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Abstract Determining the relationships between envi-
ronmental variables and genetic diversity is critical to
understand the processes that drive evolution in species-
contact areas. We employed a combination of modeling
approaches and multivariate statistical analyses to analyze
mtDNA diversity in a hybrid zone between two evolu-
tionary lineages of honeybees in order to interpret the
microevolutionary processes that led to the observed spa-
tial pattern of diversity. The model located the west
European honeybee lineage mainly across temperate areas
characterized by mild winters and high water availability
throughout the year, whereas the African lineage was
mainly associated with warmer and drier areas. Selection
could be playing an important role in shaping the life
history evolution, particularly affecting the mitochondria,
and also resulting in hitchhiking effects on particular
regions of the mitochondrial genome.
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Introduction

Given the large body of literature covering the behavior,
physiology and evolution of the honeybee, this species
represents a well-suited model organism to study interac-
tions between environmental and micro-evolutionary
events (reviewed in Elekonich and Roberts 2005; Lodesani
and Costa 2005). Apis mellifera L. exhibits patterns of
biological variation rarely seen in other animal groups,
mainly due to the unusually widespread geographical dis-
tribution of this species, adapting to quite different envi-
ronmental conditions (Ruttner 1988; Danforth 2007). This
extensive distribution also promotes hybridization where
subspecies overlap or come into contact (summarized in De
la Raa et al. 2005b), and it provides a useful means of
studying climate-organism interactions (Le Conte and
Navajas 2008), as well as temporal changes in distribution
over time (natural range shifts: Thomas et al. 2001; Hic-
kling et al. 2006).

The hybrid origin of Iberian honeybees has been iden-
tified using morphological and ethological characteristics
(Ruttner et al. 1978; Ruttner 1988; Arias et al. 2000;
Miguel et al. 2011), allozymes (Smith and Glenn 1995;
Arias et al. 2006) and nuclear DNA markers (Franck et al.
1998; Garnery et al. 1998b; Franck et al. 2001; Canovas
et al. 2011; Miguel et al. 2011; Chavez-Galarza et al.
2013), supporting the view that hybridization by secondary
contact occurred between north African and western
European populations. Mitochondrial DNA diversity also
reveals the presence of two evolutionary lineages among
Iberian honeybees: African and west European (Smith et al.
1991; Franck et al. 1998, 2001; Garnery et al. 1998a;
Miguel et al. 2007; Canovas et al. 2008; Pinto et al. 2013).
The frequencies of these lineages follow a latitudinal cline
whereby African evolutionary haplotypes decrease from
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Table 1 Variables included in the environmental data set and the
individual ranges

Variables Name Min/max Comp. P
value I

Annual mean temperature tann 7.6/18.3 0.71  *%%*
§®)

Maximum temperature of the mxtwm  22.0/36.3 0.60  ***
hotest month (°C)

Minimum temperature of the — mntcm —3.6/8.3 0.93  ww*
coldest month (°C)

Mean temperature in the tmnwq 14.3/26.9 0.57  ww*
warmest quarter (°C)

Mean temperature in the mtcq 1.2/12.3 0.84  xx*
coldest quarter (°C)

Temperature seasonality tmseas 33.42/ —0.09  Fx*

68.96

Isothermality (mean diurnal isotherm 30/44 0.96  ***
range/annual range)

Annual rainfall (mm) rfann 266/ 0.12  #*%%*

1,445

Precipitation in the wettest rfwm 37/233 0.29  ¥#*
month (mm)

Precipitation in the driest rfdm 0/55 —0.81  ***

month (mm)

Precipitation in the warmest rfwg 102/581 0.40  ##*

quarter (mm)

Precipitation in the coldest rfeq 11/189 —0.76  F¥*E
quarter (mm)
Rainfall seasonality rfseas 17/73 0.92  kx

Ordination scores and levels of significance for the first component of
the CCA analysis using the mitochondrial haplotype distribution are
also shown. P values were based on 9,999 permutations

