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Abstract This paper presents a novel approach of population
genetics together with environmental and biogeographic data
leading to inferences for ecological niche modelling. We used
hierarchical lineages obtained using the nested cladistic analysis (NCA) of the mitochondrial DNA (mtDNA) haplotypes
of the bark beetle species Tomicus destruens, for modelling
the distribution by maximum entropy using environmental
and host variables along the whole Mediterranean Basin.
The identity and similarity tests were checked in the intraspecific lineages (NCA clades and haplotypes) in order to determine a shift or conservatism niche between them. Also, four
indices from nine geographical areas in the Mediterranean
Basin were calculated to assess the variability of environmental factors shaping the distribution of haplotype diversity on a
large geographic scale. The ecological models developed
indicate that minority eastern mtDNA lineages of
T. destruens differ in their potential ecological niche according
to their relation to extreme climatic variables. By contrast, the
most widespread western lineages display a close relationship
with their Pinus host tree. Also, higher levels of exclusive and
endemic haplotypes were predicted in areas with high temperature variability in the Mediterranean wet period. The
eastern group niche seems to be included in part of the range
of the ecological space of the two major western clades. This
result suggests that a niche shift might have started, being still
an early relationship with its host tree Pinus brutia.
Alternatively, the temperature variability in the wettest period
appears to be related to a high proportion of endemic
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haplotypes of T. destruens, possibly by involving a balance
between the length of the flight reproductive period of
T. destruens and the status of the host tree vigour and growth
stage. This study illustrates a good example of the benefits that
ecological niche modelling provides to understand population
genetic and phylogeographic patterns.
Keywords Ecological niche modelling . Intraspecific
lineages . NCA-MaxEnt . Scolytinae . Coleoptera . Pinus

Introduction
Although necessarily gene-focused, phylogeographic studies
provide keys to strengthen our knowledge of the associations
between DNA lineages and environmental predictors, improving our understanding of the relationship between habitat
diversity and competitive exclusion of phylogenetic lineages
within a species (Newman et al. 2011). This approach contributes to the characterization of the ecological niche of a
studied species by recording a set of representative biotic and
abiotic variables (e.g. type of habitat, climatic variables, etc.)
with an important role in understanding the biology and
natural history of organisms (Buckley 2009) and large-scale
biogeographic patterns (Wiens 2011). Recently, several studies have initiated this approach, linking ecological niche
modelling with phylogeographic analysis in an attempt to
answer questions related to evolutionary processes within
sister species or intraspecific lineages (Graham et al. 2004;
Jakob et al. 2007; Gallego and Galián 2008; McCormack et al.
2010; Hundsdoerfer et al. 2011; Pearman et al. 2010; Oney
et al. 2013; Schulte et al. 2012). In these studies, correlative
methods have been used to estimate the environmental conditions that are suitable for a particular species or lineage by
associating known occurrence records of the species with a set
of environmental variables (Pearson 2007). However,
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restrictions due to sample size could limit the use of regression
methods with phylogeographic datasets. Methods less dependent on sample size, such as maximum entropy modelling,
have become available (Phillips et al. 2006). The widely used
MaxEnt algorithm extrapolates a set of georeferenced occurrence locations of a species and a set of layers of biotic and
abiotic variables, for which, maximizing the information entropy subjected to the constraints which are imposed by the
prior knowledge of the occurrence points and the environmental variables (Phillips et al. 2004), producing a model of the
range distribution of the given species. Using the distribution
of mitochondrial lineages (mtLs) within a species instead of
merely occurrence locations of the species as input, the method has great potential for its application in spatial modelling of
phylogenetic datasets.
Several studies focused on the bark beetle Tomicus
destruens (Wollaston, 1865) were developed in the last decade
as an outcome of the last taxonomic separation of its sister
species Tomicus piniperda (Linnaeus 1758)(Gallego and
Galián 2001; Kerdelhué et al. 2002; Kohlmayr et al. 2002).
T. destruens (Wollaston, 1865) exhibits a circumMediterranean and Macaronesian distribution (Wood and
Bright 1992) and attacks several Pinus species, including
Pinus halepensis, Pinus pinaster, Pinus pinea, Pinus brutia
and P. canariensis and occasionally Pinus nigra (Gallego et al.
2004; Vasconcelos et al. 2006), being responsible for part of
the decline of pine forests (Chakali 2005; Faccoli et al. 2005a,
b). The distribution of this species is influenced mainly by
host distribution (Kerdelhué et al. 2002; Horn et al. 2006), in
which climatic factors related to temperature and water availability can impose a dual limitation on the scolytid species and
the host trees (Gallego et al. 2004).
Phylogeographic approaches have facilitated the clarification of the origin and structure of T. destruens populations in
the Mediterranean Basin (Faccoli et al. 2005a, b; Horn et al.
2006; Vasconcelos et al. 2006). According to Horn et al.
(2006), the populations of T. destruens are phylogeographically
structured into western and eastern groups, with a contact zone
on the Adriatic coast of Italy. Probably, two glacial refugia
existed in the western Mediterranean area (the Iberian and
Italian peninsulas), where a high diversity of haplotypes and
a scarce spatial structure in haplotype distribution have been
found (Horn et al. 2006; Vasconcelos et al. 2006). Conversely,
the eastern group was characterized by a significant phylogeographic pattern and low levels of gene flow (Horn et al. 2006).
The relationship between environmental variables and the distribution of mtLs of T. destruens has been studied on a fine
scale in the pine forests of Sierra Espuña (south-eastern Spain)
by Gallego and Galián (2008). A phylogeographic method,
such as nested clade analysis (NCA) (Templeton et al. 1995),
combined with a statistical model, such as the generalized
additive model (GAM), in an NCA-GAM approach was implemented to investigate in detail the role of five environmental
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variables in the distribution of the local genealogy. The analysis
revealed a high level of genetic diversity in the forest of Sierra
Espuña and a microdistribution of the mtLs related to altitude
and putative niche shifts between lineages associated with the
micro-environmental conditions of their host pine trees
(Gallego and Galián 2008). Those authors hypothesised that
habitat heterogeneity allows the fixation of mtLs in
T. destruens.
That hypothesis, erected on the basis of a fine-scale approach, is worth testing on a broader scale. To do that, we
applied a combined methodology for modelling distribution
and explored the ecological niche of hierarchical lineages of
T. destruens on a Mediterranean scale. Starting from this idea,
the aim of this work was to identify some environmental
factors of the ecological niche that affect the distribution of
the mtLs and the genetic diversity of T. destruens using NCA
together with the MaxEnt algorithm (NCA-MaxEnt) in order
to detect processes of ecological niche segregation of the
mitochondrial DNA (mtDNA) lineages along the entire
Mediterranean Basin.

