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When intraspecific lineages differ in terms of climatic tol-
erances, their invasion capacity in a given habitat may differ. 
Consequently, these lineages address contrasted biosecurity 
threats to areas they may invade hence deserving different 
management plans. As underlined by Peterson and Holt 
(2003), integrating phylogeographic information into pest 
risk assessment allows to limit the overestimation of invasion 
risk when only a population subset finds suitable conditions 
in a considered area. For example, Rey et al. (2012) showed 
how populations of the ant Wasmannia auropunctata located 
at the southern limit of its native area, were pre-adapted 
to the cold conditions found in an invaded area (Israel). 
Similarly, Lachmuth et  al. (2010) showed that different 
intraspecific units within the South African ragwort Senecio 
inaequidens displayed contrasted invasiveness in northern 
Europe because they exhibit different climatic preferences. 
However, relatively little attention has been paid to explore 
how considering within-species variation of the realized 
niche sensu Hutchinson (1957) could valuably improve 
risk assessment of invasive species (Peterson and Holt 2003) 
although more information is available regarding conser-
vation planning (Rissler et  al. 2006, Pearman et  al. 2010, 
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Most species exhibit phylogeographic structure in the form 
of discrete genetic units within their distribution range. 
Considerable attention has been paid to describe these pat-
terns and to identify the underlying processes that may 
involve historical events, dispersal limits, geographic barri-
ers, biotic interactions or ecological niche evolution (Avise 
et al. 1987, Marske et al. 2013). Because they share a recent 
common ancestor, conspecific lineages often display similar 
climatic tolerances (Peterson et  al. 1999, Martínez‐Meyer 
et al. 2004, Kozak and Wiens 2006, Peterson 2011, Araújo 
et al. 2013). However, in some cases, the observed intraspe-
cific genetic differentiation is associated to adaptations 
to local environments with subsequent divergence of the 
fundamental niche sensu Hutchinson (1957) (Rehfeldt 
et al. 1999, Michalak et al. 2001, Grout and Stoltz 2007). 
Understanding how phylogeographic structures correspond 
to different climatic tolerances has consequently received 
increasing attention especially in the context of invasion 
biology and climate change (Lachmuth et  al. 2010, 
Pearman et al. 2010, Thompson et al. 2011, Rey et al. 2012, 
Schulte et al. 2012, D’Amen et al. 2013, Guisan et al. 2014, 
Godefroid et al. 2015, Strubbe et al. 2015).
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Despite evidence that conspecific lineages may display different climatic tolerances, most invasion risk assessment tools are 
calibrated without considering phylogeographic information. This study aims to investigate the existence of intraspecific 
niche divergence within a group of insect pests and to explore how the inclusion of phylogeographic information into 
species distribution models may alter the estimation of the potential distribution of a species. We studied North American 
bark beetles belonging to the genus Dendroctonus, a group of pests of conifers that are listed as quarantine species in numer-
ous countries. Most Dendroctonus species exhibit strong genetic divergence that appears to be geographically structured and 
shaped by historical events and biotic factors. We modeled all lineage distributions within five species, using MaxEnt and 
Boosted Regression Trees, and compared the results with the models fitted at the species scale. Multivariate analysis and 
niche similarity and equivalency tests were additionally performed to investigate the existence and magnitude of climatic 
niche divergence between conspecific lineages. We also tested the ability of lineage-based models to predict the region 
invaded by D. valens in China. Conspecific lineages showed a climatic niche more similar than expected by chance, but 
displayed different climatic envelopes in their native range and, consequently, different estimates of potential distribu-
tions. We also observed that classical models calibrated using the entire range of the species could potentially under- or 
overestimate the potential range of the species when compared to a global prediction built by aggregating lineage-based 
projections. This study showed that the invasive phylogeographic lineage of D. valens has invaded regions characterized by 
climatic conditions highly similar to those encountered in its native range suggesting that preadaptations to environment 
might have played a role in this invasion. This study highlights how our perception of the invasion risk of pests may be 
altered when integrating phylogeographic information.
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Benito Garzón et al. 2011, D’Amen et al. 2013, Fitzpatrick 
and Keller 2014).

Estimating the full extent of environmental damages 
caused by invasive species has proved to be a difficult task 
but most estimates indicate that the costs associated to pre-
vention and control must be extremely high (Pimentel et al. 
2001, 2005). A current debate concerns the better cost-
effectiveness of investments in prevention over investments 
in control although the social consequences of such a strat-
egy may result in a greater probability of future invasions 
and lower social welfare (Finnoff et  al. 2007). Prevention 
largely relies on pest risk analysis (PRA; Devorshak 2012) 
that consider various aspects of the biology and ecology of 
species and include species distribution models (SDMs) as 
tools to assess their potential geographical distributions. In 
PRA, SDMs are generally based on climate data and are 
usually fitted with no consideration of the phylogeographic 
structure of the considered species. Consequently, most pre-
dictions assume that species are homogeneous entities and 
that intraspecific variation in climatic tolerances is weak. 
However, contrasted environmental tolerances have been 
shown either between populations inside species native 
range (Grout and Stoltz 2007, Rey et al. 2012) or between 
native and invasive populations (Broennimann et al. 2007, 
Hill et al. 2013) suggesting that climatic niche preferences 
may evolve over reduced evolutionary timescales i.e. those 
involved in biological invasions. Nevertheless, this point is 
currently a matter of debate (Peterson 2011, Petitpierre et al. 
2012, Strubbe et al. 2013) since discrepancies in the realized 
niche may be explained by true changes in the fundamental 
niche as well as changes in the patterns of fundamental niche 
occupancy due to biotic interactions or dispersal constraints 
(Araújo and Peterson 2012).

