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Summary

1. Integrating genetic and/or phenotypic traits at population level is considered a fundamental approach in the
study of evolutionary processes, systematics, biogeography and conservation. But combining the two types of
data remain a complex task, mostly due to the high, and sometimes different, sample sizes required for reliable
assessments of community traits. Data availability has been increasing in recent years, thanks to online resources,
but it is uncommon that different types of markers are available for any given specimen.

2. We provide new R functions aimed at directly correlating traits at population level, even if data sets only over-
lap partially. The new functions are based on a modified Procrustes algorithm that minimizes differences between
bidimensional ordinations of two different markers, based on a subsample of specimens for which both charac-
ters are known. To test the new functions, we used a molecular and morphological data set comprising Mediter-
ranean specimens of the butterfly Maniola jurtina.

3. By using this method, we have been able to maximize similarities between genotypic and phenotypic configu-
rations obtained after principal coordinate analysis for the model species and evaluated their degree of correla-
tion at both individual and population level. The new recluster.procrustes function retained the information of
the relative importance of different morphological variables in determining the observed ordinations and pre-
served it in the transformed configurations. This allowed calculating the best combination of morphological vari-
ables mirroring genetic relationships among specimens and populations. Finally, it was possible to analyse the
modality and variance of the phenotypic characters correlated with the genetic structure among populations.

4. The genetic and phenotypic markers displayed high overall correlation in the study area except in the contact
zone, where discrepancies for particular populations were detected. Interestingly, such discrepancies were spa-
tially structured, with southern populations displaying typical western morphotype and eastern haplotypes,
while the opposite occurred in the northern populations. The methodology here described can be applied to any
number and type of traits for which bidimensional configurations can be obtained, and opens new possibilities
for data mining and for meta-analyses combining existing data sets in biogeography, systematics and ecology.

Key-words: Cytochrome ¢ oxidase subunit 1, geometric morphometrics, Lepidoptera,

Mediterranean, recluster R package, recluster.procrustes function

Introduction

Integrating different types of data has become a usual proce-
dure in the study of speciation, biogeography and conservation
ecology (Pergams & Lacy 2008; Dinca, Dapporto & Vila 2011;
Mila et al. 2011; Toews et al. 2014; Derryberry et al. in press).
There is growing evidence that different types of markers can
display contrasting spatial patterns (Dapporto et al. 2011;
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Toews & Brelsford 2012; Pavlova et al. 2013; Toews et al.
2014), and such discrepancies are hypothesized to encompass
important evolutionary and population processes like local
adaptation, character displacement and sex-biased asymme-
tries in hybridization processes (Toews & Brelsford 2012). Bio-
geographical, ecological and evolutionary studies typically
combine different DNA sequences (usually nuclear and mito-
chondrial genes) or include both genetic and morphological
traits to compare taxa or populations. While genetic patterns
can reveal evolutionary relationships, hybridization processes
and approximate divergence time, phenotypic traits represent
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the interface between genes and the environment and
include key morphological traits for the interactions among
individuals.

Nevertheless, comparing genetic and morphological pat-
terns among populations in a spatial context is methodologi-
cally challenging because genetic and morphological analyses
produce different raw data (e.g. DNA sequences vs. linear or
shape measurements) and are usually examined with different
techniques (Claude 2008; Paradis 2012). Moreover, while
DNA sequencing follows highly standardized procedures pro-
ducing directly comparable results, morphological assessments
are affected by stochastic factors such as sample preparation,
measurement errors and by a multitude of environmental
events determining the observed individual’s phenotype. As a
consequence, the morphological assessment of populations
usually requires a higher number of samples compared with
genetic analyses. Yet, most of the existing methods for direct
comparisons between different types of markers only allow
correlations on specimens analysed for both characters.
Importantly, the difficulty of directly comparing data sets that
do not fully overlap (i.e. with different numbers of samples
assessed for each marker) prevents a full use of data available
in public repositories (e.g. GenBank, BOLD systems), where
typically only one of the markers is available for any given
specimen.