Significance codes: 0<“***” < 0.001<“**” < 0.01<*“*” < 0.05<*.”
<0.1<“NS” < 1

south-west to north-east of the Iberian Peninsula, while the
west European ones increase proportionally. This peculiar
cline pattern is the result of a new range expansion of the
two lineages inhabiting the Iberian Peninsula although their
underlying causes remain unclear (Canovas et al. 2008,
2011). The spatial distribution of mitochondrial diversity
appears to be stable despite the recent introduction of
intensive management practices, including queen trade,
transhumance and artificial selection (Canovas et al. 2008).
Usually, beekeepers from Southern and Eastern Iberia
move their colonies to northern regions during spring and
summer to take advantage of optimal flowering conditions,
resulting in homogenization of the composition of the
nuclear genome (Canovas et al. 2011; Miguel et al. 2011).
However, these colonies subsequently return to lower lat-
itudes, conserving the original queens and ultimately pre-
serving the mitochondrial DNA distribution.

Single nucleotide polymorphism (SNP) genome scans
suggest selection as an underlying cause of diversity
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patterns in Iberian honey bees (Chavez-Galarza et al.
2013). It has been assumed that mtDNA evolves according
to a neutral model of molecular evolution. However,
increasing evidence indicates that this assumption could be
often violated, and polymorphism patterns could indicate a
recent history of positive selection (Ballard and Kreitman
1995; Dowling et al. 2008). Potential targets of positive
selection can be then identified from polymorphism data
for recent adaptive fixation events, studying’hitchhiking’
by neutral regions at nearby sites (Barrett and Schluter
2007). This approach has been used previously in
A. mellifera, which experienced novel selection pressures
after their recent expansion out of Africa (Whitfield et al.
2006; Zayed and Whitfield 2008).

The considerable amount of genetic information related
to Iberian honeybees, which shows a stable spatial distri-
bution of the mitochondrial variation, provide a useful
opportunity to test hypotheses about the origin of the lati-
tudinal cline between the two distinct evolutionary units of
A. mellifera. The aim of our analyses is to estimate the
individual effects of each eco-geographical variable that
defines the suitability of habitats, distinguishing the effects
of the recent human-induced changes from those following
natural dynamics. The main hypothesis is that the spatial
pattern observed has arisen due to the effect of climatic
factors in the process of range expansion of existing lin-
eages in Iberia since the Last Glacial Maximum (LGM),
that is, the pattern reflects the environmental tolerance of
each lineage.

Materials and methods
Sampling and genetic data

Information of a total of 2,188 Iberian honeybees,
belonging to 214 localities were used in this study. Data
were reported previously from Spanish locations (for fur-
ther information see Canovas et al. 2002, 2008; De la Rua
et al. 1999, 2001, 2004, 2005a). Data provided by other
authors were included to better cover the study area: Porto
and Evora in Portugal (Garnery et al. 1998a; Franck et al.
2001). A detailed data set of these samples is given in
Appendix I (Supplementary Electronic Material).

Genetic data were based on the Dral COI-COII RFLP
test, which discriminates between and within honeybee
lineages from the polymorphisms of the tRNAleu-COII
intergenic mitochondrial DNA region (Garnery et al.
1993). Due to the maternal inheritance of the mitochondrial
DNA, which is shared by the entire colony and remains
stable during the entire life, 1 specimen was genotyped as a
representative of the colony, collecting different colonies at
each location.
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Table 2 Stages of the stepwise procedure in fitting the GAM model for Iberian populations of A. mellifera (percentage of deviance explained:
GCV generalized cross validation score, AIC Akaike information criterion, COR correlation coefficient. P value of x2)

Desc. dev. GCV AIC COR P

Comp I CCA~.

s(rfseas) 70.37 0.30 350.09 0.84 Hokk

s(rfseas) + s(tann) 79.47 0.22 279.29 0.89 Hkk

s(rfseas) + s(tann) + s(rfdm) 83.18 0.19 248.21 0.91 Hkok

s(rfseas) + s(tann) + s(rfdm) + s(mtcq) 90.17 0.13 158.82 0.95 Hkk
Lineage A~.

s(rfseas) 42.87 0.14 187.01 0.66 ok

s(rfseas) + s(tann) 43.8 0.14 186.04 0.66 Hkok

s(rfseas) + s(tann) + s(mxtwm) 46.6 0.13 178.04 0.68 HkE

s(rfseas) + s(tann) + s(mxtwm) + s(mntcm) 48.9 0.13 173.15 0.70 HkE
Lineage M ~.

