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Abstract

Understanding the impact of past climatic events on the demographic history of extant

species is critical for predicting species’ responses to future climate change. Palaeocli-

matic instability is a major mechanism of lineage diversification in taxa with low dis-

persal and small geographical ranges in tropical ecosystems. However, the impact of

these climatic events remains questionable for the diversification of species with high

levels of gene flow and large geographical distributions. In this study, we investigate

the impact of Pleistocene climate change on three Neotropical orchid bee species (Eula-
ema bombiformis, E. meriana and E. cingulata) with transcontinental distributions and

different physiological tolerances. We first generated ecological niche models to iden-

tify species-specific climatically stable areas during Pleistocene climatic oscillations.

Using a combination of mitochondrial and nuclear markers, we inferred calibrated

phylogenies and estimated historical demographic parameters to reconstruct the phylo-

geographical history of each species. Our results indicate species with narrower physi-

ological tolerance experienced less suitable habitat during glaciations and currently

exhibit strong population structure in the mitochondrial genome. However, nuclear

markers with low and high mutation rates show lack of association with geography.

These results combined with lower migration rate estimates from the mitochondrial

than the nuclear genome suggest male-biased dispersal. We conclude that despite large

effective population sizes and capacity for long-distance dispersal, climatic instability

is an important mechanism of maternal lineage diversification in orchid bees. Thus,

these Neotropical pollinators are susceptible to disruption of genetic connectivity in

the event of large-scale climatic changes.
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Introduction

Climatic and anthropogenic landscape changes are two

major threats to the persistence of biodiversity in the

21st century (Heller & Zavaleta 2009; Potts et al. 2010).

Climate change during the past 50 years has already

altered the geographical distribution, developmental time

and reproductive rates of many organisms (Parmesan &

Yohe 2003; Bartomeus et al. 2011). Concurrently, habitat

loss and agricultural intensification have fragmented

and degraded natural areas, causing severe animal and

plant species declines worldwide (Pimm & Kevan

2000). In the face of this biodiversity crisis (Sala et al.

2000; Forister et al. 2010), an enduring challenge for

biologists is to develop a predictive framework to

guide appropriate conservation and management plans

(Dawson et al. 2011). Investigating microevolutionary

responses to past geologic and climatic events can pro-

vide insights into species vulnerability and predictions
Correspondence: Margarita M. L�opez-Uribe,

Fax: +1 607 255 0939; E-mail: mml82@cornell.edu

© 2014 John Wiley & Sons Ltd

Molecular Ecology (2014) 23, 1874–1890 doi: 10.1111/mec.12689



about the biodiversity consequences of future environ-

mental changes.

Maintaining evolutionary processes is especially

important in areas with high species diversity, such as

tropical regions, that are the result of complex ecological

and evolutionary histories (Myers et al. 2000). For ins-

tance, Neotropical lineages have experienced a dynamic

geologic history over the past 25 my, including the pro-

gressive uplift of the Andes (~23 – ~4.5 mya), the forma-

tion of the Amazon basin (~7 mya) and the closure of

the Panama Isthmus (~3.5 mya) (Hoorn et al. 2010).

These tectonic events during the Neogene contributed to

species diversification in Neotropical lineages of frogs

(Santos et al. 2009), bats (Ditchfield 2000) and birds

(Fjelds�a 1994) through topographical complexity and

repeated vicariance/dispersal episodes. More recently

over the past 2.6 mya, the geology of the Neotropics has

remained relatively unchanged, but climate has been

unstable (Bennett 1990). Repeated periods of cold/dry

and warm/wet climate altered forest composition, driv-

ing shifts in species distributions and intraspecific line-

age diversification (Mulcahy et al. 2006; Carnaval et al.

2009; Prado et al. 2012).

Patterns of responses to climatic fluctuations during

Pleistocene glaciations vary between Neotropical terres-

trial organisms (Hewitt 2004). Phylogeographical stud-

ies in vertebrate species with relatively small effective

population sizes, low dispersal capacity and restricted

distributions often show deep mitochondrial diver-

gences that are temporally congruent with the Pleisteo-

cene, but spatially idiosyncratic, presumably due to

differences in species-specific ecological traits (Carnaval

et al. 2009; Thom�e et al. 2010; Prado et al. 2012; Kieswet-

ter & Schneider 2013). In contrast, the occurrence of

strong phylogeographical breaks driven by climatic

events in Neotropical species with large population

sizes capacity for long-distance dispersal and wide-

spread distributions remains unclear (Cheviron et al.

2005; Solomon et al. 2008; Martins et al. 2009). Therefore,

we do not yet have consensus on expected genetic pat-

terns, and potential diversifying mechanisms, for highly

mobile terrestrial organisms in the Neotropics.

Understanding the effects of past climatic changes on

species’ distributions requires the investigation of their

demographic responses to environmental change. For

explicit hypothesis testing, it is necessary to understand

spatial distributions of species in past and present times

(Richards et al. 2007). The incorporation of ecological

niche modelling in phylogeographical studies provides

a methodological framework to identify climatically sta-

ble areas (CSAs) that served as potential ‘refugia’ dur-

ing Quaternary climatic oscillations (Hugall et al. 2002;

Carnaval et al. 2009). This approach generates species-

specific spatial models with demographic predictions

that can be validated with molecular data (Knowles

et al. 2007). Furthermore, niche models provide informa-

tion about species niche breadth and can be used as

proxies for animal physiological tolerance (Bonier et al.

2007). Although niche conservatism, ecological competi-

tion, spatial variation of the environment and dispersal

may be the limiting factors to species ranges, geograph-

ical distributions are largely determined by climate

(Chown et al. 2010). Therefore, correlational approaches

between species presence data and climate data are

used to infer the limits of physiological tolerance for

species distributions.

In this study, we investigate the impact of Pleistocene

climatic instability on pollinating insects with great dis-

persal capacities and large population sizes, but varying

levels of physiological tolerance to dry climatic condi-

tions. Orchid bees (Apidae: Euglossini) are fast-flying

insects endemic to the New World that exhibit an inter-

esting courtship behaviour. Male orchid bees collect

volatile compounds from floral and nonfloral resources

throughout their lives and present a chemical bouquet

to females at display sites enabling mate recognition

and choice (Eltz et al. 2005). Ecological and behavioural

data indicate that dispersal is likely male-mediated in

orchid bees because males have large home ranges

where they search for volatiles (Wikelski et al. 2010).

In contrast, females are central-place foragers that exhi-

bit philopatric behaviour (Augusto & Gar�ofalo 2011).