Methods
Haplotype dataset and beetle sampling
Sequences from two different sources were used to cover the
entire Mediterranean Basin: (i) haplotype sequences from
GenBank accession numbers AF457827, AF457831–
AF457852, AF457854, AF457859–AF457861, DQ182709–
DQ182712, DQ182714, DQ182716–DQ182731, DQ182733,
DQ182734 and DQ295748–DQ295777 (Kerdelhué et al.
2002; Vasconcelos et al. 2006; Horn et al. 2006); and (ii)
haplotype sequences from freshly collected insects from not
sampled areas before located in central and south-eastern
Iberia and the Anatolian Peninsula (Table 1). The Turkish
locality fills the Anatolian sampling gap at the eastern
Mediterranean area. Additionally, some samples were added
from the Sierra Espuña Natural Park as a zone of high
haplotypic variability (Gallego and Galián 2008). Iberian adult
beetles were collected using Crosstrap® (Econex, Murcia,
Spain). Adult male and female beetles were attracted using a
commercial lure of α-pinene and ethanol (Econex S.L., Murcia,
Spain). A cup with 100 ml of pure propylene glycol for DNA
preservation (Vink et al. 2005) was attached to the bottom of the
trap funnel. The Turkish samples were obtained directly by
extensive collection from infested trees or wood traps. After
collection, insects were immersed in absolute ethanol
for subsequent DNA analysis and long-term preservation. Taxonomic identification of the 48 beetles was confirmed molecularly as T. destruens by the proposed method
(Gallego and Galián 2001).
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Table 1 List of the new populations molecularly analysed of T. destruens
Code

Country

Locality

Pine host

Date

Collector

Latitude

Longitude

Altitude (m)