The present study considers the impact of accounting 
for phylogeographic structures in the outputs of SDMs in 
the framework of PRA. How our estimate of the invasion 
risk associated to a species is changed when considering 
the realized climatic niche of the phylogeographic lineages 
separately rather than the species as a whole? To do so, we 
retained the bark beetle genus Dendroctonus as our biologi-
cal model (see Methods). It comprises several species that 
are serious pests of conifer forests (Wood 1982, Six and 
Bracewell 2015) and many species are listed as quaran-
tine species in numerous temperate countries of the world 
including European Union. We combined phylogeographic 
data and SDMs to specifically address the following ques-
tions: 1) do conspecific lineages of several Dendroctonus 
species exhibit differences in their realized climatic niche? 
2) To which extent accounting for species phylogeogra-
phy in SDM alter our perception of the risk of biological 
invasion? 3) How the realized climatic niche of D. valens 
has been conserved during its invasion of Chinese forests? 
Which role has played the phylogeographic structure of  
D. valens during its invasion of China?

Methods

The genus Dendroctonus (Coleoptera: Curculionidae: 
Scolytinae) comprises 19 species, 17 of which are native 
to Central and North America, where they are considered 

important pests of conifers (Pinus, Picea, Pseudotsuga and 
Larix; Wood 1982, Six and Bracewell 2015). Particular 
attention has been paid to some of these bark beetles because 
of the severe damage they cause in their native range as well 
as in recently colonized areas. The mountain pine beetle D. 
ponderosae produces severe outbreaks in the northern part 
of its range, devastating million hectares of forest in British 
Columbia and Alberta (Canada) and constitutes a serious 
threat to the boreal forests (Cullingham et  al. 2011). The 
red turpentine beetle D. valens was recently introduced in 
China, causing high mortality to a major reforestation spe-
cies, Pinus tabuliformis (Yan et  al. 2005, Sun et  al. 2013). 
Given their capacity to kill trees, Dendroctonus species are 
frequently listed as quarantine species in numerous countries 
(i.e. Australia, China, European Union, New Zealand, etc.). 
For these species, intraspecific genetic divergence, shaped 
by a combination of past geologic events and glacial–inter-
glacial cycles during the Pleistocene (Hewitt 1996), exhib-
its a marked geographical structure at the continental scale 
(Kelley et al. 1999, Maroja et al. 2007, Mock et al. 2007, 
Anducho-reyes et al. 2008, Cai et al. 2008, Ruiz et al. 2010, 
Sánchez-Sánchez et  al. 2012). Consequently, the genus 
Dendroctonus is an ideal model to assess how the incorpo-
ration of the phylogeographic structure of pests affects risk 
assessment. In addition, the origin of the invasion of D. valens 
has been elucidated (Cognato et al. 2005, Cai et al. 2008) 
and consequently provides an interesting case to investigate 
the similarity of climates in invaded and native regions.