Orchid bees are remarkably abundant in low- or mid-

elevation forests where they comprise up to 25% of bee

communities (Roubik & Hanson 2004). Many orchid bee

species have a strong association with wet forested

areas and show the highest community richness in

forests where precipitation exceeds 2000 mm/year

(Dressler 1982). Thus, orchid bees are an excellent sys-

tem for investigating species responses to the dry–wet

Pleistocene climatic cycles in tropical pollinating insects.

We examine the demographic history of three wide-

spread orchid bees of the genus Eulaema (E. bombiformis,

E. meriana and E. cingulata) using an integrative

approach that includes ecological niche modelling and

multilocus population genetic data. Specifically, we test

whether Pleistocene climate instability led to intraspe-

cific diversification in three orchid bee species with dif-

ferent physiological tolerances. The three focal species

of this study have similar widespread distributions, but

they display different habitat associations and elevation

ranges. Both E. bombiformis and E. meriana are exclu-

sively found in wet forests, but E. bombiformis is distrib-

uted from sea level up to 950 m.a.s.l., whereas

E. meriana is found up to 1700 m.a.s.l. (Ram�ırez et al.

2002). Eulaema cingulata is present in both wet and dry

lowland forests and its altitudinal distribution reaches

2600 m.a.s.l. (Ram�ırez et al. 2002). Therefore, we predict
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these species display a continuum of physiological tol-

erance to climate variation, with lowest in E. bombifor-

mis and E. meriana and highest in E. cingulata. To test

this prediction, we developed a novel method that uses

response curves to environmental variables to quantify

the relative difference in niche breadth between species.

Based on the shared ecological and behavioural traits,

yet differing physiological tolerances among our three

focal species, we have three predictions about their

responses to historical climatic instability. First, we pre-

dict that the amount of suitable habitat in refugia during

dry periods of the Pleistocene was reduced for all species,

however, not equally. Specifically, E. cingulata, which

unlike the other two species now inhabits drier forests,

should have experienced the largest amount of suitable

habitat during the Pleistocene, as wet forests became

drier. Second, we predict that species with low physio-

logical tolerance should show strongest phylogeographi-

cal structure spatially congruent with hypothesized

CSAs because lower physiological tolerance restricted

gene flow outside the suitable areas. Third, we predict

that the spatial patterns of genetic diversity in these

species are the result of isolation/colonization events

during repeated cycles of forest contraction/expansion,

thus are temporally congruent with Pleistocene climatic

instability. The alternative scenario is that these species

were widespread throughout the Neotropics pre-Pleisto-

cene and experienced vicariance during the geologic

changes in the Pliocene and contraction/expansions

events during the Pleistocene. In that case, the deepest

phylogeographical breaks in species phylogenies should

be temporally congruent with Pliocene geologic events.

Testing these predictions has important implications for

species persistence under scenarios of future climate

change. We discuss the need for further investigation of

these questions in species with capacity for long-distance

dispersal and the value of integrative studies for future

conservation plans of orchid bee species.

Materials and methods

Ecological niche modelling

We identified CSAs for the three Eulaema species by

overlaying distribution models based on current (aver-

aged over the past 50 years) and last glacial maxima

(LGM; 21 kya) climate data through ecological niche

models (ENM). We used the current and LGM ENMs

as proxies for species-specific distributions during inter-

glacial and glacial periods, respectively. We compiled

current presence data points for the three focal species

from published articles, the Discover Life Website, the

Global Biodiversity Information Facility, and data

points from individuals collected during our own

fieldwork. In total, we collected 101, 127 and 123

location data points for E. bombiformis, E. meriana and

E. cingulata, respectively (Fig. S1, Supporting informa-

tion). Species distributions were modelled in MAXENT v.

3.3.3 (Phillips et al. 2006; Phillips & Dud�ık 2008) using

19 environmental data layers at a 30-arc-second (~1 km)

resolution from the WORLDCLIM database. All bioclimatic

variables were included in analyses despite correlation

between them because the exclusion of correlated vari-

ables usually has little effect on ENMs (Knowles &

Alvarado-Serrano 2010). We evaluated the predictive

power of the model in two ways. First, we used a bino-

mial test based on omission and predicted areas to test

whether our model predicted species distributions better

than random. Second, the area under the curve (AUC)

of the receiver operating characteristic (ROC) curve was

used to measure model performance based on the sensi-

tivity and specificity of the model. A random sample of

25% of the initial data set over 10 replicates was used as

‘testing data’ to check for the spatial independence of

the locality points used to build the models. We col-

lected data from ten independent runs to verify the rep-

licability of our models. To define binary presence–

absence suitability models, we selected the MAXENT

threshold that minimized the difference between the

omission rate and predicted area (equal training sensi-

tivity and specificity threshold) (Pearson et al. 2004).

Assuming species niches have not changed consider-

ably during the past 21 000, we characterized species

distributions during LGM by projecting results from the

current distribution models onto the same environmen-

tal layers from the LGM. We overlaid the binary pre-

dicted distributions of the current and LGM models

using the raster calculator tool in ARCGIS 10 (ESRI 2011)

to outline areas that have been climatically stable

throughout the repeated glacial cycles of the past

1.5 My. We defined major ‘refugia’ as contiguous areas

with a minimum size of 2000 km2 and separated by a

minimum linear distance of 300 km, a distance 10 times

greater than the maximum home range distance

reported for orchid bees (Janzen 1971).

Niche breadth quantification

We used response curves to all bioclimatic variables to

calculate the relative ecological niche breadth for our

focal species. Response curves depict the range of spe-

cies’ predicted suitable conditions in ecological space

based on individual responses to one bioclimatic vari-

able (Phillips & Dud�ık 2008). Response curves can pro-

vide information on what niche space a species can

tolerate, but they are uninformative about what condi-

tions species cannot tolerate because ranges may also

be restricted by biotic factors (Chown et al. 2010).
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Therefore, we developed the relative niche breadth

(RNB) index to serve as a proxy for the species-specific

breadth of physiological tolerance and quantify the rela-

tive difference in tolerance between species. We calcu-

lated this index as follows:

RNB ¼
Pm

j Dij

max
Pm

j Dij

n oj¼n

i¼1

ð1Þ

where Δij is the difference between the minimum and

the maximum value of the environmental variable j in

species i for which the probability of presence is at least

0.5 and max
Pm

j Dij

n oj¼n

i¼1
is the maximum sum of all Dij

for all environmental variables (m) among all species (n)

compared (Fig. S2, Supporting information). The

rationale for this index as a proxy for physiological toler-

ance breadth is that the greater the difference between

the minimum and maximum probability of species’

presence for a given environmental variable, the wider

the range of environmental conditions that a species

can tolerate. The 0.5 probability value is used as a

benchmark for the delta calculation because it is a stan-

dard cut-off threshold for the probability of presence of

a species (Trevan 1927). This cut-off also avoids the

potential ambiguity of making measurements from the

extreme of the curves where values tend to converge.