Even when an adequate sample size is gathered, the analyses
for the spatial distribution of morphological and genetic mark-
ers among populations are often carried out independently
(Pergams & Lacy 2008; Dinca, Dapporto & Vila 2011; Sera-
phim et al. 2013; Toews et al. 2014). Direct comparisons are
complicated by the different approaches used to retrieve
genetic and morphological patterns. Genetic patterns are usu-
ally represented by phylogenetic trees or haplotype networks,
which are postulated to mirror the evolutionary relationships
among taxa (Paradis 2012). However, although phylogenetic
trees can be conveniently used to order taxa, they can be ineffi-
cient to sort hybrid individuals or to analyse the overall genetic
structure of mixed populations (Kalinowski 2009). In these
cases, less constrained representations avoiding bi- or poly-
tomic ordinations should be preferred (Kalinowski 2009). Such
continuous patterns for genetic data can be obtained by ordi-
nation methods, like multidimensional scaling, principal coor-
dinates analysis, phylogenetic PCA (pPCA), etc., which reduce
the dimensionality of any dissimilarity matrix obtained by dif-
ferent markers such as DNA sequences, microsatellites or allo-
zymes (Pritchard, Stephens & Donnelly 2000; Paradis 2012).
Interestingly, similar algorithms are the standard methods
used to visualize patterns of variation in continuous morpho-
logical traits (Claude 2008). Such parallel approaches provide
the basis for a direct comparison of genetic and morphological
patterns. Direct correlations are usually tested through the
overall correlation coefficients between original distance matri-
ces or configurations obtained, for example, by means of Man-
tel tests or protest analyses (Renvoise ef al. 2012). These
analyses evaluate the degree of correlation between matrices
and calculate the associated P value. However, they do not
allow for: (i) the identification of particularly discrepant

individuals or populations, (i) the analysis of unimodal or
bimodal distributions in phenotypic traits as associated with
genetic ones and (iii) the representation of the variation of
these characteristics in the geographical space.

Such analyses have been carried out only in a few studies
that mainly compared single components (usually belonging to
PCA analyses) of genetic and morphological variation between
them and with environmental determinants (Gompert et al.
2010).

In this article, we developed new functions for the recluster
R package that facilitate in-depth comparisons of bidimen-
sional configurations (genotypic and phenotypic markers),
even when only a limited series of specimens is analysed for the
two traits. The main new function recluster.procrustes is a
modified Procrustes algorithm which allows indicating the sub-
set of specimens that overlap for the two data sets. The func-
tion minimizes the differences between two configurations by
applying a classical Procrustes on individuals for which both
traits have been assessed, and subsequently applies the same
transformation to the specimens that were not analysed for
both markers. Importantly, the new functions allow entering
the coordinates of the variables determining the observed pat-
tern (as it is usually obtained by PCA or MDS), and also
applies the same transformation to them to maintain the infor-
mation regarding their contribution.

To show the characteristics of the analysis and to provide a
practical example, we tested the new method on two data sets
for the butterfly Maniola jurtina (Nymphalidae) covering the
west Mediterranean area and eastern Europe. We examined if
the COI mitochondrial gene and the morphological data reveal
with precision the location and nature of the contact zone
between the two main lineages described for this species. Dis-
crepancies between allozyme and morphological patterns have
been described in M. jurtina (Dapporto et al. 2011), suggesting
that this species is a suitable model for our analysis. We show
how the proposed analysis can identify and model correspon-
dences and discrepancies in a spatial framework. Due to the
increasing availability of similar data for a large number of
organisms, such a theoretical and practical assessment can rep-
resent a useful model and resource for future studies.