Species and occurrence data

We investigated the realized climatic niche of intraspecific 
lineages within five species of Dendroctonus that exhibited 
strong phylogeographic structures and for which a large 
number of occurrence records were available (Table 1, 
Supplementary material Appendix 1, Fig. A1). These spe-
cies included the red turpentine beetle Dendroctonus valens, 
the mountain pine beetle D. ponderosae, the spruce beetle 
D. rufipennis, the Douglas fir beetle D. pseudotsugae and 
the western pine beetle D. brevicomis. Conspecific lineages 
of D. valens and D. brevicomis exhibit the strongest levels 
of genetic differentiation, similar to that observed between 
recognized Dendroctonus species, and thus should prob-
ably be considered a species complexes (Kelley et al. 1999, 
Cai et al. 2008). Low levels of genetic differentiation occur 
among conspecific lineages of D. rufipennis and D. pseudot-
sugae, suggesting a more recent divergence within species 
(i.e. estimated divergence times ranging from 1 to 2 million 
yr ago; Maroja et  al. 2007, Ruiz et  al. 2010). Finally, the 
intraspecific genetic divergence within D. ponderosae appears 
relatively low, suggesting that these lineages have recently 
diverged (Mock et  al. 2007, Cullingham et  al. 2012). We 
collected occurrence data from the literature (Wood 1982) 
and online databases (e.g. GBIF < http://data.gbif.org > or 
the T. H. Atkinson personal website on bark and ambro-
sia beetles < http://www.barkbeetles.info/ >). We georefer-
enced using Google Earth most of the occurrence records 
obtained in literature (records with too ‘imprecise’ locality 
name were removed from the dataset to avoid using errone-
ously georeferenced records in the study). We also checked 
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with Google Earth the geographic coordinates of already 
georeferenced records (obviously erroneous records were also 
removed from our dataset). Each occurrence was assigned to 
a particular lineage, depending on the published phylogeog-
raphy (Table 1, Supplementary material Appendix 1, Fig. 
A1). Globally, phylogeographic structures of most species 
were well resolved and most lineages occurred in relatively 
well-delimited geographic areas. This allowed us to confi-
dently assign occurrences to lineages. Dendroctonus pondero-
sae exhibited a clear isolation by distance around the Great 
Basin desert (Mock et al. 2007) and an on-going process of 
reproductive isolation between western (California, Oregon) 
and eastern (Utah, Idaho) populations, on both sides of this 
desert (Bracewell et al. 2011). We used this intraspecific split 
to assign occurrences to lineages (Supplementary material 
Appendix 1, Fig. A1b). Differentiation between these two 
entities is confirmed by the fact that D. ponderosae was origi-
nally described as two entities by Hopkins (1909) based on 
morphology: D. monticolae corresponding to eastern popu-
lations and D. ponderosae including western and northern 
populations (Canada). These two entities were later synony-
mized to D. ponderosae by Wood (1963).

The distributions of two phylogeographic lineages of D. 
valens overlap in Mexico (Cai et  al. 2008). Consequently, 
several occurrences were assigned to multiple lineages. 
We assigned all occurrences of D. valens from Mexico and 
Central America to the southern lineage, whereas we assigned 
occurrences from the Sierra Madre Occidental (SMOC, 
Mexico) and from all western America to the western lineage 
(Supplementary material Appendix 1, Fig A1a). We excluded 
two records of D. valens (Fort Chipewyan, Alberta, Canada 
and Fort Smith, Northwest Territories, Canada) found in 
Wood (1982) because they were sampled far away from the 
sampling area investigated by Cai et  al. (2008). Similarly, 

we did not include D. rufipennis specimens feeding on Picea 
sitchensis along the western coast of America, since this area 
was not sampled by Maroja et al. (2007).

Bioclimatic data

Intraspecific climatic envelope divergence was investigated 
using a set of 19 bioclimatic variables available from the 
Worldclim database (Hijmans et  al. 2005) at a resolution 
of 2.5 minutes (Table 2). We define here the climatic enve-
lope of a lineage as the multidimensional object defined 

Table 1. Bark beetles belonging to the Dendroctonus genus selected in this study to address intraspecific niche divergence at a continent-
scale. We name the lineages by using their taxonomic names (in case of recognized subspecies), their geographic ranges or their main host’ 
name. We indicate the number of occurrences used for species distribution modeling as well as the references of the published 
phylogeographic studies.

Species Intra-specific lineage Geographic range Symbol
Records 
number

Phylogeography 
reference

Dendroctonus valens all lineages Canada, USA and Mexico Dvall 747 Cai et al. 2008
D. valens eastern lineage Northeastern USA Dveas 356
D. valens western lineage Western USA and southern 

Canada
Dvwes 289

D. valens southern lineage Mexico and Central America Dvmex 102
Dendroctonus ponderosae all lineages Canada, USA and Mexico Dpall 226 Mock et al. 2007

D. ponderosae lineage monticolae Southern Rocky montains Dpmon 79
D. ponderosae lineage ponderosae Western USA and Canada Dppon 147

Dendroctonus rufipennis all lineages Canada and USA Drall 224 Maroja et al. 2007
D. rufipennis (Picea engelmannii) Rocky Mountains Drroc 122
D. rufipennis (Picea glauca) Canada and Rocky 

Mountains
Drcan 102

Dendroctonus brevicomis all lineages Canada, USA and Mexico 229 Kelley et al. 1999
D. brevicomis (Pinus ponderosa 

ponderosa)
Western USA (Pacific coast) 

and southern Canada 
(British Columbia)

Dbnor 145

D. brevicomis (Pinus ponderosa 
scopulorum)

Southern Rocky Mountains 
and Mexico

Dbsou 84

Dendroctonus 
pseudotsugae

all lineages Canada, USA and Mexico Dpsall 217 Ruiz et al. 2010

D. pseudotsugae pseudotsugae USA and southern Canada Dppse 202
D. pseudotsugae barragani Mexico Dpbar 15

Table 2. Bioclimatic variables used to investigate the climatic niche 
of Dendroctonus species and lineages.