Sampling

We collected a total of 454 male individuals from

throughout the geographical distribution of E. bombifor-

mis (113), E. meriana (201) and E. cingulata (137) from

14, 16 and 16 localities, respectively (Fig. 1). In the field,

we attracted male orchid bees using five chemical baits

(cineol, methyl salicylate, vanillin, eugenol and benzyl

acetate) from several sites at each locality to avoid sam-

pling-related individuals. Male bees were collected

using entomological nets and preserved in 95% ethanol.

Geographical positioning was recorded for each locality

using a Garmin GPSmap 76CSx unit. Front legs from all

bees were removed for DNA extraction before individu-

als were mounted on entomological pins, labelled and

accessioned in the Cornell University Insect Collection

(CUIC). Field collections were supplemented with

museum specimens from localities in Guatemala, Boli-

via, Colombia, French Guiana and Brazil (Table S1, Sup-

porting information).

Genetic data collection

Leg tissue was ground in liquid nitrogen and digested

overnight in 1 lg/lL of Proteinase K. DNA was

extracted using the DNeasy blood and tissue extraction

NA
CR
CA

NAF
SAF

CAm

CR
CA

NA
AF

WA

BC

MC
SA

NAF
SAF

PA

NA
CR
CA

(A)

(B)

(C)

CRIC
CRIS

PANI PANP
COLQ

ECUW ECUE
PERN

PERS

GUFA

BRAA

BAFN

BAFS

CRIC
CRIS

PANI
PANP

COLQ

ECUW ECUE

PERN

PERS

GUFA

BRAA

BAFN

CRIC
CRIS

PANI

COLQ

ECUW ECUE

PERN

PERS

GUFA

BRAA

BOLA

COLW

COLA

COLE

COLE

BOLA

GUAC

CRIN

COLW

COLB

COLN

Fig. 1 Climatically stable areas (CSA) and distribution of sam-

pling localities for Eulaema bombiformis (A), E. meriana (B) and

E. cingulata (C). CSA are the result of overlapping current and

LGM climatic suitability models for each species. Colored areas

indicate contiguous CSA: Central America (CA), Choc�o Region

(CR), Northern Amazon (NA), Northern Atlantic Forest (NAF),

Southern Atlantic Forest (SAF), West Amazon (WA), Central

Amazon (CAm), Southern Amazon (SA), Brazilian Cerrado

(BC), Par�a Amazon (PA) and Maranh~ao Coast (MC). Shaded

grey areas indicate suitable areas for the three species under

current climatic conditions.
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kit (QIAGEN) for field collected tissues, or a standard

phenol–chloroform DNA extraction protocol in the case

of museum specimens (Danforth 1999). We sequenced a

total of ~3750 base pairs from seven genes: two mito-

chondrial genes (COI: Cytochrome oxidase I, and Cytb:

Cytochrome b), two nuclear protein-coding genes (CAD:

carbamoyl-phosphate synthetase 2, aspartate transcar-

bamylase and dihydroorotase; and EF1-a: Elongation

Factor 1 alpha) and three anonymous single copy

nuclear loci (ASCN) that included a microsatellite

region (EM8, EM70 and EM106) (Table 1). We chose

these markers because they all showed clear sequencing

results and comprise a group of genes with a wide

range of mutation rates. All mitochondrial and nuclear

coding genes were sequenced in both directions, while

the ASCN loci were sequenced only in the forward

strand using a 24-bp tag added to the forward primers

(L�opez-Uribe et al. 2011). Fragments were sequenced

using the Big Dye terminator kit (version 3.1) (Applied

Biosystems) on an ABI 3730 capillary sequencer.

Genetic diversity

Haploid male sequences were assembled and individu-

ally edited in SEQUENCHER v.5.0 (DNASTAR). Haplotype

sequences were deposited in GenBank (Accession nos

KF895558–KF970454; Table S1, Supporting information).

We used Clustal W to generate a multiple sequence

alignment in MEGALIGN v.8.0.2 (DNASTAR), which was

then manually edited in MACCLADE v.4.08 (Maddison &

Maddison 2005). We calculated the number of polymor-

phic sites (NP), number of singletons (NS) and number of

alleles (NA) of each gene per species in the software DNASP

v.5 (Librado & Rozas 2009). We also estimated the aver-

age number of nucleotide differences (k), nucleotide

diversity (p) and haplotype diversity (h) of the popula-

tions grouped by the CSAs identified based on ENMs.

Because mitochondrial recombination is possible (Galtier

et al. 2009), we tested for recombination in each protein-

coding gene and in the concatenated mitochondrial data

set using Sawyer’s statistical test, maximum chi-squared,

sister scanning method and automated bootscanning as

implemented in the software RDP (Martin et al. 2005).

Phylogenetic inference

We inferred the best-fit models of molecular evolution

for the concatenated data set of protein-coding genes

using JMODELTEST v.0.1.1 (Posada 2008) based on the cor-

rected Akaike information criterion (AICc). Bayesian

analyses were performed separately for each species in

MRBAYES v.3.1.2 (Huelsenbeck & Ronquist 2001) using

two independent runs each with three heated and one

cold Markov chains sampling every 1000 generations.

Twenty million generations were sufficient to ensure

the average standard deviation of split frequencies was

Table 1 Summary of PCR primers and genetic diversity indices per locus for Eulaema bombiformis (Ebom), E. meriana (Emer) and

E. cingulata (Ecin)

Locus Primers Species Length NP NS NA Reference

COI F: 5’-CAA CAT TTA TTT TGA TTT TTT GG-30

R: 50-TCC AAT GCA CTA ATC TGC CAT ATT A-30
Ebom 838 51 15 38 Simon et al. (1994)

Emer 847 53 12 59

Ecin 835–838 23 9 25

Cytb F: 50-TAT GTA CTA CCA TGA GGA CAA ATA TC-30

R: 50-ATT ACA CCT CCT AAT TTA TTA GGA AT-30
Ebom 433 18 4 24 Crozier et al. (1991)

Emer 433 39 11 45

Ecin 433 18 5 26

CAD F: 50-GGW TAT CCC GTD ATG GCB MGW GC-30

R: 50-GCA THA CYT CHC CCA CRC TYT TC-30
Ebom 673 40 16 63 Danforth et al. (2006)

Emer 673 17 6 69

Ecin 673 46 30 69

EF1a F: 50-G GGY AAA GGW TCC TTC AAR TAT GC-30

R: 50-A ATC AGC AGC ACC TTT AGG TGG -30
Ebom 991–994 33 26 10 Danforth & Ji (1998)

