c. 2000 km. It is found from sea level up to 3000 m a.s.l.
and tolerates diverse climatic conditions. The species
is more abundant in the southern than in the north-
western area of its distribution, where it occurs in
small, isolated populations in the high mountains.
In Chile, the species is less abundant and is found in
scattered locations from 35°S to 45°S. In the mono-
graph of the genus in Chile, Ehrhart (2000) joined four
related taxa, formerly considered different species,
C. polyrhiza, C. prichardii (Rendle) Kränz., C. lanceo-
lata Cav. and C. mendocina Phil., (Descole & Borsini,
1954; Correa, 1998), into a single species, C. polyrhiza,
based mainly on a qualitative analysis of floral pheno-
types; thus, the species in this broad sense is highly
polymorphic, showing remarkable variation through-
out its distribution range. In this work, we explored
polymorphism in C. polyrhiza, employing quantitative
and qualitative floral and vegetative traits, using
geometric morphometrics and classical taxonomic
variables. We propose new approaches to data explo-
ration using different algorithms and describe detected
clusters using machine learning techniques. In par-
ticular, our goals were (1) to determine whether major
clusters of individuals can be identified across the
distribution range of C. polyrhiza, (2) to establish
whether these groups correspond to the species previ-
ously identified by Descole & Borsini (1954) and (3) to
identify a set of rules that allows the differentiation of
the detected clusters.

MATERIAL AND METHODS
SAMPLING

One hundred and seventy-one individuals of C. pol-
yrhiza were collected from 18 localities covering most
of its distribution range (Table 1, Fig. 1). Approxi-
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mately ten individuals were sampled from each of the
18 populations, with the aim of covering most of the
variability in the species previously described by
Descole & Borsini (1954). Throughout the text, we

will refer to these previously described species as the
morphs ‘prichardii’, ‘polyrhiza’, ‘lanceolata’ and ‘men-
docina’. Populations were selected, including almost
all type localities of the above-mentioned morphs or
sites close to them. Sampled individuals were at a
minimum distance of 5 m in an attempt to avoid
collecting clones or close relatives. One mature flower
and the uppermost leaf were taken per individual
sampled and kept in 70% ethanol and silica, respec-
tively. Flowers were dissected to remove anthers,
gynoecium and elaiophores. The dissected flowers and
the leaves were mounted on a glass with dark back-
ground and scale photographed with a Nikon D80(B)
digital camera. Fresh material corollas were photo-
graphed in lateral and frontal view; photographs of
the frontal view of the corolla were used to describe
corolla designs that are not visible in lateral view.
Reproductive structures and adaxial view of leaves
were photographed separately.

TRADITIONAL MORPHOMETRICS

Six linear floral traits were measured (Fig. 2): instep
length (IL), throat length (ThL), elaiophore width
(EW), length of stamen filament (FL), length of the
theca (TL) and style length (SL). These measure-
ments were obtained from digitalized images using
the ImageTool version 3 (Brent Dove, 1996–2002)
software.

GEOMETRIC MORPHOMETRICS

Geometric morphometrics allows the capture of
spatial information through a Cartesian coordinate

Table 1. Collection localities, ecoregions, morphs, coordinates, altitude and sample size (Nind) of the sampled populations
of Calceolaria polyrhiza in Patagonia. Localities (Nloc) are numbered consecutively, as shown on the map in Figure 1

Nloc Sample location Ecoregion Morph Latitude Longitude Altitude Nind

1 Valle Hermoso Forest Mendocina −35.10 −70.14 2783 10
2 Epulaufquen Forest Mendocina −36.84 −71.01 1555 10
3 Trolopé Forest Mendocina −37.82 −70.96 1517 6
4 Piedra del Águila Steppe Lanceolata −39.99 −70.04 667 10
5 Piltriquitrón Forest Prichardii–Polyrhiza −46.98 −70.69 760 10
6 Cholila Forest Mendocina −42.46 −71.61 580 9
7 Cholila abajo Forest Prichardii −42.46 −71.61 580 9
8 La Tapera Forest Prichardii −44.65 −71.73 556 9
9 Laguna Escondida Forest Prichardii −45.52 −71.81 687 10