Methods
SPECIES, MARKERS AND BACKGROUND

Maniola jurtina

The meadow brown butterfly Maniola jurtina (Linnaeus, 1758) is a spe-
cies that has often been targeted for phylogeography and speciation
studies. It forms conspicuous populations over Europe and the Medi-
terranean basin including many islands. Two lineages, identified on the
basis of male genitalia and allozyme analysis, occur in Europe: a wes-
tern Atlantic-Mediterranean lineage (M. j. jurtina) in the Maghreb,
Spain, western France, Sicily and Sardinia and an eastern-Mediterra-
nean-Asian lineage (M. j. janira) widespread from Asia to eastern and
central Europe, including the Italian Peninsula (Schmitt, Rober & Seitz
2005; Dapporto et al. 2009; Thomson 2011). On the basis of allozyme
data, the two lineages seem to have diverged during the late Pleistocene
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(Schmitt, Rober & Seitz 2005) and may have experienced a series of
range contraction/expansion cycles during the following glacial-inter-
glacial periods (Schmitt, Rober & Seitz 2005; Dapporto et al. 2011;
Thomson 2011). Morphological and allozyme data also revealed the
presence of a contact zone extending from a few western Mediterra-
nean islands (Corsica, Elba, Giglio and Capri) to the western Alps and
the Benelux region (Schmitt, Rober & Seitz 2005; Dapporto et al.
2011; Thomson 2011; but see also Habel, Dieker & Schmitt 2009).
Modelling of continuous morphological variation and discrepancies
between morphological and allozyme data have been used to infer the
phylogeography of this species over the western Mediterranean area,
and led to the formulation of a new post-glacial colonization paradigm
over Europe (Dapporto et al. 2009, 2011; Habel, Dieker & Schmitt
2009; Dapporto & Bruschini 2012). Despite the considerable number
of studies dealing with patterns in morphology and allozymes for this
species, no comprehensive genetic assessments have been published
and no direct evidence exists for a correspondence between morphol-
ogy and DNA. We identified 39 geographic areas, comprising 20 insu-
lar and 19 mainland areas (Table 1). All areas included at least two
specimens analysed for both markers (see Appendix S2 for details).

Genetic markers

We analysed the COI mitochondrial gene because it is a widely used
marker in systematics and phylogeography (Avise 2009) and extensive
libraries of publicly available sequences exist (e.g. GenBank and BOLD
systems). A total of 218 M. jurtina COI sequences were used in the
analysis, of which 45 were obtained from publicly available data in
BOLD and 173 have been sequenced specifically for this study (Gen-
Bank accession numbers KM020807-KMO020882, KJ994239—
KJ994253 and KM033847-KM033941; see Appendix S2 for sampling
localities). Well-assessed protocols described in Appendix S2 were used
for DNA extraction and sequencing. A dissimilarity p-distance matrix
among COI sequences was obtained with default settings in MEGA
5.05. The ordination of genetic markers has been obtained by project-
ing the dissimilarity matrix into a two-dimensional configuration
through a principal coordinate analysis (PCoA). A neighbour-joining
tree was constructed in MEGA 5.05 using p-distance and assessing
node supports by 100 bootstrap pseudoreplicates. One sequence of
Hyponephele lupina was used as outgroup.

Morphological markers

We selected the shape of male genitalia as morphological marker. We
analysed 616 male M. jurtina specimens by means of geometric mor-
phometrics (Bookstein 1991), a method that produces relative warps
(PCs) representing continuous variables of shape variations. Variables
from different structures of the genitalia can be combined in successive
ordination analyses to reveal the overall patterns of variation among
specimens and the shape variation associated with such patterns. Geo-
metric morphometrics is a powerful method for analysing morphologi-
cal species traits in a wide range of organisms (Viscosi & Cardini 2011;
Madeira et al. 2012; Zelditch, Swiderski & Sheets 2012). It has been
successfully used as a quantitative method to distinguish western and
eastern morphotypes, as well as intermediate (presumably hybrid) indi-
viduals and populations of M. jurtina (Dapporto et al. 2009; Dapporto
& Bruschini 2012). In this species, two structures (valva and brachium,
Appendix S2) are mostly involved in differentiating morphotypes
(Dapporto et al. 2009; Thomson 2011). Moreover, the continuous
variation of these markers has been used to model the distribution of
morphotypes (Dapporto ez al. 2009; Dapporto & Bruschini 2012). We
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Table 1. Studied areas and their abbreviations

Number Area Abbreviation
1 Eastern Europe E_Eur
2 Dolomites Dolom
3 Central-northern Italy N_Ita

4 Argentario Arg

5 Giglio Island Giglio
6 Pianosa Island Pian

7 Elba Island Elba

8 Piombino Piomb
9 Northern Corsica N_Cor
10 Southern Corsica S_Cor
11 Northern Sardinia N_Sar
12 Central Sardinia C_Sar
13 Southern Sardinia S_Sar
14 Ischia Island Ischia
15 Capri Island Capri
16 Sorrento Peninsula Sorren
17 Southern Italian Peninsula S_Ita

18 Aspromonte Aspr

19 Eastern Sicily E_Sic
20 Vulcano Island Vule

21 Lipari Island Lipari
22 Western Sicily W_Sic
23 Gozo Island Gozo
24 Tunisia Tun

25 Algeria Alg

26 Morocco Mor

27 Southern Iberia S_Ibe
28 Central Iberia C_Ibe
29 Northern Iberia N_Ibe
30 North-eastern Iberia NE_Ibe
31 Ibiza Island Ibiza

32 Mallorca Island Mall

33 Menorca Island Men

34 Southern France S_Fra
35 Levant Island Levant
36 North-western Alps NW_Alps
37 South-western Alps SW_Alps
38 Liguria Liguria
39 Switzerland Suisse

thus conducted geometric morphometrics of brachium and valva fol-
lowing the methodology employed by Dapporto et al. (2012), which is
specifically described in Appendix S2.

