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Abstract  
Background 
The divergence-with-gene-f low model of ecological speciation proposes speciation 

can proceed despite genetic interchange in populations distributed along 

environmental gradients, where variable selective regimes act on traits ultimately 

associated with reproductive isolation. Despite ample evidence for population 

divergence with gene flow, st udies showing that species- level differences arose in the 

face of gene flow and assessing the environmental and genetic factors promoting 

differentiation are scarce. Coeligena helianthea and C. bonapartei are t wo 

parapatrically distributed Andean hummingbird sister species that represent a good 

opportunity to evaluate this mode of speciation because they exhibit high (and 

potentially adaptive) phenotypic divergence with low levels of genetic differentiation. 

Here, we show these hummingbirds differ not only in plumage color but also in 

fitness-related morphological traits and confirm the lack of genetic differentiation 

suggested by Parra et. a l. 2009 with an extensive sampling of mtDNA variation.  We 

test speciation with gene f low and consider the evolutionary mechanisms that promote 

it by determining if (1) the lack of genetic differentiation bet ween species resulted 

from divergence with gene flow or from introgression or incomplete lineage sorting; 

(2) adaptation in plumage coloration to contrasting humidity conditions is a possible 

mechanism through which natural selection might have operated in this system and, 

using a candidate gene approach; and whether (3) color divergence is associated with 

genetic variation in a gene involved in pigmentation (MC1R).  

 Results  
Our results supported divergence in the face of gene flow but not a humidity-based 

selective regime as the precursor of p lumage color differences between C. helianthea 
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and C. bonapartei. No association bet ween the M C1R candidate gene and such 

plumage color var iation was found.  

Conclusions 
This study is one of the few showing evidence that two extant species likely diverged 

in the face of gene flow rather than through physical isolation of populations, and one 

of the few assessing explicitly the environmental and genetic mechanisms invo lved. 

The selective mechanism we tested for does not appear to operate here, implying a 

role for other evolutionary forces that require further examination.  

Background  
New species arise most frequently when there is geograph ic isolation of populations 

and populations diverge as a result of genetic drift or selection [1, 2]. Central to this 

model is the idea that geograph ic isolation restricts gene flow, thus allowing for 

differentiation, and that speciation without geographic isolation is unlikely because 

gene flow will often homogenize populations [2]. However, the divergence-with-

gene-flow model of eco logical speciation proposes that speciation without isolation is 

plausible if natural selection is suff iciently strong to counteract the homogenizing 

effect of gene flow and acts over several f itness-related traits [3-5]. Phenotypic 

differentiation with gene flow is expected in populations distributed along 

environmental gradients, where incipient reproductive iso lation may develop owing to 

spatially variable selective regimes acting on traits directly associated with 

reproduction or on traits associated to those involved in reproduction through 

pleiotropic effects (Rev iewed in [6]). Assortative mating or selection against hybrids 

would then facilitate the completion of reproductive isolation [2].  

 

Several recent studies show ev idence that natural selection can generate phenotypic 
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population divergence despite gene flow [7-13], and assuming such divergence is a 

precursor to the origin of distinct species, this suggests that speciation with gene flow 

might not be as uncommon as traditionally thought [14, 15]. However, documenting 

this mode of divergence or speciation is complicated owing to the difficulty of 

determining whether shared genetic variation bet ween species is a consequence of 

divergence in the presence of gene flow or rather an indication of post-speciational 

introgressive hybridzation or incomplete sorting of genetic lineages due recent 

divergence [14]. This diff iculty has been partly overcome owing to the development 

of coalescent-based tools that estimate the magnitude and timing of migration since 

divergence bet ween pairs of populations [16]. Some studies using this approach at the 

population level have demonstrated that genetic similarity bet ween phenotypically 

divergent populations is consistent with recent divergence under complete isolation, 

implying incomplete lineage sorting as the cause for lack of genetic differentiation 

[17-19], whereas others support population divergence despite gene f low [20, 21]. 

However, compelling evidence that population divergence has scaled up to the 

formation of different species in the face of gene flow remains extremely limited [16, 

22]. Although this may indicate that population divergence with gene f low is a 

transient evolutionary phenomenon that rarely leads to the origin of distinct species 

[23], more studies are necessary to fully assess the generality of speciation in the 

presence of gene flow [15]. More generally, studies explicitly assessing the role of 

ecological and genetic mechanisms promoting or constraining differentiation and 

potentially speciation are scarce, despite their crucial importance for understanding 

the origin and maintenance of biodiversity [24].  

 

In birds, fitness-related morphological and plumage coloration traits are often shaped 
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by natural selection (e.g. for foraging and f light efficiency [25], for camouf lage [25] 

or contrast with the environment [26], thermoregulation [27], protection against 

parasites[28-30]) and are cr itical in mate selection and species recognition (reviewed 

by [31]). Therefore, divergence in morphological traits and especially in those 

involving plumage coloration (considering bird’s advanced v isual system [32]) have 

the potential to drive speciation [33, 34], even in the face of gene flow. For instance, 

Gloger’s rule states that birds with darker plumage coloration frequently occur in 

more humid environments than lighter-colored conspecifics [25], a pattern that has 

often been attributed to adaptation to reduce bacterial degradation of plumage in 

humid conditions where bacteria are most abundant because melanin (the pigment 

responsible for black plumage color) confers resistance against these microbes [28-

30]. Moreover, the simple genetic basis of melanic plumage coloration can allow for 

rapid evolutionary change in the face of gene flow, reducing the probability of 

weakening differentiation of multi-loci traits through recombination of small effect 

loci. Point mutations in the Melanocortin-1 Recep tor gene (M C1R), involved in 

melanin synthesis in vertebrates (Jackson 1997), are associated with dramatic changes 

in plumage color patterns (reviewed in [35]; see also [21, 36]). Because differences in 

plumage melanin concentration can serve as cues for mate choice and species 

recognition [21], adaptive differentiation in p lumage coloration might spur the origin 

of reproductive isolation, increasing the likelihood of divergence and speciation. 

However, studies explicitly relating the evolution of melanic plumage coloration by 

natural selection with the origin of population divergence and potentially new species 

in the presence of gene flow are lacking.  