Bioclimatic variables Symbol

Annual mean temperature BIO1
Mean diurnal range BIO2
Isothermality BIO3
Temperature seasonality BIO4
Maximum temperature of warmest month BIO5
Minimum temperature of coldest month BIO6
Temperature annual range BIO7
Mean temperature of wettest quarter BIO8
Mean temperature of driest quarter BIO9
Mean temperature of warmest quarter BIO10
Mean temperature of coldest quarter BIO11
Annual precipitation BIO12
Precipitation of wettest month BIO13
Precipitation of driest month BIO14
Precipitation seasonality BIO15
Precipitation of wettest quarter BIO16
Precipitation of driest quarter BIO17
Precipitation of warmest quarter BIO18
Precipitation of coldest quarter BIO19
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Species distribution modeling

We modeled the distributions of species and lineages using 
an approach based on the maximum entropy method 
(MaxEnt with default settings; Phillips et  al. 2006) and a 
machine-learning approach based on the boosted regressions 
trees (BRT; Elith et  al. 2008). These modeling techniques 
were selected because they are ranked among the best- 
performing SDMs methods (Elith et  al. 2006, Wisz et  al. 
2008). Both methods compare the climatic envelope experi-
enced by a species with the climatic conditions found in loca-
tions where the species was undetected (i.e. pseudo-absences 
or background data). The positioning of background data 
is an important issue as it may significantly alter the pre-
dictions of models and must be set in accordance with the 
scale and the purpose of the study (VanDerWal et al. 2009, 
Anderson and Raza 2010). Since our study aims to assess 
invasion risk at the continent scale, we used wide background 
areas to enhance the transferability of models in other spaces 
(Elith et al. 2010). Both western part of North America and 
Central America were considered as background areas when 
modeling the distributions of D. brevicomis, D. pseudotsu-
gae, D. ponderosae and the southern and western lineages of  
D. valens. The eastern part of North America was considered 
as a background area when modeling the distribution of the 
eastern lineage of D. valens. Finally, both North America and 
Central America were considered as background areas when 
modeling the distribution of D. rufipennis lineages. For 
MaxEnt, we randomly generated 10 000 background points, 
excluding the sites where the species was detected (Phillips 
et al. 2006). For each BRT model, we generated a number 
of pseudo-absences similar to the number of occurrences 
used for model calibration in the same background areas, as 
previously described (Barbet‐Massin et al. 2012).

For each lineage, we independently fitted 10 models 
using both algorithms (called lineage-based models), using 
10 different training datasets constituted by random subsets 
of 80% of the relevant occurrences and pseudo-absences. 
The remaining 20% of data were used for model evaluation 
(see below). We performed ten replicates to reduce uncer-
tainty of SDMs projections resulting from the random 
partitioning of occurrences into calibration and evaluation 
datasets (Phillips et  al. 2006). Subsequently, we pooled all 
occurrences from conspecific lineages to calibrate classical 
species models (‘species-based models’). Similarly, each algo-
rithm was run 10 times, using the same ratio of training/
evaluation data. In each case, we constructed an additional 
prediction map by calculating the mean climatic suitability 
index displayed by the 10 models, which corresponded to 
the same species lineage. All climatic suitability maps were 
converted into binary maps of presence/absence on the basis 
of a single threshold. We used the lowest presence threshold 
(LPT; Pearson et  al. 2007), a particular case of the mini-
mum required sensitivity method (Pearson et al. 2004), that 
is well-adapted for SDMs designed to assess the risk of bio-
logical invasion for which omission errors have to be avoided 
(Freeman and Moisen 2008, Webber et  al. 2011). A pixel 
was considered as climatically suitable for one lineage if more 
than 50% of the lineage-based models predicted this pixel 
as suitable (i.e. at least six out of 10 models). Finally, for 

by the presence of this lineage in the climatic space. These 
data were derived from monthly temperatures and annual 
rainfall trends between 1950–2000. All variables were 
considered when performing multivariate analysis (see 
below), whereas a reduced climatic dataset was used to fit 
SDMs. The choice of environmental descriptors is known 
to strongly affect SDMs performance when extrapolating 
in space or time (Peterson and Nakazawa 2008, Rödder 
and Lötters 2009). The best environmental dataset to 
assess invasion risk includes proximal, ecologically relevant 
and non-highly correlated variables (Elith and Leathwick 
2009, Jiménez-Valverde et al. 2011, Dormann et al. 2013). 
Consequently, we fitted our models using temperature and 
rainfall extremes that are likely to convey conditions of 
physiological stress for bark beetles (Wood 1982, Ungerer 
et  al. 1999). We avoided using highly correlated climatic 
descriptors (Pearson’s correlation index  0.7; Dormann 
et al. 2013). Despite evidence suggesting that temperature 
seasonality is critical for some mass-attacking Dendroctonus 
species (Logan and Bentz 1999), we did not include these 
descriptors (e.g. bio2, bio3, bio4, and bio7 in Table 2) 
in models because they are highly correlated with tem-
perature extremes in native and projected areas. Following 
Jiménez-Valverde et al. (2011), we adopted a conservative 
approach consisting of avoiding the overparameterization 
of models that could reduce their transferability to other 
spaces and increase omission error. Finally, a set of four 
climatic descriptors was used to fit SDMs, including the 
maximum temperature of the warmest quarter (‘heat stress’ 
– bio10), the minimum temperature of the coldest month 
(‘cold stress’ – bio6), the precipitation of the wettest quar-
ter (‘moisture stress’ – bio16), and the precipitation of the 
driest quarter (‘dry stress’ – bio17).