Esp-Spa
Mon-Spa
Yeb-Spa
Yun-Tur

Spain
Spain
Spain
Turkey

Espuña
San Martín de Montalbán
Los Yébenes
Yuntdag

P. halepensis
P. halepensis
P. halepensis
P. brutia

05 October 2005
17 October 2010
19 October 2005
26 October 2010

D. Gallego
E. Gómez
E. Gómez
Ö. Toprak

37° 51′ N
39° 45′ N
39° 25′ N
38° 42′ N

1° 29′ W
4° 25′ W
4° 04′ W
27° 16′ W

807
571
884
130

DNA extraction and amplification
Because high numbers of nematodes are often found in the
abdomen, only the head, thorax and legs of the Tomicus
beetles were used. DNA isolation was done with the Dneasy
Tissue Kit (QIAGEN®, Valencia, CA, USA), following the
manufacturer’s recommendations. We amplified a fragment of
the mitochondrial genes cytochrome c oxidase I (COI) and II
(COII) that flank the tRNleu gene, by PCR. Specific primers
for T. destruens (primer pair 5′-CCTCATCATTATGAGCTA
TTGG-3′, 5′-TCATAGGATCAATATCATTG-3′; second pair
5′-TCAATAGGAGCAGTATTTGCTA-3′, 5′-AAGTAATC
GTAAAGACGGAAGA-3′) were used as described
(Kerdelhué et al. 2002). PCR was done in 12.5 μl reactions
using Ready-To-Go PCR Beads (GE Healthcare, Bucks, UK)
following the PCR cycling programme described by
Kerdelhué et al. (2002). PCR products were purified using
the standard isopropanol/ammonium acetate method
(Sambrook et al. 1989). The PCR products were sequenced
directly by the dideoxy chain terminator method with the Big
Dye Terminator Cycle Sequencing Read Kit and an ABI
PRISM 3130 DNA sequencer (Applied Biosystems®,
Carlsbad, CA, USA).
Environmental data
In this study, we consider the entire Mediterranean Basin,
comprising the areal of T. destruens, excluding the
Macaronesian region, where it is considered to be an alien
species (Sauvard et al. 2010). We have considered a total of 45
sites where T. destruens was present, in accordance with Horn
et al. (2006) and our samples (Fig. 1). We used three environmental datasets: climatic, topographic and host data. The 19
climatic environmental variables were taken from the database
WorldClim (http://www.worldclim.org) version 1.4 (Hijmans
et al. 2005) (Online resource 1, Tables S1 and S2). The
topographic data were considered as a single variable, altitude
above sea level, obtained from GTOPO30 (USGS 1996). All
raster data have been used in a pixel of 10 km grid (cell size
∼5 arcmin), as working scale. Host variables were calculated
from distribution maps of the database EUFORGEN (freely
available at http://www.bioversityinternational.org/networks/
euforgen (Alia and Martin 2003; Fady et al. 2003; Isajev et al.
2004; Mátyás et al. 2004) for P. halepensis, P. brutia, P.

pinaster and P. sylvestris. These host distributions were taken
in vectorial format and rasterized as the coverage ratio of host
pine species in a pixel of working scale of 100 km2 using
ArcGis v9.2 (ESRI, Redlands, CA, USA). In order to reduce
the data processing time, we masked the study area by the
presence distribution of all considered host tree species. The
predictor dataset was included in a matrix of 26 columns
(independent or predictor variables) and 54,667 rows. We
used cluster analysis for correlated variables applying the
Raster package (Hijmans and van Etten 2012) with R software
(R Core Team 2012) to avoid collinearity. Then, highly correlated climatic and topographic variables (>0.75) with a
biological meaning (Warren and Seifert 2010; Dormann
et al. 2012) were chosen.
All the sequences obtained in this work and those
downloaded from GenBank were aligned using Clustal W
version 1.4 (Thompson et al. 1994) as implemented in Mega
4.0 (Tamura et al. 2007). The hierarchical lineages were
obtained by applying an NCA on the mtDNA haplotypes
obtained (Rassmann et al. 1997) by computing a statistical
parsimony network that estimates gene genealogies from
DNA sequences (Templeton et al. 1995), using TCS v1.21
(Clement et al. 2000). Although the nested clade phylogeographic analysis (NCPA) method is widely criticized because
of the emergence of false positives using the phylogeographic
inference key (Knowles and Maddison 2002; Petit and Grivet
2002; Knowles 2004; Panchal and Beaumont 2007; Petit
2008), this work used the NCA network only for defining
the set of hierarchical groups of lineages (from haplotypes to
clades). We used topological and frequency criteria to solve
cladogram loop ambiguities (Posada and Crandall 2001). The
network obtained was adjusted to that reported by Horn et al.
(2006). Finally, the haplotypes were joined in different hierarchical levels to obtain the total cladogram (Templeton et al.
1995). We used the hierarchical structure defined by NCA of
the 618 bp alignment to define the mtLs according to
Rassmann et al. (1997), in order to investigate the significance
of the spatial and environmental ecogeographical variables in
their large-scale distribution.
Modelling geographical distributions of lineages
Distribution models of mtLs were done with the MaxEnt v.
3.3.3 software (Phillips et al. 2006), which uses the maximum
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Fig. 1 Study area and sampling
plots showing the presence of
Tomicus destruens

entropy algorithm and is very suitable for limited sample sizes
(Hernandez et al. 2006; Papeş and Gaubert 2007; Pearson
2007; Wisz et al. 2008); therefore, sample units (lineages or
haplotypes) present in four or fewer localities were discarded,
due to the presence of strong deviations and artefacts when
included in preliminary trials. The execution of the model was
measured by the cross-validation method implemented in
MaxEnt. Four replicates were used in all runs, which creates
a different random data partition (∼25 % test/75 % training)
for each run as described (Araújo et al. 2005). Every model
was run under default options using a maximum of 2000
interactions. We selected the logistic output format, showing
suitability values from 0 (unsuitable) to 1 (optimal). The jackknife test, which is a resampling test to estimate bias in a
dataset, was used to explore the primary environmental factors
restricting the T. destruens geographic distribution.