 

Here, we use several approaches to test the divergence-with-gene-flow model of 
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speciation as an exp lanation for the evolution of t wo Andean hummingbird species, 

the Blue-throated Starfrontlet (Coeligena helianthea) and the Golden-bellied 

Starfrontlet (C. bonapartei). These two species represent a good study system to test 

this model of speciation for several reasons. First, they have largely parapatric ranges 

with no obv ious geographic barriers over which environmental conditions ( i.e. 

selective pressures) might differ (Figure 1). Coeligena helianthea inhabits mostly the 

eastern slope of the Cordillera Or iental of the Colombian Andes from Departamento 

Meta north to Norte de Santander, ranging to the western slope of the cordillera in the 

Bogotá plateau and southern Cundinamarca. C. bonapartei is found on the western 

side of the Cordillera Or iental of Colombia in Boyacá and Cundinamarca, with 

populations in northwest Venezuela and northeast Colombia (Serran ía del Perijá). 

Second, these species have perfectly diagnosable phenotypes yet existing data 

indicate they lack genetic differentiation in neutral markers as expected under 

divergence with gene flow. Male p lumage color differs strikingly in that C. helianthea 

males are largely greenish black with a rose belly and aquamarine rump whereas 

those of C. bonapartei are largely golden green with fiery go ld underparts and rump 

(although females are paler than males, major color differences persist). Belly and 

rump coloration of hummingbirds are though to be shaped by selection for crypsis 

[37] and overall darkness in birds is considered to confer for anti-parasitic protection. 

However, a recent st udy found very low genetic distance bet ween them based on 

mitochondrial and nuclear intron DNA sequence data obtained from 4 individuals 

[38]. This molecule-phenotype incongruence should not be regarded as an 

unequivocally taxonomic misclassification as there is increasing evidence that the 

same pattern can likely result from divergence with gene flow [14], hybridization or 

incomplete linage sorting in closely related species [39, 40]. Solid reasons argue in 
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favor of the current species boundary. No hybrids with intermediate phenotypes 

indicative of incomplete reproductive iso lation have presently been reported (except 

for a reported couple of 19 th century bird skins with intermediate phenotypes [41] that 

presumably resulted from the human-caused dramatic decline of hummingbird 

populations at that time; F.G.Stiles, pers. comm.), and the two distinct phenotypes are 

maintained even where they coexist in sympatry. However, regardless of the 

taxonomic status of these hummingbirds, their genetic variation pattern suggests that 

divergence could have arisen in the presence of gene f low. Finally, since var iations in 

the melanin content of plumage (the likely source of color change between C. 

helianthea and C. bonapartei because melanin is the only pigment present in 

hummingbirds) can be adaptive in different environments and are presumably 

involved in reproductive isolation, differentiation in p lumage traits bet ween these 

hummingbirds might have been dr iven by nat ural selection.   

 

In this study, we show that phenotypic divergence bet ween these hummingbirds 

extends to morphometric variation. Furthermore, we confirm the lack of genetic 

differentiation bet ween C. helianthea and C. bonapartei suggested by Parra et. al. 

[38] with a much larger and geograph ically extensive sampling of mtDNA var iation. 

Then, we explicitly evaluate predictions of the speciation with gene flow model and 

consider the evolutionary mechan isms that drove divergence bet ween these species by 

addressing the following questions:  (1) is the lack of genetic differentiation bet ween 

species consistent with divergence in the face of gene flow, or is it best explained by 

introgression or incomplete lineage sorting?; In order to test for possible mechanisms 

through which natural selection might have dr iven population differentiation in this 

system, (2) can morphology and plumage coloration divergence be attributed to 
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adaptation to contrasting environmental conditions (i.e. is C. helianthea, with darker 

plumage patterns, distributed in more humid environments?)?; and (3) is co lor 

divergence associated with the genetic variation in the MC1R gene, and if so, does 

this gene exh ibit genetic signat ures of selection such as an excess of non-synonymous 

substitutions? 

Results 
Morphological analyses  
The 29 morphological variables we used to assess phenotypic divergence in 

morphometrics bet ween C. helianthea and C. bonapartei were summarized in eight 

principal components with eigenvalues greater than 1, wh ich exp lained 91.7% of the 

total variance (See additional f ile 1 : Results of principal components analysis of 

morphological var iables). Var iables loading heavily on the first axis were related to 

bill and wing size as well as body mass, those on the second axis to different wing 

features (indicating wing size and shape), those on the third axis to tarsus and tail 

length as well as bill width, and those on the fourth axis to wing aspect ratio. 

Together, these four components accounted for 63.2% of the variation; the remaining 

28.4% was explained by the other four components, each of which accounted for less 

than 10%. Clear segregation of species along the third PC axis was observed (figure 

2), indicating that individuals of C. helian thea have generally larger bills, tarsi and 

tails. This was further confirmed by a discriminant function analysis, which calculated 

one sign ificant canonical discr iminant function (Wilk’s λ = 0.254, χ2 = 68.60, p = 

0.000) that showed a strongest correlation with PC3. 96.4% of the individuals selected 

to create the model (23/25 specimens of C. helianthea and 30/30 specimens of C. 

bonapartei) and 82.6% of the remaining individuals left aside to validate the model 
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(6/7 specimens of C. helian thea and 13 /16 specimens of C. bonapartei), were 

correctly classif ied.  

Phylogeography and patterns of mtDNA variation 
ND2 sequence data were obtained for a total of 35 individuals of C. helianthea and C. 

bonapartei (Table 1). These data indicate that these species show very little genetic 

differentiation (mean 0.3%, SD 0.07 p-distance; Fst = 0.05 P > 0.05), and share some 

haplotypes in nearly equal proportions (Figure 3). Indeed, genealogies obtained with 

different methods of phylogenetic inference revealed the existence of t wo clades 

within which relationsh ips were not clear ly resolved, but those clades were not 

consistent with species limits (haplotypes belonging to each of the two main clades 

were observed in both species; Figure 3). Rather, this genetic division was associated 

with geography: one clade contained mostly individuals from the northern half of the 

study area (Norte de Santander and Cesar Departments) and the other one consisted of 

individuals from the southern half (Santander, Boyacá, Cundinamarca, and Meta). 