10 Balmaceda Forest Prichardii −45.86 −71.83 590 9
11 Los Antiguos Steppe Lanceolata −46.61 −71.64 415 10
12 Sumich Steppe Polyrhiza −41.97 −71.48 1200 10
13 Lago Roca Steppe Polyrhiza −50.48 −72.65 222 10
14 Lochiel Steppe Polyrhiza −44.71 −66.12 348 10
15 Road 26 Steppe Polyrhiza −45.82 −67.97 677 10
16 Puerto Deseado Steppe Polyrhiza −47.75 −65.92 9 9
17 Puerto Deseado 12 km Steppe Polyrhiza–Lanceolata −47.75 −65.92 9 10
18 San Julián Steppe Polyrhiza–Lanceolata −49.32 −67.77 7 10

Figure 1. Geographical location of sampled Calceolaria
polyrhiza populations. Numbers correspond to the locali-
ties shown in Table 1.
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system; such information can be used to test statis-
tical hypotheses about shapes (Zelditch et al., 2004).
Geometric morphometric variables were obtained
after placing landmarks and semi-landmarks on pho-
tographs showing corollas in lateral view and leaves
in adaxial view (see Appendix 1). Six homologous
landmarks and nine semi-landmarks were placed on
the flowers, and four homologous landmarks and
eight semi-landmarks were placed on the leaves.
Homologous landmarks were placed on the corolla
and leaf locations that could be anatomically or math-
ematically identified, such as incision of the upper
corolla lobe and point of maximum curvature in the
leaf contour. Although the use of homologous land-
marks is recommended over the use of semi-
landmarks (Bookstein, 1996), the globular shape of
corollas and the round contour of leaves required the
use of a high number of semi-landmarks. The sliding
semi-landmark method employed was the minimum
bending energy criterion (Bookstein, 1996), which is

more appropriate for obtaining thin-plate spline visu-
alizations. Briefly, the minimum bending energy cri-
terion is equivalent to the conservative assumption
that the contour on a particular specimen, described
with semi-landmarks, is the result of the smoothest
possible deformation of the corresponding contour on
a reference form (Perez, Bernal & Gonzalez, 2006).
This reference form, called ‘consensus’, is the average
landmark configuration of all the specimens included
in the relative warp analysis (Zelditch et al., 2004).

Both landmarks and semi-landmarks were digital-
ized using tpsDIG 2.10 (Rohlf, 2006), whereas
tpsRelw 1.45 (Rohlf, 2006) was used to align the land-
marks and semi-landmarks, and to obtain partial
warps (PWs; components that explain part of the total
deformation that affects some landmarks and not
others) and relative warps (RWs; principal compo-
nents of the PWs). Centroid size, the size measure
used in geometric morphometrics (Zelditch et al.,
2004), was also obtained using the program

Figure 2. Drawing of a Calceolaria polyrhiza flower showing flower parts, traditional morphometric and qualitative
traits. A, complete flower showing corolla measurements. B, elaiophore. C, stamen. D, gynoecium. E, corolla design:
a, dots; b, strips; c, flecks. F, type of leaf trichomes: a, glandular; b, simple.
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tpsRelw 1.45 (Rohlf, 2006). Twenty-eight and 20 rela-
tive warps were captured for corolla shape and for
leaf shape, respectively. Based on the scree test
(Cattell, 1966), only the first three relative warps for
corolla and leaf shape were used for subsequent
analyses, which explained 72.95 and 87% of the total
variance, respectively. Shape variation along the two
first relative warps of the corolla and the leaf are
shown in Figure 3.

QUALITATIVE TRAITS

Corolla design was described for the throat, the instep
and the dorsal region of the lower lip (Fig. 2E). As a
categorical vegetative trait, we selected the type of
trichomes present on the abaxial side of leaves. Tri-
chomes were uniform along the leaf lamina (Fig. 2F).