s(rfseas) 43.31 0.12 155.61 0.66 Hokk

s(rfseas) + s(tann) 50.51 0.11 138.30 0.71 Fk

Significance codes: 0<*“***” < 0.001<“**” < 0.01<“*” < 0.05<*.” < 0.1<“NS” < 1

Dependent variables

The genetic data (mitochondrial haplotypes) represented
the dependent variables in the analysis. To account for
intra- and inter-mitochondrial variation in evolutionary
lineages, data were entered into two separate matrices
based on the diversity of the mitochondrial haplotypes and
the evolutionary lineages. The first diversity matrix repre-
sented the variation of the mitochondrial genetic diversity,
which was inferred from the abundance of each haplotype
(mitochondrial variant), coded as a letter for each lineage
followed by a number. This matrix was used as input for
the ordination analysis and included all available data. By
contrast, the second diversity matrix included the variation
in the diversity of the mitochondrial lineage, but deduced
from the presence-absence of each evolutionary lineage,
coded as African or European.

Independent variables

Climatological variables expected to influence population
structuring were represented by sets of estimators pooled
into a single matrix. Environmental data were used to
describe every 30 x 30 s (=1 km) unit grid of the study
area (Table 1). Estimates of temperature and precipitation
were obtained from the World Climatic Atlas (Hijmans
et al. 2005), which ensured a single and reliable source of
data. This data set also provided estimations of past climate
history under two LGM climate scenarios: Community
Climate System Model (CCSM; Collins et al. 2006) and
Model for Interdisciplinary Research on Climate (MIROC;
Hasumi and Emori 2004). For each temperature descriptor,
the following seven variables were used: the annual mean

or total (respectively); highest monthly maximum mean;
lowest monthly minimum mean; mean or total for the
driest, wettest, coldest and hottest quarter (abbreviations of
these variables are indicated in Table 1). The degree of
deviation from the expected temperature was calculated by
an index of temperature seasonality (fseas), inversely
related to the continentality gradient. Six rainfall variables
were considered (abbreviations in Table 1). The seasonal-
ity of precipitation was defined as the tendency for a region
to experience more rainfall in specific months or seasons
(Markham 1970). Hypothesized location of glaciated
mountains during the Pleistocene in the Iberian Peninsula
were also used to create a mask for unsuitable areas,
delimiting ice-sheets and tundra (Schiitt 2005; Gonzalez-
Trueba et al. 2008).

Before constructing any models, all pairwise correla-
tions between predictors were calculated to remove corre-
lated predictors and avoid any overestimation of the
responses. A threshold of 0.79 was considered in previous
works to justify the removal of any variables when fitting a
model (Lehmann et al. 2002). The absolute values of the
correlation in our data set were higher than 0.9 (between
rfann and rfwm), 0.8 (rfdm with mxtwm and rfwm) and 0.7
(between mxtwm and tseas, mntcm and tseas, rfseas and
rfann). Therefore, model-fitting was constrained to include
only one variable of each cited pair.

Ordination analysis and synthesis map
To first analyze the data and investigate the potential
relationships with selected environmental variables, the

diversity of mitochondrial DNA at the various sampling
sites (first diversity matrix) was spatially clustered using a
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canonical component analysis (CCA: Angers et al. 1999;
Jombart et al. 2009). The “Species” in the ordination
analysis were represented by mitochondrial haplotypes at
each sampling site, each lineage being coded as “A” for
African or “M” for west European, plus a number (see
Canovas et al. 2008). The ordination analysis summarized
all the variation in the study area and allocated each site as
a study unit. A map was then generated by interpolation of
the first principal component value at each sampling site,
which synthesized the detail of the spatial patterns (Hanotte
et al. 2002). CCA analyses were performed using the
“ade4” (Cheesel 1992) and “BiodiversityR” (Kindt and
Coe 2005) packages from R statistical software v.2.9.2 (R
Development Core Team 2009).

Generalized additive models

GAMs were developed by using (1) the first principal
component of the CCA as a dependent variable, and (2) the
diversity of each mitochondrial lineage (second diversity
matrix). The inclusion of explanatory variables in the
models was considered as a smoothed function of the
predictor (environmental variable), following a step by step
procedure initially with one degree of freedom and with o
set at 0.05.