This phylogeograph ic break appears to associate with the dry Chicamocha Canyon 

(Norte de Santander). A similar break has also been recovered at different sites along 

the Eastern Andes of Co lombia in phylogeographic st udies of birds (Gutiérrez et al. 

unpubl. data) and frogs [42], suggesting that the Eastern Andes of Colombia 

comprises several physical barriers to gene f low that offer numerous opportunities for 

diversification. Four mutational steps separated these two clades and genetic distance 

bet ween them was approximately 0.5% (SD 0.1), a difference that resulted in 

signif icant population struct ure (Fst = 0.71 P < 0.001). Sequence divergence bet ween 

individuals was 0.1% (SD 0.04) and 0.2% (SD 0.05) within the northern and southern 

clades, respectively.  
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Within each clade, a single haplotype occurred at high frequency and no more than 

two substitutional steps separated hap lotypes (Figure 3). Only one indiv idual (from 

Boyacá, approx imately the center of the geographical distribution) lied outside these 

clades and was equally distant from both of them; other individuals from Boyacá 

shared identical or near ly identical hap lotypes with all geographic populations. This 

apparent intermediacy of individuals from the center of the distribution cannot be 

attributed to iso lation by distance because the correlation bet ween geograph ic and 

genetic distance was low and non-significant (r = 0.19, Mantel’s test p > 0.5). 

Coalescent analyses are consistent with divergence-with-gene-flow 
Results obtained with IM suggest that some gene flow is likely to have occurred since 

C. helianthea and C. bonapartei last shared a common ancestor.  The posterior 

distribution of migration rate estimates from C. helianthea to C. bonapartei (m1) and 

C. bonapartei to C. helianthea (m2) showed high posterior probabilities for a wide 

range of migration rate values, including zero, impeding us to reject recent divergence 

under complete iso lation (Figure 4a). However, analyses of the posterior probability 

of the number of migration events bet ween species did show higher probability values 

at nonzero num bers of migration events and, in the case of migration from C. 

helianthea to C. bonapartei, noticeably low probabilities for values of zero migration 

events (Figure 4b). Furthermore, records of the posterior probability of the mean time 

at wh ich those migration events occurred indicated that gene flow occurred dur ing 

some time around their initial divergence and at present the probability of ongoing 

gene flow is seemingly zero (Figure 4c). This implies that migration bet ween C. 

helianthea and C. bonapartei inferred by IM is not due to recent hybridization after a 

period of isolation (which would have resulted in higher posterior probabilities 

densities for migration estimates near the present) but rather reflects that historical 
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gene flow likely took place during the divergence process of C. helianthea and C. 

bonapartei. Thus, these results provide support for the divergence-with-gene-flow 

hypothesis and suggest that complete or nearly complete reproductive isolation has 

been ach ieved.   

The two species do not occur under contrasting environmental conditions 
The 32 environmental variables we used to characterize the environments occup ied by 

C. helianthea and C. bonapartei were summarized in seven pr incipal components 

with eigenvalues greater than 1, which explained 87.1% of the total variance (See 

additional file 2: Results of principal components analysis of env ironmental 

variables). Var iables loading heavily on the first axis were related to temperature, 

those on the second axis to leaf area (an indication of vegetation density, its 

seasonality, and tree cover), and those on the third axis to precipitation. Together, 

these three components accounted for 60.8% of the variation; the remaining 26.3% 

was explained by the other four components, each of which accounted for less than 

10%. We did not observe clear segregation of species along any of the PC axis (figure 

5), and analyses based only on climate data and on ly on remote-sensing data gave 

similar results. Likewise, ecological niche models showed that all the localities where 

C. helianthea occurs are climatically suitable for C. bonapartei and vice versa (Figure 

6). In sum, climate station and satellite-der ived vegetation data failed to separate 

species in environmental space, suggesting their phenotypic divergence is not a result 

of adaptation to different humidity conditions. Specifically, we can reject the 

hypothesis that color divergence between the species is consistent with Gloger's rule 

because the darker C. helianthea does not occur in more humid environments than the 

more lightly co lored C. bonapartei. Moreover, these analyses indicate that 

differentiation is not related to other habitat environmental conditions that may drive 
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adaptation in plumage coloration such as light availability, temperature, and 

vegetation struct ure.  

MC1R is not associated with plumage color variation 
Genetic variation at MC1R was limited, consisting of six non-recombinant alleles 

showing variation at seven nucleotide sites (Table 2). Most of the observed 

substitutions were singletons and none was fixed in either species or sex; in fact, most 

individuals of both species shared the same haplotype sequence (Figure 7). Within C. 

bonapartei, we found only one synonymous change in just one individual. In C. 

helianthea, we detected three substitutions, on ly one of which (found in a single 

individual) was non-synonymous: Ser275 (AGC) → Arg275 (AGG). In sum, we can 

reject an association bet ween M C1R genotype and species-specif ic color phenotype 

for the gene region examined.  

 

Tajima’s D value (D = -1.458) was not significantly different from cero (P > 0.10), 

and was within confidence intervals (-1.873, 2.203) estimated with a 1000-replicate 

coalescent simulation. Tajima’s D ratio (non synonymous sites/synonymous sites) 

was 0.956. These results suggest that genetic variation at MC1R is neutral because 

there is no excess of non-synonymous substitutions as expected under divergent 

selection.  

Discussion  
Using C. helianthea and C. bonapartei as a st udy system, we evaluated the 

divergence-with-gene-flow model, wh ich posits that species can arise in the face of 

gene flow between populations if nat ural selection is strong enough to offset the 

homogenizing effects of gene migration. We obtained mixed results for our 

hypotheses: molecular data were consistent with phenotypic divergence in the face of 
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gene flow, but support for a humidity-based selective regime as the precursor of 

plumage color differences bet ween C. helian thea and C. bonapartei was lacking. In 

addition, we found no association bet ween variation in M C1R gene sequence and 

plumage color var iation. 