DATA ANALYSES
DELIMITATION OF CLUSTERS IN C. POLYRHIZA

Individuals were a priori classified as ‘prichardii’,
‘polyrhiza’, ‘lanceolata’ and ‘mendocina’ morphs before
analyses, using the criteria of Descole & Borsini
(1954), to check further for correspondence between
the previously described species and the clusters
retrieved by the different clustering schemes. Some
individuals that could not be classified a priori were
also included in the analyses.

To discard co-linearity between traditional and geo-
metric morphometric variables, the condition number
was calculated according to Quinn (2002). As this
number suggested no redundancy between the tradi-
tional morphometric and geometric morphometric
variables (condition number = 3.81; Quinn, 2002), all
mentioned variables, for example, traditional and
geometric morphometric variables and qualitative
variables, were included in the subsequent analyses.

Two clustering algorithms, k-means (Witten &
Frank, 2005) and expectation–maximization (EM;

Witten & Frank, 2005) were employed to identify
clusters in C. polyrhiza, including all above-mentioned
variables and using the open source platform Weka
(Hall et al., 2009). k-means (Witten & Frank, 2005)
starts with k points chosen randomly in the hyper-
space of instances in the data set and identifies the
nearest neighbours to each of these points according to
some distance measure (in this work, Euclidean dis-
tance). It then iteratively updates the k points to be the
centroids of the partitions generated in the previous
step and calculates the nearest neighbours to these
points. The iteration continues until the same cen-
troids are assigned to each of the clusters in consecu-
tive steps of the execution of the algorithm.

EM assumes that the data set is generated by a
mixture of k probability distributions (in this work,
normal distribution) that represent the clusters and
tries to estimate the parameters (mean and standard
deviation) that describe these k distributions. EM
begins by assigning random values to the parameters
and then iterates the ‘expectation’ and ‘maximization’
steps: the parameter values used in the previous step
are used to calculate the probability that each of the
instances in the training set belongs to the clusters
induced by the parameters and the distribution
parameters are updated based on these assignments,
maximizing the likelihood of the distributions given
the data. The iteration continues until the increase in
the overall log-likelihood of the data, given the esti-
mated parameters become negligible for successive
iterations.

For both clustering schemes, the number of clusters
(k) was determined by increasing the number of clus-
ters until the log-likelihood of the data given the
clusters stabilizes or decreases. This was carried out
running ten times tenfold validations and applying
the corrected re-sampled t-test with 95% significance.

To determine whether clusters retrieved from the
previous analyses differed significantly, we performed

Figure 3. Variation along the two first relative warps (RWs) obtained from: (A) the corolla and (B) the leaf. Each circle
represents an individual. The consensus (average) shape is displayed at the upper right corner. The first and second
relative warp account for 46.20 and 26.75% of variation in corolla shape and for 44.70% and 25.42% of leaf shape
variation, respectively.
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a multivariate analysis of variance (MANOVA) using
the two axes derived from a non-metric multidimen-
sional scaling (NMDS), which included the whole
data set (qualitative and quantitative variables). The
stress value of the analysis was 0.19, which means
that the two-dimensional representation of the
data is appropriate (Mendoça-Neto, Monteiro-Neto &
Moraes, 2008). These analyses were performed using
the PAST software (Hammer, Harper & Ryan, 2001).
Finally, silhouette width values (‘s’; Rousseeuw, 1987),
a measure of cluster validation that indicates how
tightly grouped all data in a given clusters are, were
calculated for the cluster retrieved by k-means, k = 5
(see Results), using the R cluster package
version 1.14.2 (Maechler, 2012). A high ‘s’ value
(almost 1) indicates that individuals highly match
their respective cluster, whereas a low ‘s’ value
(almost 0) indicates the opposite.