Similarly to what has been carried out for the genetic markers, we
used relative warps obtained for the brachium and valva analysis to
perform a PCoA. The contribution of the variables to the configuration
has been obtained by computing the weighted average scores of vari-
ables by using the wascores vegan function. We retained the two most
important variables for each of the two axes used.

THENEWRECLUSTER.PROCRUSTES FUNCTION

The recluster package was originally created to solve a bias in the appli-
cation of cluster analysis to turnover dissimilarity matrices (Dapporto
et al. 2013). Subsequently, the package has been improved to allow the
analysis of diversity patterns in a spatial context. This version of the
recluster package enables coupling tree-based results with two-dimen-
sional representations in RGB colour space, so that the nearest points
in the bivariate configuration are represented with similar colours. This
approach is becoming increasingly used in biogeography studies (Kreft
& Jetz 2010; Holt et al. 2013).
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The core of the proposed analysis is an algorithm maximizing simi-
larities among bivariate configurations (in this case based on genotypic
and phenotypic patterns). Such configurations can be obtained through
any method for phenotypic traits (a crude combination of two mea-
surements, the two main relative warps of a geometric morphometrics
output, scatterplots of PCA, PCoA, non-metric multidimensional scal-
ing (MDS), etc.). For genotypic data, bidimensional configurations can
be obtained, for example, by multidimensional scaling or PCoA of any
genetic distance matrix and by pPCA.

Some of these analyses (e.g. PCA, PCoA and MDS) not only order
the specimens, but also provide the contribution of the variables to the
obtained patterns (Legendre & Legendre 1998). This is much more
common for morphological data where patterns are usually established
by ordination of a multidimensional character matrix.

Two similar bidimensional configurations can appear highly differ-
ent due to relative rotation, orientation and scaling (Appendix S1). The
classic tools used to maximize similarity between configurations is the
Procrustes analysis, which scales, flips and rotates a configuration to
maximize its similarity to another one (Mardia, Kent & Bibby 1979).
The vegan R package provides a Procrustes function to compute this
analysis. However, it has two characteristics representing problematic
limitations for our purposes:

1 The Procrustes vegan function only works when the specimens
occurring in the two configurations are exactly the same.

2 The vegan Procrustes cannot maintain the correspondence between
the rotated and rescaled configurations for specimens and the ordina-
tion of the variables.

The Procrustes analysis provides a rigid transformation of the sec-
ond configuration. In theory, the second matrix can be thus trans-
formed to maximally fit the first one on the basis of a subsample of
corresponding specimens. Then, the same solid transformation can be
applied to remnant (not shared) specimens, as well as to the coordinates
of variables in the configuration to maintain the information about
their contribution in the observed pattern. For this purpose, we created
the recluster.procrustes function by modifying the Procrustes function
of vegan. The recluster.procrustes function allows the user to indicate
the number of common specimens, which must be listed first and in the

C))

same order in the two matrices. Moreover, it is possible to include other
matrices containing variable contributions (coordinates) for each mar-
ker. An in-depth explanation of the recluster.procrustes function is
given in Appendix S1.

Analyses

ORIENTING THE FIRST AXIS OF THE GENETIC
CONFIGURATIONACCORDINGTOAPHYLOGENETIC
TREE

Using the recluster.group.col function, we computed the mean posi-
tions in the genetic PCoA configuration of specimens belonging to
each of the two main clades in the phylogenetic tree (Fig. 1a). In the
resulting matrix, all the specimens belonging to the same clade were
collapsed to their barycentre in the PCoA configuration (Appendix
S1). Subsequently, we created two functions: recluster.line and reclus-
ter.rotate. The first identifies the line connecting the most distant
points in a configuration and computes its intercept and angular coef-
ficient; the second rotates the points of a configuration to a new con-
figuration where a line identified by its intercept and its angular
coefficient is rotated to become horizontal. In practice, by using these
functions in series, the specimens belonging to the two most diverging
clades are polarized along the x-axis by maintaining the original con-
figuration among individuals.