 

Our results are consistent with the divergence-with-gene-f low model in that we 

confirmed a lack of genetic differentiation bet ween C. helianthea and C. bonapartei 

using mtDNA data and also demonstrated that this pattern is highly likely to be the 

result of historical recurrent gene f low that has decreased towards zero in 

contemporary time. This means that the posterior probability of current hybridization 

is extremely low (almost zero), wh ich, in combination with the fact that there are no 

intermediate phenotypes suggestive of current hybridization and that the two 

phenotypes persist even when they coexist in sympatry, implies we are witnessing an 

advanced stage of the speciation process where complete reproductive isolation has 

likely been achieved [23]. Thus, it appears that phenotypic divergence in these 

hummingbirds has probably led to the formation of different species even in the 

presence of gene flow. Leaving the taxonomic status of helianthea and bonapartei 

aside, it is worth noting that the main goal of this study was to gain insight on the 

evolutionary processes and mechan isms that can promote phenotypic divergence and 

potentially speciation in continuously distributed populations. Desp ite their 

importance for understanding the origin and maintenance of biodiversity, such 

processes and mechanisms remain relatively little studied because of a restricted 

attention on reporting the divergence/speciation pattern [23, 24]. 
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In principle, single- locus data are sufficient to discriminate between divergence with 

gene flow and other processes that can generate similar patterns of genetic var iation if 

two key assumptions are met: that the locus under study has evo lved neutrally and 

that it has been drawn at random such that it is un likely to show an atypical variation 

pattern in comparison to the rest of the genome [16]. Our mtDNA dataset fits the first 

condition because we explicitly tested for and rejected deviations from neutrality (see 

Methods). We suspect that the same is true for the second condition because, despite 

the smaller mtDNA effective size and its higher mutation rates, the genetic similarity 

bet ween the species is known to extend to some nuclear markers [38], thus our 

inference that there has been gene flow would likely be robust to adding data from 

additional loci. Moreover, our analyses revealed a lack of genetic differentiation 

bet ween species in an additional nuclear locus, the M C1R (see below), but we 

refrained from including this dataset into IM analyses because it contained very little 

information and because we had the a priori expectation that this locus would be 

under selection. Nevertheless, it would be interesting to include additional loci (e.g. 

microsatellites) in coalescent analyses as they may contribute to reducing uncertainty 

in the estimation of population genetic parameters [16], which would allow 

documenting the level of gene f low has apparently been offset by selection to produce 

and maintain species divergence [24, 43].  

 

Numerous examples of mtDNA paraphyly bet ween closely related taxa have been 

reported, and researchers often attribute the cause of such patterns to introgression 

[44, 45] or to recent divergence with incomplete linage sorting (reviewed by [39, 40]). 

In contrast, our analyses support the alternative explanation of divergence with gene 
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flow, a mechanism that can be a more common driver of speciation than traditionally 

thought [14, 15].  

 

Phenotypic divergence bet ween C. helianthea and C. bonapartei could not be 

attributed to adaptation to contrasting macro-env ironmental properties of the locations 

they presently inhabit. More specifically, the species with the darker plumage color 

(C. helianthea) is not found in more humid environments where, presumably, such 

colors are adaptive. Although Gloger’s rule has been thoroughly demonstrated across 

multiple species of birds [25, 46], our study is not the first to fail finding support for it 

[46]. However, our results do not necessar ily imply that plumage coloration is not 

adaptive in these hummingbirds. Instead, color-mediated adaptation could occur at a 

finer scale than the one accounted for in this st udy. For instance, C. bonapartei often 

occurs along forest edges whereas C. helianthea is often found in forest interior ([47]; 

F. G. St iles pers. comm .). Such habitat differences might select for plumage co lors 

that stand out from their background in order to augment signal efficacy [26, 48] or 

for several other traits related to trophic ecology [49, 50] that may ultimately drive 

plumage color differentiation. In fact, the latter explanation is not unreasonable as we 

found species separation in morphometric traits, such as bill, tarsus and tail size, traits 

that are typically associated with fitness in numerous studies. However, ascribing 

species divergence to adaptation to different light conditions or to foraging on 

different resources, would imply sympatric divergence because forest edge and 

interior habitats are completely intermixed considering the dispersal abilities of these 

hummingbirds [51-53]. Because sympatric speciation remains very controversial and 

is considered highly improbable, inferences in this respect require further analyses. In 

sum, although genetic analyses imply that some form of selection has been 
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responsible for divergence in these Coeligena hummingbirds, we lack clear evidence 

for a mechanism through which natural selection may have acted in this system.  

 

Knowledge of the timing of speciation might allow us to make inferences about 

historical processes that could have promoted divergence bet ween C. helianthea and 

C. bonapartei. Inferring a reliable divergence time from IM results is difficult owing 

to wide limitless confidence intervals of the estimated time parameter (t), but we can 

place an upper boundary on the divergence time bet ween the two species based on 

divergence with their sister taxon, C. lu tetiae, which is 1.6% divergent in ND2 

sequences. Assuming 2% divergence is approx imately equivalent to one million years 

of isolation[54], C. helianthea and C. bonapartei must have split within the past ~ 

800,000 years. This time period involves some of the last Pleistocene glacials, when 

high lands turned into hostile environments and forests were retreated into vegetation 

patches, thus providing new selective regimes and conditions that probably promoted 

speciation in these Coeligena hummingbirds as did in several other Andean avian 

species that are known to have originated in the Pleistocene[55]. This implies that 

perhaps species divergence was accomplished via nat ural selection if C. helian thea 

and C. bonapartei effectively occupied habitats with contrasting humidity and/or 

temperature conditions.  

 

Alternatively, considering the existence of strong sexual dichromatism in C. 

helianthea and C. bonapartei, differentiation may have proceeded in the face of gene 

flow owing to sexual selection [31, 34]. However, a recent study using a comparative 

and statistical philogenetics approach to test the hypothesis that sexual selection was 

an important driver of speciation in the genus Coeligena, revealed that although 
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sexual selection may be an important driver of phenotypic differentiation bet ween 

subspecies of Coeligena, it is probably insufficient for speciation to be completed 

unless it acts in concert with natural selection [56]. This was inferred after proving 

that sexually selected traits are more divergent in dichromatic subspecies than in 

monochromatic subspecies but those traits are not more labile than non-sexually 

selected traits between closely related species.  