DECISION TREES AND CLASSIFICATION RULES

Classification algorithms, based on decision trees and
classification rules, were used to find descriptions of
the clusters retrieved in previous analyses. Although
many classification algorithms are available in the
field of machine learning, the following general struc-
ture can be summarized. The input data set (the
‘training set’) of this ‘training phase’ consists of the
values associated with each attribute of interest for
each of the individuals randomly sampled and the
classification given to the individuals (in this case,
‘cluster 1’, ‘cluster 2’, etc.). From this ‘training set’ a
hypothesis is generated that allows for the classifica-
tion of the individuals with a certain degree of confi-
dence. The accuracy of the hypothesis is usually
evaluated on an independent set, the ‘test set’, using
statistical methods. In the present work, the percent-
age of accurate classifications of the individuals in the
‘test set’ was used as the principal means of measur-
ing performance.

In decision trees (Witten & Frank, 2005), each node
corresponds to some attributes of the instance; the
branches at the node correspond to the different
values the attribute can take, in the case of categori-
cal attributes, and the interval in which the value
falls, in the case of numerical attributes. The algo-
rithms employed for generating the decision trees
used in the present work are implementations of
variants of C4.5 (Quinlan, 1993), which select the
attributes to be tested for each level of the decision
tree, favouring those attributes that lead to a ‘purer’
partition of the training instances. For this, a quan-
titative measure of the degree to which the attributes
reduce the ‘entropy’ of the training instances is used.
As this criterion tends to favour attributes with many
values over those with few values, a term is used to
penalize these attributes.

In general terms, classification rules iteratively
search the set of possible rules, from more general to
more specific, for each class, adding attributes to be
tested in the antecedent of the rule that maximize the
p/t relation, where ‘p’ is the number of instances of
the class correctly covered by the rule and ‘t’ is the
number of instances that satisfy the antecedent of the
rule. This process continues until a rule is generated
that correctly classifies all instances that satisfy the
antecedent of the rule. In this work, the sequential
covering rule generating algorithms RIPPER and
PART (Witten & Frank, 2005) were used.

RESULTS
DELIMITATION OF CLUSTERS IN

CALCEOLARIA POLYRHIZA

The likelihood value for the number of clusters gen-
erated, both in EM and in k-means, did not increase
significantly from four clusters onwards (P < 0.05).
However, for k-means, likelihood increased to a con-
siderable degree for k = 5, although this increase in
likelihood value was not significant when comparing
k = 4 and k = 5 configurations. For this reason, two
k-means clustering configurations, k = 4 and k = 5,
were considered in this study, together with the clus-
tering configuration retrieved by EM. The correspond-
ence between the clusters retrieved by these
clustering schemes and the species (morphs) previ-
ously described by Descole & Borsini (1954) is shown
in Figure 4.

Clusters obtained with the EM algorithm retrieved
individuals that were mostly in correspondence with
the morphs described by Descole & Borsini (1954)
(e.g. individuals a priori classified as ‘prichardii’, ‘pol-
yrhiza’, ‘lanceolata’ and ‘mendocina’ occurred in sepa-
rate clusters, Fig. 4A). With k-means, k = 4 displays a
different pattern, in which ‘lanceolata’ and ‘polyrhiza’
morphs are clustered together, and ‘mendocina’ splits
in two (Fig. 4B). k-means, k = 5 configuration summa-
rizes to a large extent the patterns retrieved by
k-means, k = 4 and EM (it distinguishes ‘polyrhiza’,
‘lanceolata’ and ‘prichardii’ morphs, whereas it splits
‘mendocina’ into two separate entities), as shown in
Figure 4C. Independently of the clustering scheme
employed, most of the individuals that could not be
classified a priori were assigned to clusters composed
mainly of ‘mendocina’ individuals. Taking into
account that the cluster configuration obtained with
k-means, k = 5 summarizes to a large extent the
cluster configuration retrieved by EM and k-means,
k = 4, and that its likelihood value does not signifi-
cantly differ from the one obtained for k-means, k = 4,
result presentation and discussion will be mostly
focused on k-means, k = 5 cluster configuration.
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MANOVA results and a posteriori Hotelling test
(alpha = 0.05) indicated significant differences among
groups for all clustering schemes (F4; 171 = 245.91,
P < 0.0001; F3; 171 = 379.24, P < 0.0001; F3; 171 = 387.73,
P < 0.0001 for k-means, k = 5, EM and k-means, k = 4
respectively).