Emer 991–996 17 14 10

Ecin 991–994 29 25 13

EM8 F: 50-CAG CGT CGC GAT TGG TTC TAC A-30

R: 50-TCA GCT TTG TCA CCG GCA CTG T-30
Ebom 210–238 5 5 6 L�opez-Uribe et al. (2011)

Emer 260–282 12 3 13

Ecin 254–268 10 6 9

EM70 F: 50-GTA CCA CTG CGA GAG CGA AGA AAA-30

R: 50-CCA GTG GCC CGA AGT AGA AAC A-30
Ebom 229–240 13 9 12 L�opez-Uribe et al. (2011)

Emer 231–254 15 8 11

Ecin 231–251 27 15 33

EM106 F: 50-GAC GTG GAT GAG CCG CAG AAG AC-30

R: 50-TCC GAC GAT GTA CGA GCA CGA A-30
Ebom 207–234 15 1 24 L�opez-Uribe et al. (2011)

Emer 197–257 6 1 11

Ecin 219–267 12 7 12

NP, Number of polymorphic sites; NS, number of singletons; NA, number of alleles.
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below 0.01. Stationarity of likelihood scores and param-

eter convergence was assessed using TRACER v. 1.4. Pos-

terior probabilities were estimated from the distribution

of trees after discarding the first 20 000 as burn-in. We

used sequences from the other two Eulaema spp.

included in this study as outgroups for phylogenetic

reconstructions.

A time-calibrated phylogeny of the mitochondrial

data set was estimated in BEAST 1.6.2 (Drummond &

Rambaut 2007) under the coalescent model of expansion

growth. We estimated the time to the most recent com-

mon ancestor (tMRCA) using the COI substitution rate

of 1.2–1.5% per million years calibrated for other insects

(Farrell 2001). Node ages were estimated using a strict

clock, which is appropriate for intraspecific data analy-

sed under a coalescent model. We performed two inde-

pendent runs for 20 million generations sampling every

1000 generations. Convergence was assessed by examin-

ing run log files in TRACER v. 1.4 and confirming that

effective sampling size (ESS) for parameters was greater

than 200. To reconstruct the maximum clade credibility

(MCC) tree, we discarded the first 10% of the sampled

trees as burn-in.

Haplotype networks

Mitochondrial and nuclear protein-coding haplotypes

were also visualized with a neighbour-net network con-

structed in SPLITSTREE4 v. 4.12.3 (Huson & Bryant 2006).

We used the Tamura–Nei distance to estimate the net

sequence divergence between major phylogeographical

groups in the program DNAsp v.5 (Librado & Rozas

2009). To detect spatial structuring in the mitochondrial

vs. nuclear data, we used the global and local tests of

the spatial principal component analysis (sPCA) in the R

package ADAGENET v.1.3-9.2 (Jombart et al. 2008; R Core

Team 2013). sPCA uses allele frequencies to investigate

patterns of genetic variability in a spatially explicit con-

text. This test differentiates between global structures

that indicate the presence of coarse-scale spatial patterns

(e.g. clines, patches), and local structures, that detect dif-

ferentiation between neighbouring sites. This approach

is appropriate for detecting spatial patterns unidentifi-

able with tree-based methods (Jombart et al. 2008).

Population structure

We tested phylogeographical hypotheses based on the

CSAs identified for each species (Table S2, Supporting

information) using two different methods. In all cases,

mitochondrial sequence data and nuclear haplotype

data were analysed separately due to potential for

incongruent phylogeographical signals from the differ-

ent markers. First, we used full and partial Mantel tests,

as implemented in IBDWB v.3.23 (Jensen et al. 2005), to

investigate patterns of isolation by distance (linear geo-

graphical distance) and isolation-by-barrier (matrix

between hypothesized CSA) as predictors of the level of

genetic differentiation between populations. Interpopu-

lation differentiation was tested using Rousset’s

distance method [PhiST/(1-PhiST)]. Second, we imple-

mented an analysis of molecular variance (AMOVA) in

ARLEQUIN v. 3.5.1.2 to calculate the percentage of genetic

variation explained by populations grouped based on

the identified CSAs (Excoffier & Lischer 2010).

Demographic inference

We calculated Fu’s Fs in ARLEQUIN v. 3.5.1.2 (Excoffier &

Lischer 2010) to detect departures from neutrality or

constant population size. The demographic history of

each phylogeographical lineage was reconstructed using

an Extended Bayesian Skyline Plot (EBSP) as imple-

mented in BEAST 1.6.2 (Drummond & Rambaut 2007).

All nuclear and mitochondrial markers were pooled in

this analysis, and the haplodiploid effective population

size of nuclear markers was incorporated in our model

as x-linked genes. To test for sex-biased dispersal, we

estimated migration rates between CSAs for nuclear

and mitochondrial data independently by fitting a

model of isolation-with-migration as implemented in

the software IMa2 (Hey & Nielsen 2007). Greater migra-

tion rates in the nuclear than in the mitochondrial DNA

would support the male-biased dispersal hypothesis.

For loci EM8 and EM70, information about the micro-

satellite and flanking regions was provided separately.

Locus EM106 was not included because the flanking

region violated the infinite sites mutation model. First,

we analyzed simultaneously all populations of E. bombi-

formis and E. meriana. However, due to the computa-

tional challenges of estimating a high number of

parameters from multiple populations, the IMa2 analy-

ses only reached convergence for pairs of sister popula-

tions. Thus, we only present results for two pairs of

populations from neighbouring CSAs in E. bombiformis

(pair 1: ‘CR2’ and CA; pair 2: NA2 + NA3 and ‘AF’).

Final analyses consisted of two runs of 10–40 geometri-

cally heated chains with burn-in 100k steps and sam-

pled for 20 000 000 steps. We report population

migration rate calculated as the mutation-scaled migra-

tion rate multiplied by population size.

Results

Niche modelling

The MAXENT ENMs accurately predicted the current distri-

bution of the three species (AUCEbom = 0.983 � 0.001;
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AUCEmer = 0.989 � 0.002; AUCEcin = 0.968 � 0.013)

(Fig S1 A–C, Supporting information). However, we

identified some areas of under-prediction likely due to

limited locality presence records from these regions (Fig

S1 A–C, Supporting information). Performance of the test

and training data sets were similar, indicating that the

data points used for model building were not spatially

autocorrelated. The permutation importance test indi-

cated that temperature seasonality was the variable con-

tributing the most to model gain in all three species.

Precipitation of the coldest quarter was also an important

variable for E. bombiformis and E. meriana.