The first Procrustes analysis re-aligned the PCoA configuration
obtained by genetic distances with the configuration of polarized
clades. In such a way, the phylogenetic tree information is retained in
the subsequent analyses as a horizontal ordination along a main genetic
X-axis.

MINIMIZING DISSIMILARITIES BETWEEN
CONFIGURATIONS AND COMPUTING POPULATION
MEANS

We performed a second recluster.procrustes transformation of the
morphological PCoA configuration based on the previously obtained
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Fig. 1. (a) Structure of the neighbour-joining
tree based on 218 COI sequences for Maniola
Jurtina confirming the existence of two main
western and eastern clades (see Appendix S2
for a detailed representation). (b) Map of the
study area indicating the proportion of
individuals belonging to the western (blue) or
s 21;() eastern (red) COI lineages for sampled popu-
/7@ lations. Enlarged representations for the criti-
9 18 cal areas of Tuscan and Aeolian Islands are
T provided. Numbers correspond to areas listed

in Table 1.
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genetic one. Thus, the initial information fitting the phylogenetic varia-
tion along the x-axis was directly transferred to the resulting morpho-
logical configuration. The degree and significance of the correlation
between the configuration of genetic and morphological data on the
subset of shared specimens was evaluated by using the vegan protest
function.

To study the genetic and morphological patterns at population level,
we computed barycentre of specimens belonging to the same area in
the two configurations. The protest function was applied to mean pop-
ulation coordinates to verify concordance between genetic and mor-
phological configurations.

ASSESSINGDISSIMILARITY LOSSAFTERCOMPUTING
POPULATION MEANS AND TESTINGITS SIGNIFICANCE

Because the two genetic PCoA axes were oriented to maximize differ-
ences among the most diverging phylogenetic clades along the first axis,
we analysed results separately on the first and second axes. As a first
step, we evaluated the amount of configuration variance lost along
both axes by grouping specimens according to their population bary-
centre. If the distribution of specimens in the configuration is randomly
scattered among populations, almost all population barycentres are
expected to attain a rather central position with respect to the original
individual points, which would result in a small mean distance between
barycentres. The new recluster.test.dist function produces a ratio
between the mean squared pairwise distance for all individuals and the
mean squared pairwise distance for population barycentres (Bookstein
1991). This ratio is calculated for the overall configuration and for the
two axes separately. Moreover, this function provides a test for the sig-
nificance of the variation preserved by population means. To do this,
1000 matrices were obtained by randomly sampling the original vector
defining population membership for each specimen. Then, we com-
puted the frequency of mean squared distance ratios in random config-
urations higher than the observed ratio.

PROJECTING THE ROTATED CONFIGURATIONS IN RGB
COLOUR SPACE AND COMPUTING POPULATION MEANS

We projected the two configurations together in the RGB space. For
this purpose, the axis with the highest variance was standardized
between 0 and 1 and the variance along the second axis rescaled
according to the first one. Subsequently, the colours blue, green, yel-
low and red were assigned to the four corners. Finally, the contribu-
tion of each RGB colour to each site has been calculated on the
basis of its position in the two-dimensional graph. This method is
receiving an increasing interest in biogeography where it is employed
to visually depict similarity patterns among elements (Kreft & Jetz
2010; Holt et al. 2013). We projected the colours for populations on
a map, separately for genetic and morphological configurations.

ANALYSING MODALITY FORAXIS VALUES IN
POPULATIONS, REGRESSING THE GENETIC AND
MORPHOLOGICALPOPULATION VALUES AND
DEPICTING SPATIALDISTRIBUTION OF RESIDUALS

We applied Hartigan’s dip test of unimodality (Hartigan & Hartigan
1985) by using the R package diptest to verify whether the distribu-
tion along the axes significantly deviates from the unimodal distribu-
tion in all populations. Variance has been computed to verify
whether populations hosting intermediate individuals show higher
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variance in shape. For this purpose, we made quadratic regressions
for populations using mean values in morphological axes as predic-
tors and their variance in the same axes as dependent variables.
Finally, we regressed the mean values of morphological axes against
the mean values of genetic axes and computed the residuals. In this
case, we used major axis regression (MA) since it is specifically
designed for minimizing errors for both variables. Thus, the existence
of a dependent and independent variable is not presumed and the
residuals reflect discrepancies in both genotypic and phenotypic traits
(Claude 2008). Finally, we plotted these residuals on a map. To
obtain a more conservative representation, we set to zero the residu-
als within the interval of standard deviation of absolute residual val-
ues.