Clusters obtained with k-means, k = 5 are plotted
against the two axes of a NMDS in Figure 5. Silhou-
ette width values were low (‘s’ < 0.4) for this cluster
configuration (Fig. 6), indicating a low correspondence
among individuals and their respective clusters.

DECISION TREES AND CLASSIFICATION RULES

Decision trees and classification rules were highly
efficient for k-means, k = 4, k = 5, and for EM cluster-
ing schemes. For k-means, k = 4 accuracy for the
decision tree and classification rule was 96.33%,
(SD = 4.51) and 95.32% (SD = 4.31), respectively. For
k-means, k = 5 accuracy for the obtained decision tree
and classification rule was 96.66% (SD = 4.35%) and
93.91%, (SD = 5.05%), respectively, and for EM accu-
racy was 94.92%, (SD = 5.59) and 94.31%, (SD = 5.35)
for the decision tree and classification rule, respec-
tively. Decision trees and classification rules obtained
for k-means, k = 4; k-means, k = 5; and EM were
congruent to a large extent (Appendix 2). The decision
tree and the classification rule obtained for k-means,
k = 4 clusters and those generated for k-means, k = 5
and EM selected unambiguously floral traits (Fig. 7,
Appendix 2) instead of vegetative traits. Otherwise,
only floral traits appeared in the decision trees and
classification rules, although input data also included
vegetative traits. Contingency tables generated for
these classification algorithms are included in Appen-
dix 3. Both classification rules and decision trees
generated for k-means, k = 5 and EM retrieved coin-

cident descriptions for clusters 1, 2 and 3. Cluster 1
(which contains all ‘prichardii’ individuals) presents a
corolla design with flecks; individuals retrieved in
cluster 2 (mainly ‘polyrhiza’ individuals) and cluster 3
(mainly ‘lanceolata’ individuals) differ in corolla shape
(e.g. individuals in cluster 3 display a more inflated
instep than individuals in cluster 2). The descriptions
generated by the classification algorithms retrieved

Figure 4. Correspondence between the previously described species and the clusters generated by (A) expectation–
maximization (EM), (B) k-means, k = 4 and (C) k-means k = 5. ‘?’ indicates non a priori classified instances.

Figure 5. Clusters generated with k-means, k = 5, using
axes 1 and 2 obtained with non-metric multidimensional
scaling (NMDS). Individuals in clusters 1–5 in Figure 4C
are represented with a cross, an open square, a solid
square, a solid circle and an open circle, respectively.
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Figure 6. Silhouette plot for k-means, k = 5 clusters. The length of the bar on the y-axis is the silhouette width of each
individual and represents the degree to which each individual is clustered to the other individuals in the cluster. On the
right, a main characterization of flower phenotype, cluster number, number of individuals and average silhouette value
for each cluster are indicated. Observations with a large ‘s’ value (almost 1) are very well clustered, a small ‘s’ value (c. 0)
means that the observation lies between different clusters (A). Geographical distribution of the clusters generated with
k-means, k = 5. The proportion of individuals assigned to each cluster within each population is indicated on the map.
Individuals belonging to clusters 1, 4 and 5 predominate in Andean forest, whereas individuals in cluster 2 and 3
predominate in the steppe ecoregion (B). The border between the steppe and the Andean forest is indicated with a dotted
line.