GAM models were validated by examining the propor-
tion of the deviance explained, and by minimizing both
generalized cross validation (GCV: Wood 2006; Wood and
Augustin 2002) and Akaike information criterion scores
(AIC: Venables and Ripley 2004). Standard errors of the
smooth terms were computed as the 95 % bootstrap con-
fidence interval based on 1,000 replications (Hastie and
Tibshirani 1990). The evaluation was focused on the pre-
dictive performance at each site using the correlation
coefficients (COR), which were calculated as a Pearson
correlation coefficient between the observations in the
presence-absence dataset and the model prediction (Elith
et al. 2011). This parameter is similar to the areas under the
receiver operating characteristic (ROC) curves (AUC)
(Fielding and Bell 1997), but it takes into account the
variation of the prediction from the observation.

Each prediction map was classified into four habitat
suitability classes (unsuitable, marginal, suitable and opti-
mal), using the method described by Boyce et al. (2002)
and further developed by Hirzel et al. (2006). The predicted
to expected ratio (P/E) was calculated for each habitat
suitability class (F;), and an incremental curve shape and
its confidence interval were used to define the boundaries
of each class. Spearman rank correlation coefficient was
then used to estimate the monotonicity of the curve (con-
tinuous Boyce index; Boyce et al. 2002), as well as the
adjusted ° to evaluate the fit of the linear model to the
increments of each suitability class break. An exhaustive

@ Springer

search for the best suitability class distribution was per-
formed using interval thresholds at every 0.01 increment of
the prediction results.

GAM models were calculated using the “mgcv” pack-
age (Wood 2006). An interface between R and GRASS
GIS v.6.4.0 (GRASS Development Team 2008) was used
for analyses and prediction over the potential distributions
of both evolutionary lineages.

Results
Ordination analysis and synthesis map

The first component of the CCA accounted for 64.82 %
of the variance in the diversity of the mitochondrial
haplotype. A single haplotype from each lineage provided
the highest contributions to the gradient described by that
component. Temperature descriptors contributed with
higher scores to the ordination, although the entire envi-
ronmental data set adjusted significantly to the component
that described the genetic gradient (Table 1). A positive
contribution to the gradient was described by the first
component for the mntcm, isotherm and rfseas variables
(higher than 0.9), followed by mrcq (0.84). A negative
contribution was detected for two variables, rfcg and
rfdm, while the contribution of tmseas was close to 0
(Table 1).

The background of Fig. la illustrates the geographical
variation for the first correspondence component (CCA).
The synthesis map which was obtained by interpolation,
followed a gradient that peaks in the south/southwest and
west end (darkly-shaded areas belonging to the African
lineage), and northwest of the Iberian Peninsula (lightly-
shaded areas belonging to the European lineage). That map
can be viewed as a cline from the south-west, where
localities showed higher number of individuals belonging
to the African lineage, to the north-east where the west
European lineage was predominant. The transitional area
between the two evolutionary lineages becomes narrower
in NW Iberia, close to the Atlantic coast.

Modeling

The relationship between smooth terms in the GAM and
the principle component scores was plotted in Fig. 2. All
the tested variables significantly fitted the GAM terms and
the deviance described by the four-variables model
increased throughout the add-on procedure (Table 2).
Temperature descriptors were directly related to the first
component of the CCA, while the relationships of the
precipitation descriptors were more complex (non-linear
response: Fig. 2). The prediction map was generated using
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————
300 km
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European

\ . Mixed

36°N +
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Fig. 1 a Localities included in this study (dots) and the proportion of
haplotypes belonging to each evolutionary lineage (fill color for dots
following the grey scale bar; Franck et al. 1998, 2001; Céanovas et al.
2008). The background follows the grey scale bar and illustrates the
geographical variation for the first correspondence component (CCA),
which accounted for 64.82 % of the total mtDNA haplotype variation
in A. mellifera across the Iberian Peninsula. Pie charts show the
proportion of haplotypes belonging to each evolutionary lineage by

the four-variables model (Table 2) and it retained the main
features of the haplotype gradient between both evolu-
tionary lineages (Fig. 1b): extremes of the gradient and
extension of the transitional area.