Results

THE GENETIC MARKER

The 218 COI sequences obtained for M. jurtina represented 55
different haplotypes. The neighbour-joining phylogenetic tree
supported the existence of two main clades largely matching
the distribution of western and eastern populations previously
recognized based on morphological and allozyme data (Dap-
porto et al. 2011; Thomson 2011) (Fig. la). In some areas
located at contact zones, the two genetic lineages were found
to coexist (Fig. 1b). A PCoA based on genetic distances con-
firmed a polarization between eastern and western lineages
together with a higher differentiation among the haplotypes
belonging to the western group (Fig. 2a, Appendix S1). The
mean position in the PCoA configuration for the specimens
belonging to each of the two clades was computed and the two
points rotated to be aligned with the x-axis (Appendix S1).
Subsequently, a second Procrustes aligned the original genetic
configuration with this phylogenetic configuration of clades
(see Appendix Sl for a step-by-step guide and for plots of inter-
mediate configurations).

THE MORPHOLOGICAL MARKERS

We analysed 616 male specimens and obtained 12 and 42 rela-
tive warps from the brachium and valva analysis, respectively.
A PCoA analysis based on these 53 variables revealed that
most of the variance along both PCoA axes is explained by
variation in the first PC of the valva and the brachium (as
expected, since they explain most of the variance in their
respective analyses, Appendix S1).

MINIMIZING DISSIMILARITIES BETWEEN
CONFIGURATIONS

A series of 169 specimens was analysed for both genetic
and morphological markers. A preliminary protest analysis
on the rotated genetic and morphological PCoA configura-
tions revealed that they are highly correlated (correlation
coefficient 0-612, P < 0-001). It should be noted that a
higher correlation coefficient would be difficult to obtain
due to the strict qualitative nature of COI. This resulted in
high residuals for morphologically intermediate (potentially
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Fig. 2. (a) Principal coordinate analysis (PCoA) of genetic distance for sequenced specimens projected in the RGB colour space and rotated to maxi-
mize concordance with the existence of two phylogenetic clades over the x-axis (left, western lineage; right, eastern lineage). Specimens with identical
haplotypes visually overlap and appear as a single dot. (b) PCoA of morphological data projected in the RGB colour space. Each point represents
an individual with studied morphology. The arrows indicate the importance (length) and direction of the three main shape principal components
(first PC for valva, v1, and first and second PCs for brachium, bl and b2) in determining the configurations. The thin plate splines represent shape

variation along the direction of main variables.

hybrid) specimens, which cannot have a corresponding
intermediate genetic characteristic (see Appendix S1 for a
graph). Subsequently, the morphological configuration with
its variable coordinates was aligned with the phylogeneti-
cally rotated configuration of genetic distances by using the
169 shared specimens.

After computing the barycentre for populations, the correla-
tion between genetic and morphological configurations
resulted to be higher than for individuals. This was actually
expected since, due to the presence of populations with both
COI lineages, intermediate values for the genetic configuration
are possible at population level (protest: correlation coefficient
0-797, P = 0-001).

ASSESSING DISSIMILARITYLOSS AFTERCOMPUTING
POPULATION MEANS AND TESTINGITS SIGNIFICANCE

After grouping individuals according to population means,
most of the original variability of specimen configuration was
maintained for genetic data (85-04% x-axis and 61-23%
y-axis). Both axes maintained a significantly higher divergence
than in random configurations (P < 0-001 and P = 0-007, as it
can be also verified by visual comparisons of Figs 2a and 3a).
Conversely, the grouped morphological configuration
(Fig. 2b) only maintained a larger than random amount of var-
iation in the first x-axis (61-79%, P < 0-001). In the y-axis, the
maintained variance was only 14-15% with P = 0-079. The
y-axis in Fig. 3b is much more flattened than in Fig 2b,
suggesting that most of the variation in genitalia is linked to the
x-axis, oriented according to the western—eastern clade
membership.