Figure 7. Decision tree generated for k-means k = 5 clusters. Dotted lines represent those branches leading to a low
number of classified individuals. Groups in which most individuals were classified are in bold. Numerators indicate the
number of correctly classified instances; denominators indicate wrongly classified instances. Note that these numbers are
not integers: the trees are evaluated in many classification instances, these numbers being averages of the results
obtained in all these iterations (A). Classification rules generated for 5-means. Groups in which most individuals were
classified are in bold. Numerators indicate the number of correctly classified instances; denominators indicate incorrectly
classified instances (B).
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for the different cluster configurations also presented
some inconsistencies. For example, the decision tree
and the classification rule generated for k-means,
k = 5 recognizes the presence of spots as a distinctive
trait of cluster 2 (mainly ‘polyrhiza’ individuals),
whereas the classification algorithms generated for
EM do not distinguish this cluster based on this trait.
In k-means, k = 5, according to decision trees, clus-
ters 4 and 5 (mainly ‘mendocina’ individuals) differ
from the other clusters in the lack of design in the
throat and differ from each other in the presence or
absence of a dot design on the instep; classification
rules generated for EM indicated the absence of
design on different parts of the corolla as a distinctive
characteristic for cluster 4 (e.g. clusters 4 and 5 in
k-means, k = 5), without specifically indicating the
absence of throat design. According to classification
rules generated for the EM, cluster 4 also displays the
shortest throat, whereas none of the classification
algorithms generated for k-means, k = 5 makes this
distinction. In some cases, style length was the trait
selected for distinguishing among clusters. Neverthe-
less, in these distinctions only a small group of indi-
viduals is involved (Fig. 7, Appendix 2). Classification
rules and decision trees generated for 4-mean clusters
(Appendix 2) display some consistencies with those
generated for EM and k-means, k = 5 clustering
schemes. For example, a fleck corolla design is also
attributed to ‘prichardii’ individuals, whereas most of
the individuals in clusters 3 and 4 (‘mendocina’ indi-
viduals) lack throat design. A long throat was
assigned to cluster 2, which is composed of ‘polyrhiza’
and ‘lanceolata’ individuals.

A summary of the main characterizations obtained
for the k-means, k = 5, k-means, k = 4 and for EM
cluster configurations is shown in Figure 6, along
with the geographic distribution of k-means, k = 5
clusters.

DISCUSSION

The results obtained with different clustering algo-
rithms (k-means and EM) display clusters with a
similar composition of individuals. This composition
was recovered in all or in two of the three clustering
schemes used (Fig. 4) Otherwise, clustering methods
that make different assumptions point to the same
result, allowing us to draw objective conclusions
about partitions in the C. polyrhiza. complex.

The classifications offered by the decision trees and
the classification rules were highly efficient and to a
large extent congruent when comparing the rules and
the trees obtained for different clustering schemes
(Fig. 7, Appendix 2). This stresses the usefulness of
this set of methodologies when dealing with taxo-
nomic entities that may have experienced recent

diversification events and therefore display only
subtle morphological differences. At the same time,
considering that both classification algorithms led
independently to similar results, the set of traits
selected by them may be considered objective and
therefore reliable for classifying and describing taxo-
nomic entities in C. polyrhiza.

In the classifications performed with the whole data
set, classification algorithms selected floral traits
unambiguously (Fig. 7, Appendix 2). This highlights
the usefulness of floral traits when distinguishing
entities in C. polyrhiza. The most recurrent set of
traits used in the classifications included corolla
design and the variable shape, which indicates the
degree of inflation of the instep (RW2). Ehrhart (2000)
proposed the above-mentioned traits for making a
new classification of some southern sections of Cal-
ceolaria. Although her proposal only consisted of
making qualitative descriptions of the sections in
Calceolaria using these characters, our findings
support the usefulness of these traits when making
classifications within a species. The fact that corolla
centroid size was never selected by classification algo-
rithms is also remarkable. This variable is not
expected to have a strong phylogenetic signal because
it may be more subjected to ontogeny or micro-
environmental factors than floral shape or coloration
(i.e. Hodgins & Barret, 2008; Gómez et al., 2009).
When classification rules and decision trees were
performed without including floral traits (results not
shown), vegetative traits also generated efficient clas-
sifications, the type of trichome being the most appro-
priate trait for distinguishing clusters and previously
described species. Ehrhart (2005) proposed this trait,
among a few others, to distinguish taxonomic entities
in the C. integrifolia L. complex. However, in the
present study it is clear that floral traits were
selected over vegetative ones, suggesting that they
are more appropriate to resolve the C. polyrhiza
complex. In a broader context of plant biology, the
efficiency of floral over vegetative traits to discrimi-
nate entities within C. polyrhiza is consistent with
previous findings (i.e. Berg, 1959; Méndez & Traveset,
2003; Mascó, Noy-Meir & Sérsic, 2004; Medrano,
Castellanos & Herrera, 2006) regarding the environ-
mental stability of floral over vegetative traits.