GAM models were also fitted to independently
analyze the relationships between the environmental
data set and the presence/absence of both African and
European evolutionary lineages (Table 2; Fig. 3). In
both cases, two of the variables (fann and rfseas)
were the same as those fitted by the GAM model for
the ordination component, although the proportion of
the deviance explained was significantly lower
(Table 2). Those two variables showed symmetrical
responses between lineages, implying distinct eco-
logical optima for each lineage (Fig. 3). The final
GAM model for the European lineage fitted fewer
variables than the one for the African lineage,
although they show similar explained deviance and
significance (Table 2). The estimates of accuracy are
shown in Table 2 for all the models in both evolu-
tionary lineage predictions.

Lineage prediction maps were calculated for the entire
Iberian Peninsula and classified by using the continuous
Boyce index (Fig. 4). GAM models predicted large areas of
optimal occurrence for each lineage: these were located in
the south-west (African lineage) and north—east (west
European lineage) of Iberia (Fig. 4a, b). Suitable areas
were estimated by the sum of suitable and optimal classi-
fied areas for each lineage. African lineage showed slightly
weaker occupancy in the final models (west European
lineage: GAM = 429,916 kmz; and African lineage:
GAM = 402,945 km?).

African  4° E

Province in Appendix I (black for African and white for European).
b Prediction map of the GAM fitted model for the first component
values of the ordination analysis (Table 2). The first component
follows a gradient that peaks (darkly-shaded areas corresponding to
the grey scale bar) in the south, and that is probably correlated with
known waves of mitochondrial colonization of the African lineage
from North Africa (Franck et al. 1998, 2001)

Past predictions during LGM

Lineage predictive models showed slight differences
between both climate scenarios (CCSM and MIROC;
Fig. 5). African lineage predictions were classified, show-
ing a reduced area for the optimal habitat during the LGM:
two patches located at the southwest of the Iberian Pen-
insula (Fig. 5a, c¢). West European lineage predictions
described almost the entire area of study in the optimal
category, except for a small patch located close to the Strait
of Gibraltar which were classified as suitable (Fig. 5b, d).

Discussion

The availability of accurate genetic data for Iberian hon-
eybees (Franck et al. 1998, 2001; Canovas et al. 2008)
allowed us to test the spatial relationships using presence-
absence modeling. The combination of two different
techniques (ordination and GAM) is preferable, as the
limitations of one approach can be compensated by the
strengths of another.

Lineages’ distribution and habitat preferences

The first component of the multivariate analysis based on
haplotype frequencies, described the gradient between the
African and west European evolutionary lineages of the
Iberian honeybees in detail for the first time. Its spatial
interpretation predicted a wide inter-gradation area, which
crosses the Iberian Peninsula from northern Portugal to
southeastern Spain. The lineage gradient distribution
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s(rfseas,7)
0.5
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rfseas

s(rfdm,9)
1

(? = iIIIIIIIIIiHIIIIIIIiIIIIIIIIIiIHII 11 iIIIII

0 10 20 30 40 50
rfdm

Fig. 2 Fitted smooth terms (shown as s[name of the predictor,
number degrees of freedom]) for the first correspondence component
derived from the abundance of mitochondrial haplotypes versus
variables added to the final GAM model, by a stepwise procedure
(solid lines), and £95 % boot-strapped confidence intervals (dashed

revealed a complex pattern, also fitting previous and
detailed information from the Atlantic coast (Pinto et al.
2013). That spatial distribution fitted the environmental
dataset (Table 1), as the cline between the west European
and African evolutionary lineages appears directly related
to the minimum temperatures in the study area although it
is marked by day-night rather than summer—winter oscil-
lations (isothermality). The last estimate, isothermality,
varies from O to 100, which describes a site where the
diurnal temperature range is equivalent to the annual
temperature range. The distribution of the African lineage
showed values above 40, indicating that the diurnal tem-
perature range represents over 40 % of the annual tem-
perature range. This finding is perhaps related to the ability
of this lineage to survive in a variety of sub-optimal
environmental conditions. The gradient was also indirectly
related to precipitation descriptors and it was marked by
seasonality.