For E. bombiformis, five major CSAs were identified

(Fig. 1A) with two major distribution shifts during

LGM: (i) a reduction in the suitable habitat in the Ama-

zon basin to one large suitable area located on the

Northern Amazon and the foothills of Guiana highlands

(NA) and (ii) a subdivision of the Atlantic Forest into

two smaller refugia (NAF, SAF) spatially congruent

with earlier models of Pleistocene refugia (Carnaval &

Bates 2007; Carnaval et al. 2009). The distribution of

E. meriana was more fragmented during LGM, and six

major CSAs were identified (Fig. 1B). For E. meriana,

the suitable habitat in the Atlantic Forest was reduced

to one small area restricted to the coast of Pernambuco

(AF). The Amazon Basin was reduced to small pockets

of forest located to the west and centre of the Amazon

(WA, CAm) and the foothills of Guiana highlands (GF).

For E. cingulata, we identified eight CSAs with the larg-

est areas located in Central America and the southern

part of the current distribution of this species (Fig. 1C).

In contrast to E. bombiformis and E. meriana, CSAs for

E. cingulata included current dry forests and savanna

areas, such as the Brazilian Cerrado (BC).

Niche breadth index

Relative niche breadth indices showed that the species

with the broadest niche breadth is E. cingulata (RNB = 1;

ΣDEcin = 54 131) followed by E. bombiformis (RNB = 0.34;

ΣDEbom = 18 396) and E. meriana (RNB = 0.33; ΣDEmer =
17 748) (Table S3, Supporting information). More specifi-

cally, E. meriana and E. bombiformis showed one-third

the niche breadth of E. cingulata. This difference is in

accordance with the exclusive association of E. meriana

and E. bombiformis with wet forests, while E. cingulata

inhabits both wet and dry forests. Response curves to

environmental variables revealed that E. bombiformis has

broader physiological tolerance than E. meriana based on

16 of the 19 climatic variables. However, E. meriana has

a wider physiological tolerance to colder temperatures

(DBIO6 – Table S3, Supporting information), suggesting

that this physiological trait may explain its greater

altitudinal range. Overall, palaeomodels indicate that

suitable habitat was reduced during the dry period of

the Pleistocene for all three species, especially in the

Amazon Basin (Fig. S1D–F, Supporting information). As

expected, the species with the broadest physiological

tolerance (E. cingulata) had the most widespread distri-

bution during dry climatic periods of the Pleistocene

despite experiencing the most severe reduction in over-

all suitable habitat (47%). Reduction in suitable habitat

was 30% and 40% for E. bombiformis and E. meriana,

respectively.

Patterns of genetic diversity

The degree of mitochondrial genetic diversity within

CSAs was concordant with predictions based on the

age of each phylogeographical group (see below). Gen-

erally, geographical areas with older lineages showed

greater levels of genetic diversity. Geographical regions

that showed the highest mitochondrial genetic diversity

were the Northern Amazon (NA) in E. bombiformis

(�pmt = 0.00751), Choc�o Region (CR) in E. meriana

(pmt = 0.00982) and Northern Amazon (NA) in E. cingu-

lata (�pmt = 0.00472) (Table 2). Average nucleotide diver-

sity was higher for mitochondrial than for nuclear

genes in E. meriana (�pmt = 0.00548; �pnu = 0.00286), but

similar in E. bombiformis (�pmt = 0.00454; �pnu = 0.00423)

and E. cingulata (�pmt = 0.00337; �pnu = 0.00312). We

found no evidence of recombination for the mitochon-

drial or nuclear genes using four different recombina-

tion detection tests.

Time-calibrated phylogenies

Bayesian tree topologies of concatenated mtDNA phy-

logenies were congruent between the MRBAYES and BEAST

analyses. Mitochondrial Bayesian phylogenies recover

strong phylogeographical structure for E. bombiformis

and E. meriana, the two focal species with narrower

physiological tolerances, but not for E. cingulata (Fig. 2).

Furthermore, the majority of the lineages in E. bombifor-

mis and E. meriana were spatially congruent with pre-

dicted CSAs and date to the Pleistocene (Fig. 2). For

E. bombiformis, we analysed both mitochondrial genes

concatenated under the HKY + I + G model. The MCC

tree recovered one old lineage from the Amazon basin

(Am1) and two reciprocally monophyletic groups

[~1.5 Mya; 95% highest posterior density (HPD) = 0.88,

2.16] spatially concordant with an east–west split due to

the presence of the Andes cordillera (Fig. 2A). Within

the east clade, we found three monophyletic lineages

from the Amazon Basin (Am1, Am2 and Am3) and one

lineage that groups all the Atlantic Forest haplotypes

and two individuals from the Amazon basin (‘AF’)

(Fig. 2A). Within the west clade, samples from Central
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America (CA) are monophyletic (~0.2 Mya; HPD = 0.09,

0.39), while individuals from the Choc�o Region (‘CR1’,

‘CR2’) form two highly supported clades that include

some individuals from Central America.

The MCC tree for E. meriana, based on the

GTR + I + G model, revealed two old lineages that

diverged early in the history of this species: one from

Central America (CA1) (~4.3 Mya; HPD = 1.96, 5.80)

and one from Choc�o region (CR1) (~2.9 Mya;

HPD = 1.61, 4.36) (Fig. 2B). These early-diverged lin-

eages are sister to a clade (~1.6 Mya; HPD = 0.93, 2.43)

that comprises two lineages: one from the Amazon

Basin (Am) (~0.44 Mya; HPD = 0.17, 0.75) + Atlantic

Forest (‘AF’) (~0.96 Mya; HPD = 0.41, 1.57) sister to a

monophyletic clade comprising individuals from Gui-

ana’s foothills (GF), Choc�o Region (‘CR2’) (~0.42 Mya;

HPD = 0.20, 0.67) and Central America (‘CA2’)

(~0.33 Mya; HPD = 0.19, 0.51).

The Bayesian phylogenetic trees for E. cingulata were

built using the HKY + I molecular evolution model.

Unlike the patterns found in E. bombiformis and E. meri-

ana, the mitochondrial data set recovered no geographi-

cally structured lineages in E. cingulata (Fig. 2C). The

only obvious features of the tree topology are the pres-

ence of (i) only one highly supported phylogenetic

group with mixed haplotypes from Central America,

Choc�o Region and Amazon basin and (ii) a monophy-

letic lineage that includes haplotypes from the Southern

Amazon basin refugia (Am).

The Bayesian phylogenetic reconstruction from the

protein-coding nuclear genes did not recover phylogeo-

graphical signal for any of the species (not shown).

Identical nuclear haplotypes were found in individuals

from Costa Rica and Bolivia located ~4000 km apart.

Although not informative for phylogenetic inference,

the haplotype genetic data from the nuclear loci were

used for the population and phylogeographical level

analyses (see below).