different responses to several scales, buffered background
areas (20 and 100 km radius) were developed using the
Buffer function of ArcGIS around each known occurrence
locality (Couvreur et al. 2011; Nakazato et al. 2010).
Relationship between haplotype diversity and environmental
diversity on a large scale
Finally, in order to confirm that the variability of environmental factors influences the distribution of haplotypes on a large
scale, as shown by Gallego and Galián (2008) on a fine scale,
we calculated four indices of haplotype diversity (Online
resource 1) from nine geographical areas. We studied the
relation between these indices from each zone and the standard error value of each environmental predictor, using the
GAM methodology explained in Online Resource 1.

Ecological comparisons between lineages
Two measures of niche overlap were used to assess similarity
and equivalence: Schoener’s D and the Hellinger distance I,
implemented in ENMTools software v. 1.3. (Warren et al.
2008, 2010). D and I are quantitative measures of differences
in habitat suitability between two potential distribution models
with values ranging from 0 (completely different niche
models) to 1 (identical niche models). Firstly, niche overlap
values were calculated using ecological niche modelling
(ENMs) for each mtL pair.
The identity test was verified, with the null hypothesis
referring to a mtL pair having equivalent ecological niches
and, therefore, subject to exactly the same environmental
conditions. Later, the background test checked the null hypothesis that the niches are dissimilar compared to background environments. The observed niche overlap values
were compared to a null distribution of 100 pseudoreplicate
values created by comparing the ENM of one mtL to an ENM
created from random points drawn from the geographic range
of the other mtLs (Warren et al. 2008). In order to determine

Results
Phylogeographic structure
We have characterized 23 haplotypes from our data, of which
15 (BS, BT, BU, BV, BW, ZE, ZF, ZG, ZH, ZI, ZJ, ZK, ZL,
ZM and ZN) are new (Table 2) and have been deposited in the
GenBank Nucleotide Sequence Database under accession
numbers JN676037–JN676051. We worked with a total of
69 haplotypes in this study.
The reconstruction of a parsimonious haplotype network
(Fig. 2) displayed a topology similar to that reported by Horn
et al. (2006) but with some differences. For example, we
found an alternative way to link clade Z with clade AC
(connected through a new Turkish haplotype) separated also
by five mutational steps. However, we prefer to keep the link
between clade Z with clade AA in accord with Horn et al.
(2006), who did this on the basis of the higher haplotype
frequencies in ZV and AB compared to ZJ and AQ. We
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Table 2 Haplotypes (HT) found
in the studied locations. The new
haplotypes are shown in italics
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Code

Number

HT number

Haplotypes

Esp-Spa
Mon-Spa
Yeb-Spa
Yun-Tur

10
1
8
29

8
1
3
12

AA, AC(3), AD, AY, BS, BT, BU, BW
AA
AA, AC(6), BV
ZE, ZF, ZG, ZH, ZI, ZJ, ZK, ZL, ZM, ZN, ZV(8), ZZ(11)

maintain the link between the BR haplotype and BQ instead of
linking it to the AY haplotype, on the basis of the shorter
geographical distance (Posada and Crandall 2001) between
BR and BQ, according to the criteria used by Templeton et al.
(1987) and Templeton and Sing (1993). We were not able to

elaborate the fourth hierarchical level among the third level
clades (option 1, 3-1 with 3-2, or option 2, 3-2 with 3-3).
Then, our level 5 corresponds to the entire cladogram, which
can be considered as the entire distribution of the species
T. destruens.

Fig. 2 a Statistical parsimony network of haplotypes of Tomicus
destruens from the Mediterranean samples, of a 618 bp fragment of the
mitochondrial genes cytochrome c oxidase I (COI) and II (COII) that
flank the tRNAleu gene. Each line corresponds to a mutational step and
each empty circle to a missing intermediate; boxes indicate nested clades