 

A role for genetic drift in the origin of phenotypic divergence bet ween C. helian thea 

and C. bonapartei can either be dismissed. Theoretical studies have shown that, under 

certain conditions (i.e. strong subpopulation division and limited dispersal), speciation 

with gene flow can occur even in the absence of nat ural selection by the so le action of 

genetic drift [4, 5]. However, several coalescent-based simulations explicitly testing 

for the role of genetic drift in generating population divergence among pairs of 

populations with limited genetic divergence have rejected this possibility, implying an 

important role of either natural or sexual selection in divergence [57-59]. This 

evidence sets an interesting next step in the search for the mechanism behind the 

evolution of phenotypic divergence bet ween these Andean hummingbirds.  

 

Genetic variation in MC1R was low and was not associated with species-specific 

plumage color. No nucleotide substitutions at sites previously reported to be 

associated with phenotypic var iation in other birds [36, 60-62] were observed, 

suggesting that MC1R functional sites are highly conserved in our study species. This 

implies that, in contrast to other birds in which M C1R is involved in struct ural 

coloration [62], other genes acting as agon ists or antagon ists of MC1R (e.g. MSH and 

agouti, respectively) in the melanin metabolic pathway, may control plumage color 
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variation in these Coeligena species [61]. Alternatively, color variation in C. 

bonapartei and C. helianthea might have its genetic basis at genes controlling the 

shape of the keratin medullar matrix of the feather barb’s spongy layer, which 

determines light scattering [63]. There is also a slight chance that a nucleotide 

substitution associated with plumage color lies in the MC1R region that we did not 

examine because we only sequenced 810 bp of its 945 bp coding region. Nonetheless, 

the region we targeted codes for all the aminoacids residing in the trans-membrane or 

cytoplasmatic section of melanocytes, where presumably all functional substitutions 

reside [35, 60, 61, 64]. In sum, our st udy represents yet another of several recent 

studies documenting that MC1R does not always modulate melanic coloration 

variation in birds [44, 64, 65], which calls for studies of additional candidate loci. It 

may even be possible that the darker p lumage phenotype in C. helianthea is not 

modulated through an increase in melanin concentration and rather, it is enhanced by 

a structural change in the molecular arrangement of feather’s barbs.  

Conclusions  
This is one of the few studies where testing of the divergence mode was combined 

with testing of both potential environmental and genetic mechan isms involved in 

differentiation [15, 24]. The results obtained here are also among the few showing 

evidence that divergence in the face of gene flow likely led to the formation of two 

extant species. However, the selective mechanism we tested for does not appear to 

operate in this system at present, implying a ro le for sexual selection, micro-scale 

ecological pressures or genetic drift on generating species divergence as plausible 

hypotheses requiring further examination. More generally, Pleistocene diversif ication 

in Andean birds has often been attributed to physical iso lation of populations, but our 
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analyses reveal that selective processes in the absence of isolation might have also 

contributed to the origin of avian diversity in northern Andes.  

Methods 
Morphometric analysis 
To assess the degree to which interspecific differentiation extends to additional 

phenotypic traits other than plumage, we acquired a morphometric dataset kindly 

provided by F. G. Stiles (Instituto de de Ciencias Naturales –ICN- Colombia), 

consisting of 29 variables related to bill and wing size and shape, to tarsus and tail 

size and to body mass (and all the respective var iances) measured on 32 adult 

individuals of C. helian thea and 46 of C. bonapartei (males and females were 

included in similar proportions). With these data, we conducted a principal 

components analysis with SPSS 16.0 using varimax rotation in order to reduce 

variables to a set of uncorrelated axes and then examined whether the t wo species 

segregated in morphometric space using scatter plots. We also performed a 

discr iminant function analysis (DFA) to determine whether indiv iduals could be 

assigned to species based on morphometric variation and to identify which 

morphological traits best discriminated bet ween species. We used the previously 

calculated principal components as uncorrelated discriminating variables, Wilk’s λ as 

the model significance test and, to determine the importance of each discriminating 

variable, we examined the correlation bet ween them and the canonical discr iminant 

function. We validated the model utilizing subset validation, which predicts group 

membership for individuals not used to create the model. We also performed these 

analyses for males and females separately and results were similar to that containing 

all individuals, thus, here we refer only to the latter analysis.  
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Genetic analyses 
A total of 41 samples spanning the entire Colombian distribution of C. helianthea and 

C. bonapartei were obtained from the tissue collections of Instituto Alexander von 

Humboldt (IAvH) and the Museo de Historia Natural de la Universidad de los Andes 

(ANDES). DNA was extracted from tissue samples using either a QIAGEN DNeasy 

Tissue Kit (Qiagen, Valencia, CA, USA) and following manufacturer’s instructions, 

or through a standard phenol/chloroform extraction protocol. 

 

We amplified the 1041 bp of the mitochondr ial gene NADH dehydrogenase subun it-2 

(ND2) using external pr imers L5215 and H6313 [66]. Reactions included 2 µl of 

DNA, 16.5 µl of deionized water, 2.5 µl of 10X buffer, 1.5µl of MgCl2, 1.2 µl of each 

primer, 1.0 µl of dNTPs, 0.125 µl of Recombinant Taq DNA po lymerase. The thermal 

cycler protocol used to run PCR reactions consisted in an in itial step at 94°C for two 

min., 35 cycles of denat uration at 94°C for 45s, annealing at 52°C for 30 s and 

extension at 72°C for one min, and a final extension step at 72°C for 10 min.  

 

Using primers described by Cheviron et al. [64, 67], we amplified and sequenced a 

total of 810 bp of the 945 bp of the MC1R coding region, which is the region where 

all substitutions associated with alternative phenotypes in birds have been found. 

Reactions were as follows: 2 µl of DNA, 15.2–16.5 µl of deionized water, 2.5 µl of 

10X buffer, 1.5–2.5µl of M gCl2, 1.2 µl of each pr imer, 0.3–1.0 µl of dNTPs, 0.1–

0.125 µl of Taq DNA polymerase (Recombinant Taq, Platinum Taq or Fast Start Taq) 

and occasionally, 2.0 µl of BSA. Reactions were run in a PTC-200 thermal cycler (MJ 

research Waltham, Massachusettes). Cycler conditions consisted of an initial 

denaturation step at 94ºC for 1-3 min, followed by 35 cycles of denaturation at 94ºC 
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for 30 s, annealing at 61.5–64°C for 45s and extension a 72°C for 1.5 min, with a final 

5-minute extension at 72°C.   