PROJECTING THE ROTATED CONFIGURATIONS IN RGB
COLOUR SPACE AND COMPUTING POPULATION MEANS

The transformed genetic and morphological configurations
have been projected in the RGB colour space. For the
morphological data, the points have been plotted together with
the standardized contribution of shape variables. Maintaining
the contribution of variables enabled the inspection of the
main pattern of shape variation, as carried out by thin plate
spline in geometric morphometrics (Bookstein 1991). The
alignment with the genetic axis also allowed us to clearly recog-
nize the direction of morphological variation with respect to
genetic variation (Fig. 2a,b).

Mean population values have been projected in the RGB
space (Fig. 3) and the colours obtained for each population
have been plotted in the geographic space (Fig. 4). There is
high concordance between genetic and morphological data
over most of the study area, but some exceptions exist. They
are mostly due to the existence of endemic lineages in Mallorca
and the Aeolian islands and to strong discordances located
from the Maritime Alps to the Messina strait, along the Tyr-
rhenian coast of the Italian Peninsula.

ANALYSING MODALITY FORAXIS VALUES IN
POPULATIONS, REGRESSING THE GENETIC AND
MORPHOLOGICALPOPULATION VALUES AND
DEPICTING THE SPATIALDISTRIBUTION OF RESIDUALS

In the first morphological axis, no population showed a distri-
bution that significantly differed from unimodal (Hartigan’s
dip test of unimodality P > 0-050 in each case, see Appendix
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Fig. 3. Principal coordinate analysis (PCoA) projected in the RGB colour space representing mean population configurations for (a) genetic and (b)

morphological data. See Table 1 for population abbreviations.

S1 for histograms). Variance in the x-axis of morphological
configuration did not reveal higher values for intermediate
populations, indicating that supposedly hybrid populations
are not more morphologically variable (Appendix S1 for fig-
ure). Both quadratic coefficients revealed non-significant
(P > 0-050) effects on variance (Appendix S1).

A linear M A regression revealed a highly significant correla-
tion between genetic and morphological x-axis values among
populations (slope = 0-587, elevation = 0-194, P < 0-001,
R* = 0732, Fig. 5a). Nevertheless, the scatterplot revealed

(a) ’ °° o

Fig. 4. Geographical location of populations with RGB colours as dis-
played in Fig. 3. (a) COI; (b) genitalia morphology.

that several populations show large discrepancies (Fig. 5a).
The values for residuals exceeding the standard deviation limits
have been plotted on a map by using an appropriate colour
scale for the dots (Fig. 5b). This allowed highlighting particu-
larly discordant populations: populations showing more east-
ern genitalia with respect to their western genetic affiliation
(north-western Alps, south-western Alps and, to a lesser
extent, Pianosa) and vice versa (eastern Sicily, Vulcano, Capri
and, to a lesser extent, Lipari, Giglio and Ischia). The sign of
the residuals showed a highly coherent spatial pattern, with
populations displaying more eastern morphology than
expected based on genetic data being located in the northern
Mediterranean, between the western Alps, Corsica and the
Tuscan islands, while populations showing more western mor-
phology than expected were located along the southern Tyr-
rhenian coast (Fig. 5b).

Discussion

The method implemented by using the new recluster functions
allowed a detailed assessment of the degree of co-variation
between a genetic marker and a continuous morphological
marker at population level. As a novelty, this method enabled
the alignment and thus the simultaneous analysis of specimens
for which data on either one or both traits was available. The
possibility to use such heterogeneous data sets makes it possi-
ble, for example, to optimize the balance between the costs of
DNA sequencing and the necessity to examine large numbers
of specimens for morphological analyses. Undoubtedly, the
new recluster.consensus function will also facilitate the use of
public databanks and open the door to new data mining strate-
gies. In particular, population studies such as the one per-
formed in the model data set are becoming a powerful tool for
biogeography and conservation biology and are facilitating the

© 2014 The Authors. Methods in Ecology and Evolution © 2014 British Ecological Society, Methods in Ecology and Evolution
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Fig. 5. (a) Major axis regression between
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tions for populations. Positive and negative
residuals exceeding the standard deviation
have been coloured with a green and purple
scale, respectively. Values within the + stan-
dard deviation interval are displayed in white.
The positive residual for the completely east-
ern Dolomites population (Dolom) is repre-
sented in white. (b) Map showing the
localization of large residuals over the study
area.