of increasing steps. The new haplotypes have been shaded. Dashed line
shows the alternative link way of eastern and western clades. b Nested
clade analysis of the clades of level 1 and above. The colored haplotypes
and cladograms were used in the ecological niche analysis
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The new haplotypes found in the samples from Spain
belong to the western group, in particular group A, which
comprises haplotypes AA and AC, both widely distributed.
The Sierra Espuña site has four new haplotypes (BS, BT, BU
and BW) and the AY haplotype (found so far only in northern
Corsica), corroborating its highly variable pattern reported
earlier (Gallego and Galián 2008). The Turkish samples belong to the eastern group Z, with haplotypes ZV and ZZ. The
Yuntdað locality showed ten unique haplotypes (ZE, ZF, ZG,
ZH, ZI, ZJ, ZK, ZL, ZM and ZN). Overall, the new haplotypes
reported here are included in the hierarchical clade levels 2-1,
2-5, 2-7 and 2-8.
Distribution models of mtLs
The analysis of the contribution of environmental variables
showed that the variable “coverage of Pinus pinaster” was of
greatest importance, explaining the distribution of the mtL
clade 3-1 as well as clade 3-2, (Online Resource 2;
Table S3). The best variable to explain the mtL clade 3-3
distribution, however, was “coverage of Pinus sylvestris”.
“Coverage of Pinus sylvestris” was the second most important
predictor in the models of mtL clades 3-1 and 3-2 in contrast
to the “annual mean temperature” (BIO1) in clade 3-3. The
third and fourth most important were “minimum temperature
of coldest month” (BIO6) and “coverage of Pinus
halepensis” for both mtL clades 3-1 and 3-2. Instead,
“precipitation of coldest quarter” (BIO19) and “mean
temperature of driest quarter” (BIO9) were the most
important for mtL clade 3-3.
The distribution models of level 3 mtLs show western mtLs
(clades 3-1 and 3-2) overlap in a wide area in the west
Mediterranean Basin, mainly in the central Iberian
Peninsula. A few spots of potential distribution of these lineages are seen on the eastern basin (Greek Peninsula and
Middle East), where these western mtLs are not found. The
eastern mtL clade 3-3 has a dominant presence in the eastern
end of the Mediterranean Basin, but its potential distribution
area extends to the Italian Peninsula, southwest of the Iberian
Peninsula, the islands of Sicily and Sardinia and northern
Africa. The overlap areas between the three lineages are
scarce, focusing on the edges of contact between their respective distributions (Fig. 4a).
At the more basic mtL level (haplotypes), we found that the
variable “coverage of Pinus sylvestris” had a large contribution in all haplotypes analysed. In widely distributed haplotypes (AA and AC), however, the host tree variable “coverage
of Pinus pinaster” was the main contributor, followed by
“coverage of Pinus halepensis”. The climatic variables
“isothermality” (BIO3), BIO6, “mean temperature of wettest
quarter” (BIO8) and “precipitation of warmest quarter”
(BIO18) made only a minor contribution. By contrast, in rare
haplotype models (AD, AS and ZZ), the climate variables
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contributed at a higher rate than host tree variables, except
for haplotype AS, where the variable “coverage of Pinus
halepensis” was the largest contributor. Note that this AS
haplotype occurs in France, Italy and Algeria, thus, being
distributed across a wide environmental range (Fig. 3a). We
found extreme climatic variables BIO6 and BIO9 as well as
average climatic variables BIO1, “temperature seasonality”
(BIO4) and “precipitation seasonality” (BIO15) in these
models. The distribution models of western rare haplotypes,
AD and AS, show a wide distribution in the eastern
Mediterranean Basin. In addition, a large overlap with the
ZZ haplotype is shown in the Italian Peninsula, the islands
of Sicily and Sardinia, North Africa and the southern Iberian
Peninsula (Fig. 4b).
Ecological niche modelling
We found the overlap index I was always larger than D in all
mtL levels analysed. For the identity test, the clade 3-3 index
was significantly different from both 3-2 and 3-3 indices
(Table 3, Fig. 5). The oriental haplotype ZZ was significantly
different from the western haplotypes AA, AC and AD
(Table 3) at the haplotype level. Therefore, the null hypothesis
was rejected, and no niche equivalence was identified for
clade 3-3 and the ZZ haplotype with respect to their peers
on the western side.
As for the background test, we noted that clade 3-3
was always significantly different when projected into
the regions of clades 3-1 and 3-2 (Table 3, Fig. 6).
Therefore, we rejected the alternative hypothesis of
niche similarity between them. Actually, clades 3-2
and 3-1 were not significant when projected into the
regions of clade 3-3. Thus, the null hypothesis of nonsimilarity in niches was accepted.
The 20 km buffer showed more ecological similarity than
the 100 km buffer at the mtL level. Both major mtLs (AA and
AC) and rare mtLs (AD, AS and ZZ) were non-similar at any
buffer level (Table 3). Even with the addition of new haplotypes in the eastern clade, the structure was maintained between the mtL clades 2-7 and 2-8 proposed by Horn et al.
(2006). We found significant differences in the identity test,
although it did not show differences in the indices I and
D. Besides, we detected no similarity niche at any scale
of buffer (P > 0.01) for the similarity test (Online
Resource 2, Table S4).
Relationship between haplotype diversity and environmental
diversity on a large scale
The best variable to explain the zonal distribution of the four
haplotype diversity indices was the standard error of the
“mean temperature of the wettest quartet” (Fig. 7). From the
four indices used, the model obtained for Eind and Hex was the
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Fig. 3 a, b Spatial distribution of
haplotypes and level 3 clades
used in the maximum entropy
methodology (MaxEnt)