 

All P CR products were cleaned with Exosap IT (USB corporation) and sequenced in 

both directions by Macrogen Inc. We assembled, edited, and aligned all sequences 

from both genes using Geneious 4.7.4 (Biomatters 2009), employing the MUSCLE 

algorithm for alignment. Alignments with other avian species allowed us to verify that 

no indels or stop codons indicative of pseudogenes were observed.  

Phylogeographic Analyses  
After obtain ing an ND2 sequence dataset for a total of 35 specimens of C. helianthea 

and C. bonapartei, we determined unique haplotypes with DnaSP 5.0 [67]. This 

resulted in a total of 14 haplotypes that compose the DNA matrix we used for 

phylogenetic inference. We used sequences of the three closest relatives of these 

species [38] as outgroups.  

 

For phylogeny reconstruction, we used Maxim um Parsimony (MP), Maximum 

Likelihood (ML) and Bayesian Inference (BI) methods. We conducted MP using a 

portable version of PAUP* 4.0 [68] and ML and BI using RAxML[69] and MrBayes 

[70], respectively, ran from the CIP RES Portal (<http://www.phylo.org/>). MP 

analysis consisted of a heuristic search using stepwise addition, TBR branch-

swapping, and 1000 bootstrap rep licates to assess nodal support. For ML, we used 

default settings under the GTR+I+G model and 10000 bootstrap rep licates. We 

conducted BI under a model with two types of nucleotide substitutions and a 

proportion of invariable sites following MrModeltest [71] results and AIC criterion. 

The MCMC parameters consisted of four chains that were run for 10 million 
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generations sampling every 1000th generation. We discarded the fir st 5 million 

generations as the burn-in before estimating the consensus tree and posterior 

probabilities for each node. Tree topologies were visualized in FigTree 1.2.2. We also 

examined relationships using a median-joining haplotype net work constructed with 

Net work 4.51 (Net work © Copyright Fluxus Techno logy Ltd 1999-2008).  

 

We computed genetic distances in DnaSP 5.0 [67]. To test if patterns of genetic 

differentiation were caused by isolation by geographic distance, we tested for an 

association bet ween genetic distance and geographic distance using a Mantel Test 

with 1000 permutations in the program Alleles In Space [72].  

Testing for Divergence-w ith-gene-flow   
We used IM [16] to test whether lack of genetic differentiation between C. helianthea 

and C. bonapartei is a result of speciation in the face of gene flow or rather a 

consequence of hybr idization following secondary contact or of incomplete linage 

sorting. This program estimates marginal posterior probability densities of 

demographic parameters ( i.e divergence time and migration rates) that allow 

distinguishing between different processes that produce similar patterns of genetic 

variation. Specif ically, IM can be used to test for divergence with gene f low as 

follows [16, 20]. Speciation with recurrent migration would predict observing an IM 

output with high probability densities for nonzero gene f low rates as well as for non 

zero migration events and would be consistent with a meantime of migration events 

distributed across time since population divergence or around some point in the past. 

In contrast, under secondary contact and hybridization after a long period of 

divergence in complete isolation, one should observe high probability densities for 

nonzero levels of gene f low and for meantime of migration events concentrated 
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towards the present. Under incomplete linage sorting, one should observe high 

probability densities for zero levels of gene flow.  

 

Before conducting analyses in IM, we verif ied that data ND2 lacked evidence of 

recombination and were selectively neutral using a four-gamete test [73] and Fu and 

Li’s D and Fu and Li’s F statistics, respectively, in DnaSP.  

We run IM several times using different sets of parameter prior values and different 

Metropolis-Coupling Markov Chain conditions to determine appropriate priors and 

Markov chain mixing. We did not include the s parameter, which allows accounting 

for changes in population size, because a mismatch distribution test [74] indicated that 

populations have been stable (R2 Statistic > 0.05). We conducted three final runs 

under the HKY substitution model using equal settings and different seed numbers to 

assess convergence. These settings consisted of 5 Metropolis-coupled chains run for 

40 million generations after a burn- in of 5 million, a t wo-step heated scheme with the 

two heated parameters set to 0.05 and 2, and a maximum of 10 chain-swapping 

attempts. We also recorded the posterior distribution for num bers of migration events 

and the mean time of migration events to assess h istorical gene flow.  

Testing the selective regime 
We characterized the environments occup ied by C. helianthea and C. bonapartei by 

associating a total of 102 different geo-referenced localities spanning their entire 

ranges [38, 56, 75] with high-resolution satellite remote-sensing data related to 

vegetation struct ure and humidity, and climate data obtained from WorldClim [76]. 

Remote sensing data [77] included optical MODIS and microwave QuickSCAT 

satellite-derived metrics provided by L. Brown and C. Graham (Department of 

Ecology and Evolution, Stony Brook University, NY). MODIS data are based on the 
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Leaf Area Index (LAI), an indication of vegetation density, its seasonality, and tree 

cover. QuickSCAT provides metrics of surface moist ure, forest complexity and their 

seasonality.  

 

We used a principal components analysis (PCA) with varimax rotation in SP SS 16.0 

to reduce variables to a set of uncorrelated axes and then examined whether localities 

occupied by the two species segregate in environmental space using scatter plots. 

Similar results were obtained using on ly remote-sensing env ironmental data, only 

WorldClim data, and all data, so we report only results of the combined analysis. As 

an additional way to visualize environmental and climatic space occupancy by C. 

helianthea and C. bonapartei we assessed potential environmentally suitable sites 

across Colombia and Venezuela for both species using n iche modeling with the 

Maximum Entropy Algorithm implemented by Maxent 3.3.1 [78] based on 19 climate 

variables obtained from WorldClim [76]. We then projected point localities of known 

occurrence of each species onto the model predicted for the other one using ArcMap 

9.1 to qualitatively observe if point localities of each species match effectively 

predicted areas for the other species, which would further indicate that species occupy 

sites with similar climatic conditions.   