Average mitochondrial nucleotide divergence

between phylogeographical groups was 1.13% for

E. bombiformis, 0.96% for E. meriana and 0.39% for

E. cingulata. Average nuclear nucleotide divergence was

lower than mitochondrial divergence in E. bombiformis

and E. meriana (0.53% and 0.3%, respectively) but simi-

lar in E. cingulata (0.31%).

Haplotype networks and microsatellite trees

Neighbour-net haplotype networks for the mitochon-

drial data strongly supported the spatial grouping

based on the ENMs for E. bombiformis and E. meriana

(Fig. 3A,B). The sPCA global test indicated highly sig-

nificant structure for all species in the mitochondrial

data set (pEbom < 0.001; pEmer < 0.001; pEcin < 0.001)

(Fig. S3, Supporting information). These results reveal

cryptic genetic structure that is not explained by the

hypothesized CSAs in E. cingulata. The nuclear haplo-

type network data for CAD and EF1a showed a

random distribution of haplotypes based on their geo-

graphical origin (Fig. 3D–I). These results are supported

by the nonsignificant sPCA global test results for all

species (pEbom = 0.131; pEmer = 0.208, pEcin = 0.347).

Table 2 Genetic diversity indices for the mitochondrial (mtDNA) and nuclear (nuDNA) protein-coding genes of populations

grouped by the closest CSA in E. bombiformis (Ebom), E. meriana (Emer) and E. cingulata (Ecin). Average nucleotide differences (k),

nucleotide diversity (p) and haplotype diversity (h)

Species CSA

mtDNA nuDNA

n k p h n k p h

Eulaema bombiformis CA 19 3.520 0.00277 0.708 10 7.667 0.00330 1

CR 10 6.578 0.00518 0.956 8 13.071 0.00563 1

NA 24 9.543 0.00751 0.989 18 10.261 0.00444 1

AF* 10 3.444 0.00271 0.911 9 8.194 0.00354 1

Eulaema meriana CA 67 6.316 0.00493 0.95 49 6.276 0.002669 0.999

CR 31 12.568 0.00982 0.916 29 7.320 0.003082 1

Am† 31 3.596 0.00290 0.94 38 6.434 0.002715 1

GF 5 6.2 0.00484 1 6 6.667 0.002805 1

AF 7 6.286 0.00491 0.857 4 7.167 0.003011 1

Eulaema cingulata CA 62 4.303 0.00339 0.887 44 8.309 0.00351 1

NA 9 5.99 0.00472 0.989 4 7.5 0.00314 1

WA 25 3.94 0.00311 0.903 16 7.283 0.00306 0.992

SA 12 2.879 0.00227 0.955 9 6.556 0.00275 1

*AF groups populations from NAF and SAF.
†Am groups populations from WA and CAm.
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Local structure was detected only for E. meriana in both

the mitochondrial and nuclear datasets (mt: pEbom = 1;

pEmer = 0.026, pEcin = 0.097; nu: pEbom = 0.12; pEmer =
0.007, pEcin = 0.671) (Fig. S3, Supporting information).

This significant local structure is likely the result of

genetic differentiation between E. meriana individuals

codistributed in Central America and the Choc�o Region

but belonging to the basal and derived lineages in this

species (Fig. 2B).

Phylogeographical structure and signatures of
population expansion

The hierarchical F-statistics results for the mitochondrial

and nuclear data sets were incongruent across all three

focal species. The AMOVA analysis of mtDNA data indi-

cated that CSAs explained 24% and 34% of the variation

in E. bombiformis and E. meriana, respectively, but did

not explain any variation in E. cingulata (Table 3). Like-

wise, Fct values based on mtDNA were highly signifi-

cant in E. bombiformis and E. meriana, but not in

E. cingulata. For nuDNA, most of the genetic variation

was found within populations (Vc > 90% for all three

species) (Table 3). We found significant patterns of

isolation by distance for the mitochondrial data in

E. bombiformis and E. meriana (rEbom = 0.32, P = 0.031;

rEmer = 0.52, P = 0.001), but not in E. cingulata

(rEcin = 0.0082, P = 0.28). However, isolation-by-barrier

showed a higher correlation with genetic differentiation

in E. bombiformis and E. meriana (rEbom = 0.65, P = 0.001;

rEmer = 0.67, P < 0.001). Neither IBD nor IBB were sig-

nificant for the nuclear haplotype data (IBD: rEbom =
0.19, P = 0.12; rEmer = 0.12, P = 0.22; rEcin = 0.16,

P = 0.14; IBB: rEbom = �0.018, P = 0.47; rEmer = 0.13,

P = 0.88; rEcin = 0.0078, P = 0.53).

Fu’s Fs values were negative and highly significant in

all phylogeographical groups except for NA and AF in

E. meriana (Table 4). These results indicate that most of

the sampled populations have not reached mutation–

drift equilibrium due to demographic population

expansion or purifying selection. The EBSPs detected

one population size increase for all lineages except for

CR in E. bombiformis and AF in E. meriana (Fig. 4).

EBSPs were not calculated in E. cingulata due to lack of

monophyletic lineages in this taxon. Estimates of cur-

rent effective population sizes based on EBSPs vary

between 66 000 and 37 000 000 individuals per lineage

(Table 4). IMa2 runs for two pairs of populations in

E. bombiformis (pair 1: ‘CR2’ and CA; pair 2:

NA2 + NA3 and ‘AF’) reached convergence with high

ESS values across all parameters. However, parameters

could not be estimated with certainty (posterior density

did not reach low levels at the lower limit of the prior);

thus, these results should be interpreted with caution.

Peak posterior distribution of migration rate estimates

indicated that the number of migrants per generation

was at least three times lower in the mtDNA than in the

nuDNA (Table 5, Fig. S4, Supporting information). The

highest estimated migration rate was detected from

Central America (CA) to the Choc�o Region (‘CR2’)

(mtDNA; HiPt 0.0125, 95% HPD = 0.0075–97.49; nuDNA:

HiPt 0.563, 95% HPD = 0.168–22 120.40) and the lowest

from the Atlantic Forest (‘AF’) to the Amazon (NA2 +
NA3) (mtDNA: HiPt 0.015, 95% HPD = 0.0084–244.76;

nuDNA: HiPt 0.619, 95% HPD = 0.219–296.41) (Table 5,

Fig. S4, Supporting information).