A high correspondence (EM clusters) or at least
some correspondence (k-means clusters, k = 4) was
detected between the retrieved clusters and the four
species previously described (Descole & Borsini, 1954)
(Fig. 4); however, according to k-means, k = 5, which
summarizes to a large extent the pattern exhibited in
EM and k-means, k = 4, notably the entities that
constitute C. polyrhiza are five instead of four.

Evidently, those individuals classified a priori as
‘prichardii’ were the ones most clearly differentiated
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within C. polyrhiza. This entity differs from the
others in bearing a fleck design on different parts of
the corolla. Morphs ‘lanceolata’ and ‘polyrhiza’ tended
to split into separate clusters in EM and in k-means,
k = 5 (Fig. 4A, C). Nevertheless, individuals a priori
classified under these morphs were assigned to a
single cluster in k-means, k = 4 (Fig. 4B). Therefore,
there is no evidence showing ‘lanceolata’ and ‘pol-
yrhiza’ to be clearly differentiated entities. The enti-
ties ‘polyrhiza’ and ‘lanceolata’ differ in corolla shape,
‘polyrhiza’ displaying a less inflated instep than ‘lan-
ceolata’. Although the previously described species
‘mendocina’ was recovered as a single entity in EM
(Fig. 4A), it was split in two in k-means, k = 4 and in
k-means, k = 5 (Fig. 4A, C). Therefore, the possibility
of a slightly differentiated additional entity within
‘mendocina’ could be suggested (‘mendocina 1’ and
‘mendocina 2’). Both ‘mendocina’ groups differ from
the other entities in not having a throat design,
whereas they differ in instep designs, ‘mendocina 1’
having a dot design and ‘mendocina 2’ lacking a
design (Fig. 7, Appendix 2B).

The clusters detected in this study display a geo-
graphical pattern (steppe vs. Andean forest distribu-
tion), as can be seen in Figure 6. Only one cluster
occurs in both regions. According to classification rules
generated for EM (Appendix 2A), individuals inhabit-
ing the Andean forest (except for ‘prichardii’ individu-
als, nested in cluster 1) have a shorter throat than
those inhabiting the steppe. Classification rules and
decision trees generated for k-means, k = 4 attributed
a long throat to individuals inhabiting the steppe.
Throat length is critical for the pollination process; an
association between the most frequent pollinators and
mean throat length of C. polyrhiza populations from
the forest and the steppe has been reported (Cosacov,
2010). Moreover, pollinators and geographical isola-
tion were reported as important drivers of diversifica-
tion in Calceolaria (Molau, 1988; Sérsic, 2004;
Cosacov et al., 2009). Accordingly, in their phylogeo-
graphical study of the C. polyrhiza complex, Cosacov
et al. (2010) suggested that the evolutionary history of
the species shows a phylogeographical footprint con-
sistent with past fragmentations and allopatric differ-
entiation during Pleistocene glaciations.

Silhouette width values were low for all clusters
obtained with different clustering schemes (Fig. 6)
and, despite the high efficiency of classification rules
and decision trees in generating classification in
C. polyrhiza, a certain percentage of error was asso-
ciated with the classifications. This could suggest that
the entities in C. polyrhiza would still not be clearly
differentiated, being in an incipient differentiation
process, or that they would have been clearly differ-
entiated in the recent past because of historical pro-
cesses (e.g. Pleistocene glaciations) and might be

currently interbreeding again. Further ongoing
studies combining molecular markers, morphological
information and niche modelling are necessary for
disentangling the evolutionary processes underlying
the patterns found in this study.