MC1R genetic analyses  
We obtained MC1R sequences for a total of 26 indiv iduals (nine of C. bonapartei and 

17 of C. helianthea) that correspond to Gallus ga llus nucleotide positions 70–880 and 

encompass the complete trans-membrane region of the protein. We aligned our MC1R 

sequences with sequences of Lepidotrix coronata (GenBank–DQ388308.1 and 

DQ388312.1, Cheviron et. al 2006) and Gallus ga llus (GenBank–AY220305.1) and 

translated sequences to aminoacids to detect indels and stop codons alerting the 
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presence of possible pseudogenes (none were found), and to identify nonsynonymous 

substitutions. Alignment with G. gallus also allowed us to assign nucleotide absolute 

positions in order to compare variable sites with those associated with plumage 

variation in other avian species. We carefully checked for double peaks in M C1R 

chromatograms as an indication of heterozygotes, and coded sites following 

ambiguity IUPAC codes when peaks were present in both strands and were half the 

size of those at adjacent sites [65]. All but one heterozygote individual (n = 5) showed 

double peaks at single sites, making their gametic phase reconstruction 

straightforward. To estimate the gametic phase of the only double-heterozygote 

individual, we used the coalescent-based Bayesian method PHASE 2.1 [79] available 

in DnaSP 5.0 [67]. The first heterozygote site was recovered with a posterior 

probability of 0.59 and the second one with a posterior probability of 1.0. To visualize 

MC1R variation among individuals we constructed a haplotype net work with Network 

4.51 using the Median-Join ing method. Finally, we used DnaSP 5.0 [67] to analyze 

nucleotide variation and to test for genetic signatures of selection using Tajima’s D.  

 

Acknowledgements  
For financial support through the Proyecto Semilla Scholarsh ip Program we would 

like to thank Universidad de Los Andes. We are very grateful to F. G. St iles (Instituto 

de Ciencias Naturales, Un iversidad Nacional de Colombia) for k indly providing us 

morphometric data coming from hard-working years of research and to Catherine 

Graham and Leonel M. Brown (Department of Ecology and Evolution, Stony Brook 

University, Stony Brook, NY, USA) for handling us thoroughly compiled GIS layers 

with Remote-Sensing environmental data. For allowing us to have access to bird’s 

tissue samples preserved in their Tissue Bank, we thank Insit uto Alexander von 



 - 26 - 

Humboldt (IAvH) and Universidad de Los Andes. We also thank Angela P. Navas, 

Car los A. Pedraza, Eugenio Valderrama, Camilo Sanin, Natalia Gutierrez, Andrea 

Morales and Alexander Flores for assisting us with methodological and laboratory 

analyses.   

 

References 
1. Mayr E: Animal Species and Evolution: Harvard University Press, 

Cam bridge, Massachusetts; 1963.  
2. Coyne JA, Orr HA: Speciation: Sinauer Associates, Sunderland, MA; 2004.  
3. Rice WR, Hostert EE: Laboratory experiments on speciation: what have 

we learnt in forty years? Evolution 1993(47):1637- 1653. 
4. Gavrilets S, Li H, Vose M: Rapid parapatric speciation on holey adaptive 

landscapes. Proceedings o f the Royal Society B: Biolog ical Sciences 1998, 
265(1405):1483. 

5. Gavrilets S: A dynamical theory of speciation on holey adaptive 
landscapes [Review]. Am Nat 1999. 

6. Schluter D: Ecology and the origin of species. Trends Ecol Evol (Amst) 
2001, 16(7):372-380. 

7. Wang RL, Wakeley J, Hey J: Gene flow and natural selection in the origin 
of Drosophila pseudoobscura and close relatives. Genetics 1997, 
147(3):1091-1106. 

8. Irwin DE: Phylogeographic breaks without geographic barriers to gene 
flow. Evolution 2002, 56(12):2383-2394.  

9. Smith TB, Wayne RK, Girman D, Bruford MW: Evaluating the divergence-
with-gene-flow model in natural populations. In: The importante o f 
ecotones in rain forest speciation in Tropical rainforests Past, p resent and 
future. Edited by press TuoC; 2005 : 149 - 165.  

10. Geraldes A, Ferrand N, Nachman M: Contrasting patterns of introgression 
at X-linked loci across the hybrid zone between subspecies of the 
European rabbit (Oryctolagus cuniculus). Genetics 2006.  

11. Panova M, Hollander J, Johannesson K: Site-specific genetic divergence in 
parallel hybrid zones suggests nonallopatric evolution of reproductive 
barriers. Molecular Ecology 2006, 15(13) :4021-4031. 

12. Milá B, Wayne R, Fitze P, Smith T: Divergence with gene flow and fine-
scale phylogeographical structure in the wedge-billed woodcreeper, 
Glyphorynchus spirurus, a Neotropical rainforest bird. Molecular Ecology 
2009, 18(14):2979-2995. 

13. McCracken K, Bulgarella M, Johnson K, Kuhner M, Trucco J, Valqui T, 
Wilson R, Peters J: Gene flow in the face of countervailing selection: 
Adaptation to high-altitude hypoxia in the {beta} A hemoglobin subunit 
of yellow-billed pintails in the Andes. Molecular Biology and Evo lution 
2009, 26(4):815. 



 - 27 - 

14. Hey J: Recent advances in assessing gene flow between diverging 
populations and species. Curren t opinion in genetics & development 2006, 
16(6):592-596. 

15. Nosil P: Speciation with gene flow could be common. Molecular Ecology 
2008, 17(9):2103-2106. 

16. Hey J, Nielsen R: Multilocus methods for estim ating population sizes, 
migration rates and divergence time, with applications to the divergence 
of Drosophila pseudoobscura and D. persimilis. Genetics 2004, 167(2):747.  

17. Peters J, Gretes W, Omland K: Late Pleistocene divergence between eastern 
and western populations of wood ducks (Aix sponsa) inferred by 
the'isolation with migration'coalescent method. Molecular Ecology 2005, 
14(11):3407-3418. 

18. Dolman G, Moritz C, Nachman M: A multilocus perspective on refugial 
isolation and divergence in rainforest skinks (C arlia). Evolution 2006, 
60(3):573-582. 

19. Joseph L, Adcock GJ, Linde C, Omland KE, Heinsohn R, Terry Chesser R, 
Roshier D: A tangled tale of two teal: population history of the grey Anas 
gracilis and chestnut teal A. castanea of Australia. J Avian Bio l 2009, 
40(4):430-439. 