Fig. 4 Potential distribution of
the analysed lineages with a
probability ≥0.40. a Clades 3
level. b Clades haplotype level
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Table 3 Tests of niche overlap, niche equivalency (identity) and niche similarity (background) for Tomicus destruens lineages
Lineages

Niche
overlap

Identity test

Similarity test
A→B

I

D

I

D

A→B

I

D

I

D

20 km

100 km 20 km

100 km 20 km

100 km 20 km

100 km

Clade_3_3 vs clade_3_1
Clade_3_1 vs clade_3_2
Clade_3_2 vs clade_3_3
Haplotype _AA vs haplotype _AC
Haplotype _AD vs haplotype _AA
Haplotype _AS vs haplotype _AA
Haplotype _ZZ vs haplotype _AA

0.603
0.944
0.606
0.921
0.879
0.801
0.571

0.387
0.756
0.380
0.710
0.617
0.517
0.328

0.813**
0.908 ns
0.813**
0.873 ns
0.768 ns
0.703 ns
0.772**

0.575**
0.694 ns
0.575**
0.598 ns
0.489 ns
0.447 ns
0.530**

0.664**
0.928 ns
0.657 ns
0.856 ns
0.807**
0.625**
0.601**

0.672**
0.939**
0.582 ns
0.948 ns
0.692 ns
0.652 ns
0.643**

0.429**
0.715 ns
0.398 ns
0.592 ns
0.586 ns
0.325 ns
0.341**

0.463**
0.608 ns
0.496 ns
0.565 ns
0.451 ns
0.378 ns
0.414**

0.628 ns
0.984 ns
0.677**
0.966 ns
0.854 ns
0.639 ns
0.532**

0.554 ns
0.963 ns
0.648**
0.940 ns
0.909 ns
0.762**
0.484 ns

0.364**
0.867 ns
0.455**
0.799 ns
0.611**
0.364**
0.300**

0.487 ns
0.797 ns
0.430**
0.738 ns
0.699 ns
0.503**
0.428 ns

Haplotype _AD vs haplotype _AC
Haplotype _AS vs haplotype _AC
Haplotype _ZZ vs haplotype _AC
Haplotype _AS vs haplotype _AD
Haplotype _ZZ vs haplotype _AD
Haplotype _ZZ vs haplotype _AS

0.807
0.828
0.606
0.883
0.781
0.750

0.551
0.570
0.359
0.613
0.533
0.552

0.833**
0.703 ns
0.751**
0.837 ns
0.860**
0.701 ns

0.563**
0.448 ns
0.506**
0.631*
0.645**
0.459 ns

0.815**
0.640**
0.634**
0.657 ns
0.871 ns
0.782 ns

0.707 ns
0.692 ns
0.676**
0.633 ns
0.890 ns
0.846 ns

0.593**
0.363 ns
0.407 ns
0.362 ns
0.675 ns
0.566 ns

0.471 ns
0.401 ns
0.435 ns
0.356 ns
0.697 ns
0.615 ns

0.789**
0.713 ns
0.577**
0.896 ns
0.666 ns
0.535 ns

0.876 ns
0.818**
0.543 ns
0.904 ns
0.572 ns
0.609 ns

0.528**
0.426
0.337**
0.676 ns
0.421 ns
0.325 ns

0.638 ns
0.556*
0.516 ns
0.708 ns
0.361 ns
0.364 ns

**P≤0.01; *P≤0.05; ns not significant (P>0.05)

most explicative (explained deviance=40 and 32 %, AIC
decrease=62 and 60 %, respectively). Both models predict
higher levels of exclusive and endemic haplotypes in zones
with high variability of temperatures in the wet period. By
contrast, the spatial distribution of Hind and Hst indices was
barely explained for their models

Discussion
The haplotype network obtained in this study adds new haplotypes from the eastern side of the Mediterranean Basin,
which was less sampled in earlier studies. Moreover, samples
from the Turkish locality have a high level of haplotype