Multivariate analysis

We investigated climatic envelope divergence between con-
specific lineages using multivariate analysis (Rivera et  al. 
2011). Such approaches depict the full variation of cli-
matic variables and have none of the a priori assumptions 
inherent to modeling techniques (Legendre and Legendre 
1998). For all species, we performed a principal compo-
nent analysis followed by between-classes analysis (Dolédec 
and Chessel 1987) to compare climatic envelopes among 
lineages. Principal component analysis (PCA) is an ordi-
nation technique that maximizes the variance between 
individuals, whereas the between-classes analysis is a type 
of constrained PCA that maximizes both inter-individual 
and between-classes (here, the lineages) variance (Rossi and 
Blanchart 2005). We conducted multivariate analysis on 
19 bioclimatic descriptors extracted from the Worldclim 
database for each occurrence. The climatic envelope asso-
ciated to the invading population of D. valens (31 occur-
rences in China) was included in the multivariate analysis. 
We tested the significance of the between-classes structure 
using Monte Carlo permutation tests with 999 replications 
(Manly 2006). These multivariate analyses were computed 
using the ade4 package (Dray and Dufour 2007) in R (R 
Development Core Team).
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events rather than for climatic unsuitability (Barve et  al. 
2011, Broennimann et al. 2012). In previous lineage-based 
SDMs, we mainly aimed to highlight the relative contribu-
tions of conspecific lineages in the potential distribution of 
pests and thus generated pseudo-absences in regions occupied 
by other conspecific lineages when modeling the distribution 
of a lineage. Here, selecting the background regions previ-
ously used in lineage-based models could lead to an artefac-
tual inflation of niche divergence signal. For these analyses, 
we generated pseudo-absences in smallest background areas 
considering potential geographic barriers and past biogeo-
graphic events (Supplementary material Appendix 2).

Results

Realized niches differ among conspecific lineages

Graphical displays of PCAs (correlation circles and score 
plots) and the percentages of total inertia explained by the 
factorial axes are given in Fig. 1, 2 and Supplementary mate-
rial Appendix 2, Fig. A3a–c. According to the Monte Carlo 
permutation tests, there was a significant difference between 
conspecific lineages (p  0.001). The PCAs discriminated 
lineages of D. valens, D. pseudotsugae, D. rufipennis accord-
ing to temperature-related variables such as minimum tem-
peratures (bio6, bio11) and temperature seasonality (bio2, 
bio3, bio4, see Fig. 1, and Supplementary material Appendix 
2, Fig. A3a, b). The envelope of the invading populations of 
D. valens in China was closer to the envelopes of the north-
eastern and western lineages of D. valens than that of the 
southern lineage (Fig. 1). Between-class PCA applied to D. 
brevicomis dataset was significant and revealed that the mean 
temperatures of the wettest and the driest quarters (bio8, 
bio9), the precipitation of the wettest and the warmest quar-
ters (bio16, bio18) and the precipitation of the coldest quar-
ter (bio19) contributed to segregate the lineages. The mean 
temperature of the wettest and driest quarters (bio8, bio9), 
the annual temperature range (bio7) and the precipitation of 
the coldest quarter (bio19) separated conspecific lineages of 
D. ponderosae.

The formal tests of niche equivalency indicated significant 
realized niche differences among conspecific lineages in all 
Dendroctonus species (Supplementary material Appendix 2, 
Fig. A4). Interestingly, albeit different, the realized niches of 
lineages were estimated to be more similar than expected by 
chance in all species (niche similarity tests, Supplementary 
material Appendix 2, Fig. A4).

Potential geographical distributions

All models yielded an AUC above 0.68. Most of models dis-
played a continuous Boyce index greater than 0, indicating 
that these models better predict the presences of the evalua-
tion dataset than a random model (Supplementary material 
Appendix 2, Table A5). Only several BRT models calibrated 
for D. pseudotsugae barragani displayed a Boyce index less 
than 0, warranting caution when interpreting these models. 
This probably resulted from the limited number of occur-
rences available for this subspecies. The ten SDMs replicates 

each species, an aggregated binary prediction was obtained 
by assigning a presence to each pixel that was predicted as 
climatically suitable for at least one lineage.

The predictive performance of the models was evalu-
ated using the remaining 20% of available occurrences and 
pseudo-absences/background points. We calculated the area 
under the receiver–operator curve (AUC), which is a widely 
used threshold-independent evaluation measure (Fielding 
and Bell 1997). Since the use of AUC in species distribution 
modeling is debated (Lobo et  al. 2010, Jiménez-Valverde 
2012), we additionally calculated the continuous Boyce 
index, which is a reliable presence-only evaluation measure 
that is relatively insensitive to species prevalence (Hirzel et al. 
2006). We computed multivariate environmental similarity 
surface (MESS) maps that describe the similarity in climatic 
space between the projected and the fitted areas (Elith et al. 
2011). Models and computations were performed using 
the ‘dismo’ (Hijmans et al. 2013) and ‘gbm’ (Ridgeway and 
Ridgeway 2004) packages in R.