Suitability of modelling approaches

Ordination together with GAM appeared to be an
accurate approach, constituting a single model that
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s(tann,4)
.0 0.5

-0.50

-1.0

s(mntcq,3)
.0 0.5

-0.50

-1.0

mtcq

lines). The vertical axes represent the variable contribution of rainfall
seasonality (rfseas) and rainfall in the driest month (rfdm), and annual
(tann) and coldest quarter mean (mfcq) temperatures (expressed on the
scale of the linear predictor). See Table 2 for details

summarizes and describes the transition as it occurs
naturally, as a continuum between both evolutionary
lineages (see discussion below). Moreover, with this
approach there are no a priori assumptions regarding
the relationships between external variables and the
ordination configuration. A four-variables GAM model
significantly explained about 90 % of the variance,
although the model fits more complex polynomial
functions for the rainfall descriptor. GAMs also resulted
in appropriate models for each lineage separately, as
expected from species modeling with complex distri-
bution patterns and the availability of presence-absence
data (Segurado and Araujo 2004). Precipitation rela-
tionships were more complex in those models too.
Distributions were limited by the seasonality of the
precipitation, indicating that rainfall tends to increase in
certain months or seasons where the African lineage
can be found. The European lineage also shows a pat-
tern linked to wetter areas, inversely related to the
rainfall of the driest month. Temperature was linearly
correlated with the lineage distribution; it was directly
related to the African lineage and inversely related to
the west European lineage.
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African linage~s(mxtwm,3)
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Fig. 3 Fitted smooth terms (indicated as s[name of the predictor,
number degrees of freedom]), for the presence-absence of each
mitochondrial evolutionary lineage versus the four variables added to
the final GAM models by a stepwise procedure (solid lines), and
495 % boot-strapped confidence intervals (dashed lines). The vertical

A contact area between evolutionary lineages:
an ecological perspective

Those results suggest two complementary distributions at
the edges of each lineage, although both lineages are
widely distributed across the Iberian Peninsula. Further
studies will be necessary to determine whether the current
diversity distribution is maintained by other isolation pro-
cesses (e.g., competition driven by selection, unsynchro-
nized reproductive cycles).

0.5

European linage~s(rfseas,3)

\
Hlall IIIIIIIIIIIIII\IIIIIIIIIIIIIHIIHIIIHHIII aIH

20 30 40 50 60 70
rfseas

European linage~s(tann,1)

African linage~s(mntcm,1)

-4 -2 0 2 4 6 8
mntcm

axes represent the variable contribution of rainfall seasonality (rfseas),
annual temperature (fann) and maximum temperature during the
hottest month (mtzcq) relative to the component (expressed on the scale
of the linear predictor). See Table 2 for details

On one hand, a suite of theoretical and empirical studies
have focused on the evolution of certain characteristics of
social insects, and the underlying adaptive mechanisms in
honeybee phenology and behavior (see extended bibliog-
raphy in Gordo and Sanz 2006; El-Niweiri and Moritz
2011). Phenology is significantly affected by temperature;
honeybees appear sooner in the year in southern localities
and at lower altitudes, and earlier in years with warmer
springs (Gordo and Sanz 2005). Such behavior can be
simply explained by honeybees exiting the hive in response
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D unsuitable

10°W
44° N +

(a)
GAM
African Lineage

36°N +

Fig. 4 Predicted potential geographic distributions for both African
(a) and European (b) mitochondrial evolutionary lineages of Apis
mellifera in the Iberian Peninsula. Predicted occurrence probabilities
for each evolutionary lineage range from O (lightest areas) to 1

Bice [/tundra [ |unsuitable

(a)
CCSM
African Lineage

4E
+

(c)
MIROC

African Lineage

36°N +

Fig. 5 Simulated potential geographic distributions for both African
and European mitochondrial evolutionary lineages of A. mellifera in
the Iberian Peninsula under Community Climate System Model
(CCSM; Collins et al. 2006) and Model for Interdisciplinary Research
on Climate (MIROC; Hasumi and Emori 2004) climate scenarios from

to increasing temperatures. Modeling results support these
observations, as the suboptimal area with higher tempera-
tures and rainfall concentrated in particular months (typical
characteristics of Mediterranean climate) is preferred by
the A lineage, which is closer to the ancestral lineages
originated in Africa than the M lineage. Southern Iberian
honeybee populations also show behavioral characteristics
of African subspecies, A. m. intermissa and A. m. adanso-
nii, such as the willingness to forage at low temperatures,
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D marginal