Finally, we expect that future studies based on
different approaches, such as multi-locus molecular
markers, reciprocal transplant experiments and
reproductive isolation tests among detected morpho-
types, will provide a better understanding of the
speciation mechanism in the C. polyrhiza complex
and other angiosperm species complexes sharing
similar historical and geographical contexts.

CONCLUSIONS

The existence of major clusters in C. polyrhiza has
been determined; this is largely consistent with
results obtained with clustering methods that make
different assumptions. Those clusters are also highly
consistent with the species proposed by Descole &
Borsini (1954). Floral traits performed well in the
delimitation of these groups. The pattern of pheno-
typic variation retrieved in the present study could be
related to historical and ecological factors. Further
research is required to support those assertions and
to understand the evolutionary processes underlying
the observed variation patterns. This is the first study
carried out using geometric morphometrics and
machine learning techniques for a terrestrial species
inhabiting the Patagonian steppe. We hope that addi-
tional morphological studies of Patagonian plants
and animals will allow us, through a comparative
approach, to disentangle the evolutionary processes
underlying biodiversity patterns in this largely unex-
plored region of the world.
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APPENDIX 1

Landmarks captured on: dorsal view of the corolla (A) and adaxial side of the leaf (B). Landmarks and
semi-landmarks are represented by circles with and without outline, respectively.
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APPENDIX 2

Decision trees generated for expectation–maximization (EM) and k-means, k = 4 clusters. Dotted lines represent
those branches leading to a low number of classified individuals (A, C). Classification rules generated for EM
k-means, k = 4 clusters (B, D). In all cases, groups in which most individuals were classified are in bold.
Numerators indicate the number of correctly classified instances; denominators indicate wrongly classified
instances. Note that these numbers are not integers: the trees are evaluated in many classification instances,
these numbers being averages of the results obtained in all these iterations.
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APPENDIX 3

Contingency tables generated for decision trees and classification rules.
5-means
k-means, k = 5 clusters. Contingency table derived from decision tree.

Classified as. Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5

Cluster 1 35 0 0 0 0
Cluster 2 0 39 0 1 0
Cluster 3 0 1 43 0 0
Cluster 4 0 1 0 19 0
Cluster 5 0 0 2 0 34

k-means, k = 5 clusters. Contingency table derived from classification rule.

Classified as. Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5

Cluster 1 35 0 0 0 0
Cluster 2 0 38 3 0 1
Cluster 3 0 5 39 0 0
Cluster 4 0 0 0 20 0
Cluster 5 0 0 1 0 34

4-means
k-means, k = 4 clusters. Contingency table derived from decision tree.

Classified as . . . Cluster 1 Cluster 2 Cluster 3 Cluster 4

Cluster 1 35 0 0 1
Cluster 2 0 74 0 0
Cluster 3 2 0 43 1
Cluster 4 0 1 2 54

k-means, k = 4 clusters. Contingency table derived from classification rule.

Classified as . . . Cluster 1 Cluster 2 Cluster 3 Cluster 4

Cluster 1 35 1 1 0
Cluster 2 0 74 2 1
Cluster 3 0 0 36 0
Cluster 4 0 4 0 23

Expectation–maximization (EM)
EM clusters. Contingency table derived from decision tree.

Classified as . . . Cluster 1 Cluster 2 Cluster 3 Cluster 4

Cluster 1 35 1 1 0
Cluster 2 0 35 0 2
Cluster 3 0 3 43 2
Cluster 4 0 1 4 54

EM Clusters. Contingency table derived from classification rule.

Classified as . . . Cluster 1 Cluster 2 Cluster 3 Cluster 4

Cluster 1 35 0 0 0
Cluster 2 1 34 1 2
Cluster 3 1 2 44 1
Cluster 4 0 0 1 52
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