Niche similarity and equivalency tests

In addition to multivariate analysis, we quantified the degree 
of niche similarity between conspecific lineages by imple-
menting the niche comparison framework developed by 
Broennimann et al. (2012). We applied a smoother kernel 
to the densities of species occurrences in bioclimatic raster 
maps and subsequently calculated the metrics of niche over-
lap and tested niche conservatism hypotheses. We calculated 
Schoener’s D index to measure the overlap of the SDMs 
projections, which varies from 0 for non-overlapping model 
predictions to 1 for complete overlap (Schoener 1968). Niche 
equivalency and similarity hypotheses were then tested using 
the algorithm MaxEnt.

The equivalency test aims to investigate whether the 
niches occupied by two lineages are equivalent. In this 
randomization test, we pooled and randomly split lineages 
occurrences in two datasets (maintaining the number of 
occurrences as in the original datasets) and measured niche 
overlap D value with these datasets (this procedure was 
repeated 100 times). The observed D value was then com-
pared against the distribution of the 100 simulated D val-
ues. If the observed D value fell outside the distribution of 
the simulated D values, niche equivalency hypothesis was 
rejected (Broennimann et  al. 2012). The niche similarity 
test investigates whether the niches occupied by two lineages 
are more similar than expected by chance. For this random-
ization test, the observed density of occurrences relative to 
one lineage was shifted within the geographic range avail-
able for this lineage. Then, we calculated the overlap D value 
between this simulated niche and the niche occupied by the 
other lineage (this procedure was repeated 100 times). If the 
observed D value is greater than 95% of the simulated D 
values, niches of lineages are considered as more similar than 
expected by chance (Broennimann et al. 2012). In these tests, 
we did not use the previously described background areas to 
generate pseudo-absences because investigating niche diver-
gence among taxonomic entities require avoiding as much 
as possible sampling absences in a region where the taxa are 
not present because of dispersal limitations or biogeographic 
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climatic conditions for D. rufipennis were predicted in colder 
areas of Eurasia at northern latitudes and in mountainous 
ranges (Fig. 3, and Supplementary material Appendix 2, Fig. 
A6c and A7c). Model predictions indicated that conspecific 
lineages differed in the potential area that was predicted to be 
climatically suitable in Europe for all species (Fig. 3, 4, and 
Supplementary material Appendix 2, Fig. A3, A4 and A5). 
In some cases, differences among lineages were very slight 
(e.g. D. brevicomis). Dendroctonus valens and D. pseudotsu-
gae showed the lowest level of overlap of predicted climatic 
suitability among conspecific lineages (Fig. 3 and 4). The 
entire invaded range of D. valens was not predicted as cli-
matically suitable for the three lineages (Fig. 4). Most of the 
invaded range of D. valens (100% and 93.5% of the occur-
rences in China for MaxEnt and BRT models, respectively) 
was predicted to be climatically suitable by the models, 

displayed similar but non-equivalent binary predictions 
(Supplementary material Appendix 2, Fig. A6 and A7), 
highlighting the need to account for uncertainty associated 
with occurrence partitioning when transforming climatic 
suitability maps into binary presence/absence maps. Most of 
the projected area displayed positive MESS values, indicat-
ing a low level of climatic dissimilarity between the train-
ing climatic space and the projected area in Europe. Both 
modeling approaches showed similar trends and congruent 
projections (Fig. 4 and Supplementary material Appendix 2, 
Fig. A6 and A7) except for the subspecies D. p. barragani 
(Supplementary material Appendix 2, Fig. A6c and A7c).

Similar areas were predicted to be climatically suitable in 
Europe for D. ponderosae, D. valens, D. pseudotsugae and D. 
brevicomis (Fig. 3, 4, and Supplementary material Appendix 
2, Fig. A6 and A7). As expected, the distributions of suitable 

(a) (b)

Figure 1. Principal components analysis of climatic data extracted from Dendroctonus valens occurrences from the Worldclim database 
(Hijmans et al. 2005; see Table 2 for symbol meanings). Circles of correlation (a) and factorial scores of records (b) are represented. Red 
circles, blue triangles and black crosses represent individuals assigned to the eastern, western and southern lineages, respectively. Green 
crosses represent invading populations.