[ ]Jmarginal

|:| suitable

. optimal

4E
+

Y ()
o GAM

European Lineage

(darkest areas). The maps were reclassified in four habitat suitability
classes (unsuitable, marginal, suitable, optimal: Boyce et al. 2002;
Hirzel et al. 2006). See also details about model performance in
Table 2

[ Jsuitable [ optimal

CcCsM

European Lineage

(d)
MIROC
European Lineage

the LGM. Maps were reclassified as habitat suitability classes
(unsuitable, marginal, suitable, optimal: Boyce et al. 2002; Hirzel
et al. 2006). Hypothesized location of glaciated mountains during the
Pleistocene in the Iberian Peninsula is also shown (Schiitt 2005;
Gonzalez-Trueba et al. 2008)

quick defense reaction on the comb and propensity to
swarm (Ruttner 1988; Engel 1999). In contrast, a flexible
thermal strategy allows west European honeybees of the M
lineage to regulate their head temperature at low environ-
mental temperatures, guaranteeing proper suction, reducing
energy costs and improving efficiency (Kovac et al. 2010).
The predicted areas of distribution of this lineage support
these observations, since the conditions in suitable and
optimal habitats were cloudy with fewer areas of solar
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radiance, and precipitation more homogeneously distrib-
uted throughout the year and in higher amount.

On the other hand, the introduction of intensive prac-
tices (mainly transhumance and queen trade) and their
consequences (homogenization of the nuclear genome) will
lead to the disappearance of the gradient originated by
biological mechanisms that specifically prevent mito-
chondrial homogeneization (see introduction and Canovas
et al. 2011).

Changing climate: genetic imprints of colonization
and expansion

A reconstruction of the relationships between eco-geo-
graphical variables and genetic gradients provided valuable
information about habitat conditions and the transition area
between the A and M lineages, which covers almost the
entire Iberian Peninsula. However, the extension or latitu-
dinal position of transition areas might be modified in the
future by environmental (climate change) or man-made
(management) changes, which can critically affect the
diversity of populations (Le Conte and Navajas 2008).

Mitochondrial haplotypes with the highest contribution
to the canonical component analysis were those ones
considered ancestral in previous studies (A2 and M4:
Miguel et al. 2007; Canovas et al. 2008). Therefore, our
modeling results support the hypothesis of the natural
origin of the genetic gradient studied here. It should be
noted that the optimal habitat of the African lineage differs
from the average conditions found in the Iberian Peninsula,
particularly in the past (the predicted area occupied by the
African lineage is smaller than that of the European one
during LGM conditions). These results suggest a north-
wards expansion of the African lineage inhabiting the
southern part of the Iberian Peninsula, and a simultaneous
colonization of west Europe by populations of northern
Iberia belonging to the M lineage since the LGM, as
hypothesized by several authors (Franck et al. 1998; Gar-
nery et al. 1998b; Miguel et al. 2007; Canovas et al. 2008;
Pinto et al. 2013).

Conclusions

The study of changes in insect distribution has attracted
increased attention, mainly due to the strong influence of
climate, which allows biogeographical hypotheses to be
tested through environmental modeling. The variability of
suitable honeybee habitats, in terms of temperature and
precipitation, reveals that current distribution of the two
main evolutionary lineages of the honeybee in the Iberian
Peninsula shows a high degree of plasticity despite the two
distinct climatic optima identified. The association of that

distribution pattern with habitat differences and genotypic
variations, suggests that selection could play an important
role in shaping the life-history evolution of this species,
particularly affecting the mitochondria. Such evolutionary
process could be also resulting in strong hitchhiking effects
on particular regions of the mitochondrial genome. The
present study highlights the importance and utility of
modeling approaches to evaluate and interpret genetic
variation, and in turn, to develop and improve conservation
programs, using the honeybee A. mellifera as a model to
predict the consequences of climatic change.
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