Fig. 5 Tests for niche identity applied to level 3 clades about the I and D metric. a Clade 3-1 vs clade 3-3. b Clade 3-1 vs clade 3-2. c Clade 3-2 vs clade
3-3. Black lines indicate the I observed overlap values and black dashed lines specify the D value
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Fig. 6 Tests for niche similarity applied to level 3 clades about the D metric. The first row shows the background test with 100 km buffer, and the second
row illustrates the background test with 20 km buffer. Black dashed lines indicate the observed overlap values

diversity, which increases the distribution of haplotypes ZZ
and ZV. The finding of haplotypes ZV and ZZ together in
western Turkey confirms the prediction made by Horn et al.
(2006) of a contact zone between the two main subclades in
the eastern Mediterranean area. Unexpectedly, the new haplotype ZE is linked to haplotype ZT, which is in the eastern
subclade. Taking into account its geographical location, however, it should be connected to the so-called Balkan subclade
according to Horn et al. (2006). Likewise, the finding of the
four new haplotypes (BS, BT, BU and BW) in Sierra Espuña
corroborates the high level of diversity of this locality reported
earlier (Vasconcelos et al. 2006; Gallego and Galián 2008). In
Fig. 7 Partial response curve
results of GAM of diversity
haplotype indices using mean
values on areas of the
environmental mean temperature
of wettest quartet variable. a
Exclusive haplotype ratio (Hex). b
Standardized haplotype (Hst). c
Haplotypic index (Hind). d
Endemicity index (Eind).

Yuntdag (Turkey), 45 % of haplotypes were unreported.
Furthermore, South Anatolia has been considered to be a
glacial refuge for several organisms (Médail and Diadema
2009; Habel et al. 2010). Thus, the high level of haplotype
diversity (Hex) found in this and other areas, including the
Helenic Peninsula, the Middle East, the Iberian Peninsula and
North Africa (Table 4), suggests that this might well be the
case for T. destruens.
The use of highly polymorphic genetic markers allows the
recognition of phylogenetic and ecologic associations, using
the multiple regression model or a heuristic model (Jakob
et al. 2007). Cytochrome c oxidase I (COI) and II (COII)
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Table 4 Indices of haplotype diversity on the different areas of the
Mediterranean Basin
Area

Hex

Hst

Hind

Eind

Northern Africa
Iberian Peninsula
Western France
Italian Peninsula

69.57
70
44.44
25

3.3
0.38
0.45
0.46

2.56
3.64
1.86
1.6

7.73
12.73
9.2
5

Helenic Peninsula
Anatolia
Middle East
Islands

75
78.57
71.43
16.67

0.39
0.6
0.78
0.68

1.07
0.82
1.62
1.38

20
4.62
16.48
3.85

genes are sufficiently polymorphic in T. destruens (Kerdelhué
et al. 2002; Vasconcelos et al. 2006; Horn et al. 2006; Gallego
and Galián 2008) to allow the employment NCA-MaxEnt
methodology for identifying relationships with ecogeographic
variables. P. sylvestris coverage is presented in all models as
negative biotic contribution. That is, this variable delimited
the central and northern European distributions, where
T. destruens is not able to develop its life cycle and where
the sister species T. piniperda occurs, in accord with the
distribution models proposed by Horn et al. (2012), although
those authors did not use any host–tree predictor variable. The
coverage of host tree species P. pinaster and P. halepensis
occurred in the models as a major contribution in the western
clades 3-1 and 3-2. The same happened in all non-rare mtLs
throughout all hierarchic levels (clades 1-1, 1-10, 2-1 and 2-5
and haplotypes AA and AC). Remarkably, P. brutia coverage
did not have a major contribution with the occurrence of the
clade 3-3 group, its natural host tree. This was in accord with
Horn et al. (2006), who did not detect a significant effect of the
genetic variance and the host tree, at least qualitatively.
However, any of the extreme climatic variables, such
as BIO19 and BIO9, works in the mtLs as the eastern
clade 3-3, the subclades 2-7, 2-8, 1-18 and 1-15 and the
ZZ haplotype.
The two buffer differences found in the similarity test could
be explained by the increase of environmental heterogeneity
when the geographic scale is increased, resulting in a higher
probability of non-similarity, in accord with Nazakato et al.
(2010). Our models have identified the potential niche, but
never the fundamental niche, which strictly should be
set according to the physiological and biophysical principles of the organism (Kearney et al. 2010; Araújo and
Peterson 2012).
Our results support the suggestion that the niche of the
eastern lineage is different compared to the western lineages;
however, niches of western lineages were not different compared to the eastern lineage. The eastern group (3-3) has a
potential niche related to extreme weather conditions, i.e. a
type of specialization. In turn, the eastern niche (or a major