(a) (b)

Figure 2. Principal components analysis of climatic data extracted from Dendroctonus ponderosae occurrences from the Worldclim database 
(Hijmans et al. 2005; see Table 2 for symbol meanings). Circles of correlation (a) and factorial scores of records (b) are represented. Red 
circles and blue triangles represent individuals assigned to the lineages ponderosae and monticolae, respectively.
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(a) (b) (c)

(e) (f)(d)

(h) (i)(g)

(k) (l)(j)

Figure 3. Potential distribution of four Dendroctonus species (D. brevicomis, D. pseudotsugae, D. rufipennis, D. ponderosae) in Europe pre-
dicted by MaxEnt models. For each lineage, we calibrated 10 models. Map projections display the arithmetic mean of climatic suitability 
values predicted by the 10 replicates.
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presences in aggregated binary projections may be higher or 
lower than in classical species-based predictions), according 
to the species and the SDM approach (Table 3). Mismatches 
usually concerned a small percentage of the total area that 
was predicted as climatically suitable (Table 3). For example, 
for D. pseudotsugae, differences between aggregated binary 
projections and species-based models predictions did not 
exceed 16% of the geographic extent that was considered 
suitable by one approach (Table 3, and Supplementary mate-
rial Appendix 2, Fig. A8). However, in a few cases, aggregated 

corresponding to the eastern and western lineages (Fig. 4). 
On the contrary, most of the invaded range was predicted to 
be climatically unsuitable for the southern lineage (Fig. 4).

The distributions of suitable climate predicted by species-
based models and aggregated binary projections did not per-
fectly overlap (Fig. 5, Table 3 and Supplementary material 
Appendix 2, Fig. A8). Differences varied in both magnitude 
(number of pixels that change status when comparing clas-
sical species-based predictions and aggregated binary projec-
tions) and direction (the number of pixels with predicted 

(a) (b) (c) (d)

Figure 4. Potential distribution of Dendroctonus valens in Europe and in China predicted by the MaxEnt and BRT models. For each lineage, 
we calibrated 10 models with both algorithms. Binary maps of presence/absence were constructed using the lowest presence threshold 
(Pearson et al. 2007). The first four rows show map projections displaying the arithmetic mean of climatic suitability values predicted by 
the 10 replicates. The last two rows show maps indicating the number of models predicting a presence when implementing the threshold. 
Black dots represent occurrences in the invaded range.
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expected by chance, without thereby being equivalent. 
Similarity means that species include lineages sharing simi-
lar realized niches at continent-scale (Warren et  al. 2008, 
2014). On the opposite, the absence of equivalency implies 
that although close, the realized niches are not identical and 
that lineages display significant differences with respect to 
the bioclimatic variables involved in species distribution 
modeling.

The phylogeographic structure of Dendroctonus species 
has been probably shaped by glaciations that fragmented 
their host-plant ranges and reduced gene flow between pop-
ulations from different glacial refugia (Maroja et al. 2007). 
During their full-glacial isolation in refugia and subsequent 

binary models and species-based models showed differ-
ences in prediction up to 44% of the geographic extent that  
was considered suitable by one model (e.g. D. rufipennis; 
Table 3, Fig. 5).

Discussion

Realized niche of conspecific lineages: similar but 
not equivalent

This study shows that the realized niches of conspecific 
lineages of all Dendroctonus species were more similar than 

Figure 5. Maps showing the change in worldwide suitable climatic conditions when aggregating the binary predictions of lineage-based 
models of Dendroctonus rufipennis. These predictions were compared with the classical species-based models. These projections were 
obtained by assigning a presence to each pixel that was predicted as being climatically suitable for at least one lineage. A pixel was considered 
as climatically suitable for one lineage if more than 50% of the lineage-based models (i.e. at least six out of 10 models) predicted this pixel 
as suitable when implementing the lowest presence threshold (Pearson et al. 2007).

Table 3. Percentage of change (number of pixels) in worldwide suitable climatic conditions when aggregating binary predictions of lineage-
based models. These predictions were compared with the classical species-based models. These projections were obtained by assigning a 
presence to each pixel that was predicted as climatically suitable for at least one lineage. A pixel was considered as climatically suitable for 
one lineage if more than 50% of the IS-models (i.e. at least six out 10 models) predicted this pixel as suitable when implementing the lowest 
presence threshold (Pearson et al. 2007).

Modeling approach

MaxEnt BRT

Species % pixels gained % pixels lost % pixels gained % pixels lost

Dendroctonus brevicomis 16.96 12.205 13.289 15.687
Dendroctonus ponderosae 4.526 23.233 3.963 27.863
Dendrocotnus rufipennis 44.12 1.313 11.932 7.246
Dendroctonus pseudotsugae 6.818 1.225 5.727 2.526
Dendroctonus valens 24.373 9.49 18.375 6.885
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sure is another factor that determines the invasive potential 
of insects (Lockwood et al. 2005, Bacon et al. 2014). This 
is certainly true for some Dendroctonus (e.g. D. ponderosae) 
that mass-attack trees. The success of such species highly 
depends on the number of introduced propagules. However, 
propagule pressure required to invade a new region likely dif-
fer among species (e.g. D. valens, the only North American 
Dendroctonus that invaded a new area, is a solitary attacker 
that does not mass-attack trees).

Our results indicate that the threat is real when we con-
sider the potential invasiveness of Dendroctonus species. The 
species-based bioclimatic models fitted to D. valens dataset 
accurately predicted the invaded range thus suggesting that 
the climatic niche of this species has been conserved dur-
ing its invasion of China. This highlights the reliability of 
our projections to predict the invaded range by this species. 
Moreover, these results are in accordance with the general 
expectation of niche conservatism during invasions (Peterson 
2011, Petitpierre et al. 2012, Strubbe et al. 2013).