recognition of speciation events, dynamics of taxa distribution
and micro-evolutionary phenomena driven by various forces,
including climate change (Schlick-Steiner et a/. 2007; Dinca,
Dapporto & Vila 2011; Dapporto et al. 2012; Renvoise et al.
2012; Toews & Brelsford 2012). Unlike previous assessments,
the new procedure does not require the selection of morpho-
logical variables or components to be correlated with genetic
patterns. Indeed, it has to be noted that the first morphological
x-axis, to which most of our results belong, is profoundly
different from a single morphological variable or PCA compo-
nent since it is determined by a known contribution of several
variables from two different genitalic structures. In most cases,
several morphological components are correlated with the
genetic signal and their contribution can vary. The first mor-
phological axis we examined represents the best combination
of such components to align the overall bidimensional mor-
phological data to a genetic configuration obtained by combin-
ing phylogenetic relationships and overall genetic distance
patterns.

The analysis allowed describing and evaluating the correla-
tion between COI and morphological markers in M. jurtina.
Most importantly, the possibility to align morphological and

genetic data and to obtain mean values for populations
allowed further examinations such as the modality and
variance of the morphological traits as associated with genetic
variation. Morphological traits revealed to be unimodal in all
populations, thus excluding the possibility that the two lin-
eages can cohabit while maintaining different shapes of genita-
lia, as found, for example, for the butterfly Zerynthia
cassandra in the same geographic area (Zinetti et al. 2013).
Populations at contact areas did not display higher variance
than the rest, indicating that the mixing of the two genetic lin-
eages produces morphologically homogeneous intermediate
populations, a result that fully supports the subspecific status
of the two taxa studied. However, the analysis revealed that
some populations belong to a single genetic clade while show-
ing intermediate morphology (like in the western Alps or in
Capri). Some populations were also characterized by high
residuals between morphological and genetic traits, like those
in the western Alps and in eastern Sicily. The Vulcano popula-
tion is especially interesting because, while it demonstrated a
rather typical western morphology, it displayed an endemic
genetic lineage (also detected in the neighbouring island of
Lipari) that was sister to the rest of the western clade. Indeed,
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in the mean genetic PCoA configuration, the Vulcano popula-
tion was placed at a rather intermediate position between the
castern and western clades, and this was not a consequence of
hosting genetically mixed populations as was the case of north-
ern Corsica, Elba, eastern Sicily and Lipari (Fig. 3a). This
result suggests a rather old origin for the Vulcano-Lipari ende-
mic genetic lineage, probably closely following the original
split between the eastern and western clades. Mallorca hosts
another example of an endemic genetic lineage, which was well
placed within the western clade but showed signs of substantial
drift, as indicated by the genetic PCoA y-axis (Fig. 3a). This
lineage has been found at higher altitudes in the Serra de Tra-
muntana, while in lowland areas, the typical western lineage
exists. In this apparently chaotic situation, a highly ordered
spatial pattern of discordance was revealed, with discrepancies
being located along the contact zone between the French Alps
and the Messina strait. The sign of the residuals also clustered
well in the two northern and southern halves of the contact
zone. Several forces may determine such a pattern, for exam-
ple, different selective pressures on the two latitudinal areas,
differential introgression or dispersal between males and
females (Descimon & Mallet 2009; Dasmahapatra et al. 2010;
Gompert et al. 2010; Habel et al. 2011; Mallet, Wynne & Tho-
mas 2011; Renvoise et al. 2012; Toews & Brelsford 2012;
Mende & Hundsdoerfer 2013; Zinetti et al. 2013; Toews et al.
2014). What is important to point out is that a detailed study
of the correlation between genetic and morphological markers
within a geographic framework revealed that phylogeographic
histories and ongoing dynamics are more multifaceted than
hypothesized. The algorithms described in this article can be
used with any kind of traits for which bidimensional configura-
tions can be obtained, not necessarily a genetic and a morpho-
logical one. Moreover, more than two traits can be studied by
using a series of Procrustes analyses and the possibility to han-
dle missing data makes the new functions suitable for meta-
analyses. The COI sequences and genitalia morphology of
M. jurtina have provided an adequate model for this methodo-
logical study, and it is our hope that this procedure will be use-
ful to many other organisms and characters.
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