part of it) would be encompassed within the range of the
ecological space of the two major clades (3-1 and 3-2).
The question arises as to why this poor association exists
between P. brutia and lineage 3-3, when exactly the opposite
was expected. One hypothetic explanation would be that the
eastern clade was split from the western group. This could be
understood under the framework of the ecological niche theory (Peterson et al. 2011), as a process of niche shifting among
basal lineages (AD, AS and ZZ) vs major lineages, by competitive exclusion (AD and AS) or vicariance (ZZ). These
lineages would be adapted to extreme temperature and precipitation, or chemical conditions imposed by their host trees
(Blanch et al. 2009). Therefore, they were able to colonize the
eastern Mediterranean. According to Horn et al. (2006), some
lineages of T. destruens were excised from the western basin
and spread to the eastern Mediterranean Basin after the
Pleistocene, something which happened with other organisms
(Hewitt 1996). This could be the case of ZZ lineage, which
diverged over time from the western group. Our results suggest that a niche shift might have started, being still at an early
relationship with its host tree P. brutia, with insufficient time
to develop a host-dependent genetic structure. However, the
only suitable host tree species in the Middle eastern area is
P. brutia. Taking into account that P. halepensis and P. brutia
were a vicariant species pair, with several ecological and
genetic similarities (Barbéro et al. 1998 and references therein), the absence of an alternative host could have induced a
low level of host specialization. That is, the hypothetical
ancestral ZZ group was pre-adapted to attack the vicariant
host tree, P. brutia, in the new eastern environment. The
alternative hypothesis would be that the differences between
the clades are due to differences in the ecogeographic space
available (Godsoe 2010), and niche shifts result from the
anisotropy of ecologic space (Soberón and Peterson 2011).
The major contribution of the distribution models of mtLs,
however, depends on prior distribution of samples (haplotypes in our case). The major haplotypes (AA and
AC) cover a broader environmental spectrum in their
niche than the rare lineage ZZ, thereby increasing the
sampling in the geographic area overlapping the three
lineages (clades 3-1, 3-2 and 3-3), i.e. the Italian
Peninsula could diminish the similarity significant
values found in the niche tests.
Furthermore, the Iberian Peninsula constitutes the largest
and most continuous distribution area for T. destruens, containing all host pine taxa except P. brutia and a large environmental variability that permits generating a high level of
haplotype diversity. Other areas with this tendency were
North Africa, the Peloponnese and Anatolian Peninsula and
the Middle East. Our results indicate a high level of variability
in the areas with the highest temperatures of the wettest month
that is related directly with the higher rates of endemic haplotypes of T. destruens. Accordingly, we hypothesise that
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T. destruens lineages tend to reduce the overlapping of their
realised niche on a large scale by selection of different temperature ranges in the wetter quartet. In the Mediterranean
climate, the most important rainfall occurs in spring and
autumn, and the smooth temperature allows the host pines to
develop their vegetative period, which is interrupted in the
coldest weeks of winter. This coincides over time with the
reproductive flight of T. destruens as has been widely reported
(Gallego et al. 2004; Vasconcelos et al. 2006; Chakali 2005;
Faccoli et al. 2005a, b). Therefore, the reproductive attacks of
T. destruens overlap with the vegetative period of their host
trees. Accordingly, high temperatures in autumn permit the
extension of the reproductive behaviour of T. destruens,
but high temperatures in spring tend to shorten their
flight. High temperatures in autumn and winter, however, enable a long growth period of the host trees. So, in
areas with highly variable temperature, the selection
pressure of these processes could allow the fixation of
endemic haplotypes, possibly by reaching a balance
between the length of the flight reproductive period of
T. destruens and the status of host tree vigour during
their growth stage. In conclusion, temperature variability
in the wettest period appears to be related to a high
proportion of endemic haplotypes of T. destruens in the
Mediterranean Basin.
Our proposed methodology (NCA-MaxEnt) emerges from
the phylogeographic framework proposed by Horn et al.
(2006) as a new approach for modelling the geographic lineage distribution from an NCA on a meso or large geographic
scale (the Mediterranean Basin). This represents an improvement of the methodology proposed by Gallego and Galián
(2008), which includes analysing T. destruens on a fine scale.
By contrast, our work improves the work reported by Horn
et al. (2012) using general linear models GAM, for two
reasons: (1) we introduce the biotic variables in the modelling
instead of using the intersection between distribution maps of
the beetles and the geographic distribution of the host pine,
which gives a more accurate prediction; and (2) we analyse
the contribution of bioclimatic variables to the distribution of
intraspecific clades and haplotypes. Finally, paleodistribution
modelling should be explored in the future to detect whether
lineages of the eastern group have had a more widespread past
distribution. Comparing the results of past and present distributions and time-calibrated phylogenies would help to determine the scope of niche shifts of T. destruens lineages over
time (Wiens 2011).
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