Integrating intraspecific genetic structure in species 
distribution modeling

Our results showed that integrating phylogeographi-
cal information into SDMs potentially alters the classical 
species-based invasion risk assessment. We observed that 
binary predictions constructed by aggregating the lineage-
based model predictions could differ from binary species-
based predictions. The directions and the magnitude of 
these changes appeared to be dependent both on the spe-
cies and the modeling approaches. Similar trends have been 
observed when integrating the phylogeographic structure of 
species into SDMs to design conservation plans (Pearman 
et al. 2010, D’Amen et al. 2013). These surveys suggested 
that species-based models tend to smooth out the climatic 
response curves specific to the different lineages. Although 
differences between predictions were relatively slight in 
most cases, such features could have practical importance 
for plant biosecurity agencies when designing costly quar-
antine measures and prevention plans against invasive 
species.

Here we report that several species show strong intraspe-
cific divergence in the climatic envelope. Indeed, latitudi-
nally-separated lineages (e.g. D. valens, D. pseudotsugae, D. 
rufipennis) occurred in areas that strongly differed in win-
ter temperatures and seasonal structure of climate, e.g. the 
mean temperature of the coldest month experienced by D. 
pseudotsugae ranged from 5.9 to –4.9°C in Mexico and from 
5.5 to –18.8°C in northwestern America. Consequently, 
SDMs predicted different geographic areas across Europe 
as being climatically suitable for lineages. This illustrates 
how lineage-based SDMs could highlight the different con-
tributions of lineages in the predicted potential distribu-
tion of species. We recognize that these observations do not 
indicate that lineages display different potential distribu-
tions since SDMs do not depict the fundamental niches 
of species. However, it warrants investigating the climatic 
preferences and potential adaptations of phylogeographic 
lineages to environment in order to improve the PRAs’ 
reliability.

post-glacial recolonization, phylogeographic lineages have 
mostly conserved the climatic tolerances of their ancestors. 
Nowadays, lineages occur in geographical areas differing 
with regards to bioclimatic descriptors leading to significant 
departure from niche equivalency sensu Broennimann et al. 
(2012). The observed differences in the realized climatic 
niches do not necessarily mean that the fundamental niches 
have diverged (Araújo and Peterson 2012). Various factors 
such as biotic interactions and spatial constraints, affect the 
occupancy of the fundamental niche that may lead to dis-
similarities in realized niche. Biotic factors include interspe-
cific relationships with host trees, competitors, parasitoids or 
fungal symbionts that are obligate for numerous bark beetles 
(Six 2012). Some recent results on vertebrates indicate that 
the thermal component of the fundamental niche is more 
conserved than usually deduced from SDMs (Araújo et al. 
2013). If this is also true for bark beetles, it would imply 
that the observed differences of realized niches mostly con-
vey patterns of niche occupation.

If niche differences correspond to discrepancies in fun-
damental niche between conspecific lineages, physiological 
adaptations to local conditions could be expected and this 
would be meaningful in terms of invasion risk. Since the 
intraspecific genetic structure is usually inferred from the 
use of neutral molecular markers, it is not directly informa-
tive concerning effective physiological adaptations to envi-
ronment. There is increasing evidence that recently evolved 
populations within widespread species, including those 
from Dendroctonus and Pinus, show significant genetic-
based adaptations to local conditions (Rehfeldt et al. 1999, 
Savolainen et al. 2007, Rey et al. 2012, Bentz et al. 2014, 
Janes et al. 2014). However, the potential contributions of 
these adaptations to invasion success remain to be explored 
using physiological and genomic approaches (Fitzpatrick and 
Keller 2014, Janes et al. 2014). Finally, because the invasive-
ness of phytophagous insects in one area results from numer-
ous interdependent factors, e.g. life-history traits, propagule 
pressure and host specificity (Leung et al. 2012, Bacon et al. 
2014), additional data concerning the ecological and bio-
logical specificities of lineages should also be integrated into 
invasion risk assessments.

Dendroctonus species as potential invasive 
organisms: the threat is real

Dendroctonus species require particular attention from biose-
curity agencies, since they are highly damaging pests respon-
sible for huge economic losses in their native and invaded 
ranges (Yan et al. 2005). To our knowledge, this study is the 
first to predict the potential distribution in Europe of harm-
ful Dendroctonus using SDMs. Our predictions strongly 
suggest that most of Europe offers climatic conditions suit-
able for the Dendroctonus species considered in this study. In 
addition, the large diversity of conifers occurring in Europe 
increases the probability that some Dendroctonus species 
may become invasive. However, climatic tolerances are not 
the only factors determining the invasive potential of these 
bark beetles. Most species also depend upon obligate fungal 
symbionts whose climatic tolerances might also influence 
their distributions (Addison et  al. 2013). Propagule pres-
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