Discussion

Demographic effects of climatic stability

Ours is the first study to investigate the phylogeograph-

ical history of widespread pollinators at a transconti-

nental geographical scale using a combination of spatial

models and multilocus molecular markers. Our results

confirmed our hypothesis that climatic instability dur-

ing the Pleistocene played an important role on the

intraspecific lineage diversification in these Neotropical

pollinators and that the impact of historical climate var-

iability varied between taxa with different niche

breadths. Our initial hypothesis was supported based

on three results. First, species-specific palaeomodels

indicated a reduction in the geographical distribution of

all three species. As predicted, E. cingulata was the most

widely distributed species during the LGM, but this

species also experienced the greatest reduction in distri-

bution, suggesting that during glaciations, the dry areas

in the Neotropics were unsuitable even for the species

with the widest physiological tolerance. Second, our

results revealed strong geographical structuring of mito-

chondrial genetic diversity in the two species with

narrower physiological tolerance, consistent with pre-

dictions of population persistence in refugia and low

female dispersal between CSAs. This pattern was not

found in E. cingulata, the species with wide physiologi-

cal tolerance. The lack of structuring in E. cingulata may

be the result of high historical and contemporary dis-

persal between CSAs, given the broad physiological tol-

erance of this species. Even though the ENM for

E. cingulata indicated a dramatic reduction in habitat

suitability during the Pleistocene, we cannot dismiss the

possibility that this species was capable of dispersal

through unsuitable areas during that time. Third, phylo-

geographical structuring was spatially and temporally

consistent with the inferred CSAs. Our dating analysis

indicated that both E. bombiformis and E. meriana origi-

nated during late Pliocene and, except for the two

basal lineages in E. meriana, all lineages date from the
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Pleistocene, suggesting that the diversification of these

lineages is recent, and not likely a result of earlier Plio-

cene geological and tectonic events in South America.

We found striking incongruence in the patterns of dis-

tribution of genetic diversity from nuclear and mitochon-

drial markers. MtDNA showed a significant association

(A) (B) (C)

(D) (E) (F)

(G) (H) (I)

Fig. 3 Multilocus mitochondrial (A–C), CAD (D–F) and EF1a (G–I) networks under the neighbour-net algorithm for E. bombiformis

(A, D, G), E. meriana (B, E, H) and E. cingulata (C, F, I). Haplotypes are coloured by the closest CSAs (Fig. 1, Table S2) from their geo-

graphical origin. Black dots indicate haplotypes that were found in multiple CSAs. CSAs, Climatically stable areas.

Table 3 Summary of the analysis of molecular variance (AMOVA) for the mitochondrial (mtDNA) and nuclear (nuDNA) data sets.

Populations are grouped based on the identified CSAs from the ecological niche modelling

Species

Among CSA

Among populations

within CSA Within populations

Va (%) Fct Vb (%) Fsc Vc (%) Fst

Eulaema bombiformis mtDNA 23.71 0.24** 8.56 0.11n.s 67.73 0.32***

nuDNA 5.23 0.053* �2.76 �0.025n.s 97.53 0.025n.s

Eulaema meriana mtDNA 34.33 0.34*** 11.31 0.17*** 54.36 0.46***

nuDNA 2.65 0.026n.s. 6.27 0.064** 91.07 0.089***

Eulaema cingulata mtDNA �3.13 �0.031n.s. 39.95 0.39*** 63.18 0.37***

nuDNA 0.005 0.002n.s. �0.02 �0.009n.s 100 �0.008n.s.

Significance of P-values shown as < 0.05 (*), P < 0.01 (**), P < 0.005 (***), or nonsignificant (n.s).
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between geographical and genetic distance in all three

focal species, a pattern absent in the nuDNA. Discordant

cyto-nuclear patterns are common in recently diverged

lineages (G�omez-Zurita & Vogler 2003; Bryja et al. 2010),

and different processes may explain this pattern. First,

discordance can result from long-term male-biased dis-

Table 4 Demographic parameter estimates for lineages and neutrality tests for geographical groups in E. bombiformis, E. meriana and

E. cingulata. Current median effective population size (Ne in thousands) and number of changes in population size (DNe) were esti-

mated through Extended Bayesian Skyline Plots

Lineage Ne DNe CSA Fu’s Fs

Eulaema

bombiformis

CA 377 (�242) 1 (�0.042) CA �21.834***

‘CR1’ 419 (�291) 0 (�0.001) CR �4.846**

NA2 2049 (�169) 1 (�0.0087) NA �6.4571*

NA3 3714 (�1563) 1 (�0.013)

AF 371 (�96.4) 1 (�0.096) AF �7.609***

Eulaema

meriana

CA1 246 (�5.6) 1 (�0.005) CA �25.184**

‘CA2’ 670 (�121) 1 (�0.021)

CR1 29 (�16.4) 1 (�0.019) CR �22.562***

‘CR2’ 243 (�198) 1 (�0.033)

NA 66 (�16) 1 (�0.009) NA �1.0114

WA 1622 (�558) 1 (�0.018) WA �26.035***

AF 689 (�260) 0 (�0.011) AF �2.482

Eulaema

cingulata

CA N.A. N.A. CA �26.495***

CR N.A. N.A. CR �25.231***

NAm N.A. N.A. NAm �8.627***

SAm N.A. N.A. SAm �25.626***

Significance for the neutrality tests shown as P < 0.02 (*), P < 0.005 (**), P < 0.001 (***), or nonsignificant (n.s).
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Fig. 4 Effective population size (Ne) through time (Mya) for monophyletic lineages in E. bombiformis (A–E) and E. meriana (F–L).

Dotted lines indicate median Ne. Upper and lower lines indicate 95% highest posterior density intervals.
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persal resulting in panmixia in the nuDNA and genetic

structure in the mtDNA. Alternatively, cyto-nuclear

discordance can arise due to slower mutation rate and

larger effective population size of the nuclear genome

(Prugnolle & de Meeus 2002). Another possible explana-

tion is that female traits, such as mtDNA, are adaptive

resulting in mitochondrial haplotype frequencies selected

by environmental conditions (Pavlova et al. 2013). In this

study, we targeted two mitochondrial protein-coding

markers and five nuclear markers with slow and fast

mutation rates. Both types of nuclear markers, the slow-

evolving protein-coding and the fast-evolving ASCN loci,

lacked genetic structure, while the mtDNA loci consis-

tently showed high population structure. Our sampling

within CSAs included populations separated by more

than 2500 km and with latitudinal variation of 23°. There-
fore, adaptive selection seems an unlikely explanation for

the cyto-nuclear discordance given the great environ-

mental variation within sampled CSAs. Estimates of

migration rates for E. bombiformis indicate lower gene

flow between phylogeographical groups with the mito-

chondrial than the nuclear genome. These results do not

completely eliminate the possibility that some of the

observed patterns are due to incomplete lineage sorting,

but they validate previous ecological and behavioural

studies that suggested that gene flow is male-biased in

orchid bees (L�opez-Uribe et al. 2008).

Overall, palaeomodels and demographic inferences

indicated that climatic instability, physiological toler-

ance and sex-biased dispersal shaped the current distri-

bution of genetic diversity in our focal orchid bee

species. Furthermore, our results corroborate that cur-

rent wet forested areas in the Neotropics, particularly in

the Amazon basin, were drier and supported smaller

populations during the LGM (Solomon et al. 2008; Alf-

aro et al. 2012). This study provides clear evidence that

climatic instability can be an important driver of intra-

specific lineage diversification even in highly mobile

organisms with large effective population sizes.

Phylogeographical history

Our mitochondrial results provide new insights into the

origins and colonization histories of our focal orchid

bee species (Ram�ırez et al. 2010). Because a single mated

female bee can colonize a new area and establish a pop-

ulation (Zayed et al. 2007), the mtDNA is an informa-

tive marker to make inferences about colonization

events even though this marker exclusively depicts the

evolutionary history of maternal lineages. The mito-

chondrial topology for E. bombiformis indicates an origin

in the Amazon Basin and later colonization west of the

Andes. Our data indicate that the colonization of the

Atlantic Forest from the Amazon basin occurred during

a wet climatic period of the Pleistocene (~0.35 Mya;

HPD = 0.28, 1.18) (Fig. 2A). The presence of two indi-

viduals from the northern Brazilian Amazon within the

Atlantic Forest clade suggests a connection between

these two regions through the Caatinga in northeastern

Brazil (Wang et al. 2004; Batalha-Filho et al. 2012).

Furthermore, a recent collection of E. bombiformis in

mid-elevation forested islands in the middle of the

Caatinga (Ubajara, Cear�a, Brazil) (Nem�esio & Ferrari

2012) supports the hypothesis of a forest connection

between the Amazon and the Atlantic Forest through

gene flow corridors in northern South America. We

found a recent divergence between populations east

and west of the Andes (~1.48 Mya; HPD = 0.88, 2.16)

that post-dates the uplift of this Cordillera (Hoorn et al.

2010), indicating cross-Andean colonization rather than

vicariance (Fig. 2A).

Eulaema meriana originated in Central America about

~3.7 Mya (HPD = 1.96, 5.8) and colonized the Choc�o

Region during the late Pliocene (~2.9 Mya; HPD = 1.61,

4.36) (Fig. 2B). Eastern South America was subsequently

colonized after the formation of the Andes, and those

populations diverged into two lineages [Atlantic Forest

(‘AF’) and Amazon Basin (WA + CAm)], congruent

with CSAs identified by the palaeomodels in that

Table 5 Estimates of effective population migration rate for E. bombiformis from the IMa2 analyses. Values shown are peak probabili-

ties with highest posterior densities at the lower and upper 95%

Populations* Genome

m0 > 1
† m1 > 0

‡

High Pt HPD95Lo HPD95Hi High Pt HPD95Lo HPD95Hi

CR – CA mt 0.0125 0.0075 97.49 0.509 0.193 89.16

nu 0.0875 0.194 46 708 1.618 0.218 43 518

Am – AF mt 0.0129 0.0061 48.55 0.015 0.0084 244.76

nu 0.563 0.168 22 120 0.619 0.219 296.41

*Populations CR, CA, Am, AF correspond to clades ‘CR2’, CA, NA2 + NA3, ‘AF’ on Fig. 2A.
†Rate at which population 0 (CR, Am) receives genes from population 1 (CA, AF).
‡Rate at which population 1 (CA, AF) receives genes from population 0 (CR, Am).
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region. During mid-Pleistocene, E. meriana colonized the

Guiana’s foothills in northern South American and

recolonized the lowland forests west of the Andes

where two different lineages diverged: one in the Choc�o

Region and one in Central America. Results from E. me-

riana corroborate the evidence of cross-Andean dispersal

found in E. bombiformis and other orchid bee species

with transcontinental distributions (Dick et al. 2004).

The lack of phylogenetic signal in the mtDNA of

E. cingulata precludes inference of the phylogeographi-

cal history of this species (Fig. 2C). From the dating

analysis, it is clear that E. cingulata has a more recent

origin than E. bombiformis and E. meriana. Therefore, we

interpret the absence of phylogeographical resolution

for this species as one or a combination of the follow-

ing: (i) incomplete lineage sorting due to the recent ori-

gin of the species, (ii) broader physiological tolerance to

dry climatic conditions allowing gene flow through

unsuitable habitats between CSAs and (iii) recent colo-

nization by a maternal lineage from a single refugium.

We caution that the estimated divergence times were

based on mutation rates calibrated for mitochondrial

genes in other insects. Therefore, these estimates should

not be interpreted as absolute but relative times of

divergence. Nonetheless, the low sequence divergence

detected between lineages supports the recent dates

estimated based on the mitochondrial mutation rates.

The phylogeographical groups we identified in this

study are congruent with major biogeographical breaks

(e.g. the Andes cordillera) that shaped the interspecific

diversification of other widespread Neotropical taxa

(Solomon et al. 2008; Martins et al. 2009). These studies

report monophyletic lineages from Central America,

the Amazon basin and the Atlantic Forests, but the

presence/absence of lineages within these major phylo-

geographical areas is not concordant among all taxa

examined to date. Phylogeographical studies in the

Neotropics suggest that palaeoclimatic instability was

an important driver of intraspecific diversification in

highly mobile organisms as evidenced by the spatial and

temporal congruence between genetic lineages and pre-

dicted CSAs (Solomon et al. 2008). However, general

spatial patterns of vicariance and dispersal are difficult to

predict due to taxon-specific physiological niche breadths

that drive different responses to climatic changes.

Persistence and species vulnerability to future climate
change

Our multilocus comparative study suggests that orchid

bees have large effective population sizes and experi-

ence long-distance male-mediated gene flow that main-

tains high levels of genetic diversity and connectivity

among populations. Our niche models show that the

geographical distribution of these Eulaema species can

be significantly reduced under dry climatic conditions,

nonetheless, orchid bees seem resilient to the

detrimental effects of climatic instability due to their

long-distance dispersal capabilities and large effective

population sizes. However, we observed different

species-specific responses depending on physiological

tolerance. Species with narrower niches are more

susceptible to isolation as a result of climate change

due to their inability to disperse through unsuitable

habitat. In the face of continued climate change, those

more susceptible species will be the first to suffer

demographic consequences of geographical isolation

due to reduction in suitable habitat. In addition, habitat

degradation and severe reduction in wet forested areas

due to agricultural intensification are likely to exacer-

bate the reduction in geographical distribution and

increase in isolation. Our results shows that under-

standing species-specific responses to historical climate

change, and combining those data with estimates of

physiological tolerances, can predict which species will

be most affected by future environmental changes.
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