20. Won Y, Hey J: Divergence population genetics of chim panzees. Molecular 
Biology and Evolu tion 2005, 22(2):297. 

21. Uy JAlbert C, Moyle Robert G, Filardi Christopher E, Cheviron Zachary A: 
Difference in Plum age Color Used in Species Recognition between 
Incipient Species Is Linked to a Single Amino Acid Substitution in the 
Melanocortin�1 Receptor. Am Nat 2009, 174(2):244-254.  

22. Niemiller M, Fitzpatrick B, Miller B: Recent divergence with gene flow in 
Tennessee cave salam anders (Plethodontidae: Gyrinophilus) inferred 
from  gene genealogies. Molecular Ecology 2008, 17(9):2258-2275.  

23. Nosil P, Harmon L, Seehausen O: Ecological explanations for (incomplete) 
speciation. Trends in Ecology & Evo lution 2009, 24(3):145-156.  

24. Fitzpatrick BM, Fordyce JA, Gavr ilets S: Pattern, process and geographic 
modes of speciation. Journal of Evolutionary Biology 2009, 22(11):2342-
2347. 

25. Zink R, Remsen Jr J: Evolutionary processes and patterns of geographic 
variation in birds. Current Ornithology 1986, 4:1-69. 

26. Endler JA: Som e general commments on the evolution and design of 
anim al communication systems. Phil Trans Roy Soc Lond  1993(340):215-
225. 

27. Walsberg GE: Avian ecological energetics. Avian Biology 1983( 7):161–220.  
28. Shawkey M, Pillai S, Hill G, Siefferman L, Roberts S: Bacteria as an agent 

for change in structural plum age color: correlational and experimental 
evidence . Am Nat 2007, 169(S1):112-121.  

29. Burtt Jr E, Ichida J: Gloger's rule, feather-degrading bacteria, and color 
variation among song sparrows. The Condor 2004, 106(3):681-686. 

30. Goldstein G, Flory K, Browne B, Majid S, Ichida J, Burtt Jr E: Bacterial 
degradation of black and white feathers. The Auk 2004, 121(3):656-659.  

31. Price T: Speciation in Birds: Roberts & Company, Boulder, CO, USA; 2008.  
32. Vorobyev M: C oloured oil droplets enhance colour discrimination. . 

Proceedings of the Royal Society B-Biological Sciences 2003, 270:1255-1261.  
. 



 - 28 - 

33. Baker MC, Baker A: Reproductive behavior of fem ale buntings isolating 
mechanism s in a hybridizing pair of species. . Evolution 1990(44):332-338.  

34. Price T: Sexual selection and natural selection in bird speciation. 
Philosophica l Transactions of the Royal Society B: Biological Sciences 1998, 
353(1366):251. 

35. Mundy N: A window on the genetics of evolution: MC 1R and plumage 
colouration in birds. Proceed ings of the Royal Society B 2005, 
272(1573):1633. 

36. Baiao P, Schreiber E, Parker P: The genetic basis of the plumage 
polymorphism  in red-footed boobies (Sula sula): A melanocortin-1 
receptor (MC1R) analysis. Journal of Hered ity 2007, 98(4) :287. 

37. Pitelka FA: Ecologic O verlap and Interspecific Strife in Breeding 
Population of Anna and Allen Hummingbirds. Ecology 1951(32):641-661. 

38. Parra J, Remsen J, Alvarez-Rebolledo M: Molecular phylogenetics of the 
hummingbird genus Coeligena. Molecular Phylogenetics and Evo lution 
2009. 

39. Joseph L, Omland K: Phylogeography: its developm ent and impact in 
Australo-Papuan ornithology with special reference to paraphyly in 
Australian birds. Emu 2009, 109:1-23. 

40. Funk DJ, Omland KE: Species-level paraphyly and polyphyly: Frequency, 
Causes, and C onsequences, with Insights from  Animal Mitochondrial 
DNA. Annu Rev Ecol Evol Syst 2003(34):397-423. 

41. Fjeldsa J, N K: Birds of the high Andes: Apollo Books, Svendborg, 
Denmark.; 1990.  

42. Guarnizo C, Amézquita A, Bermingham E: The relative roles of vicariance 
versus elevational gradients in the genetic differentiation of the high 
Andean tree frog, Dendropsophus labialis. Molecular Phylogenetics and 
Evolution 2009, 50(1):84-92.  

43. Mallet J, Meyer A, Nosil P, Feder JL: Space, sym patry and speciation. 
Journal of Evo lutionary Biology 2009, 22(11):2332-2341.  

44. Haas F, Pointer MA, Saino N, Brodin A, Mundy NI, Hansson B: An analysis 
of population genetic differentiation and genotype-phenotype association 
across the hybrid zone of carrion and hooded crows using microsatellites 
andMC 1R. Molecular Ecology 2009, 18(2):294-305.  

45. IRWIN D, RUBTSOV A, P ANOV E: Mitochondrial introgression and 
replacement between yellowhammers (Emberiza citrinella) and pine 
buntings (Emberiza leucocephalos)(Aves: Passeriformes). Botanical 
Journal of the Linnean Society 2009, 98(2) :422-438.  

46. Chui CKS, Doucet SM: A test of ecological and sexual selection hypotheses 
for geographical variation in coloration and m orphology of golden-
crowned kinglets (Regulus satrapa). Journal o f Biogeography 2009, 
36(10):1945-1957. 

47. Hilty SL, Brown WL: A guide to birds of Colom bia: Princeton University 
Press, Princeton; 1986.  

48. Brumfield RT, Michael JB: Phylogenetic Relationships In Bearded 
Manakins (Pipridae: Manacus) Indicate That Male Plum age Color Is a 
Misleading Taxonomic Marker. The Condor 2001 103(2):248-258.  

49. Grant PR, Grant BR: Darwin's finches:  population variation and 
sym patric speciation. Proceedings of the Nationa l Academy Sciences (USA) 
1979  76: 2359-2363. 



 - 29 - 

50. Grant PR, Grant BR: Niche shifts and competition in Darwin's Finches: 
Geospiza conirostris and congeners.  . Evolution 1982, 36:637-657. 

51. Mallet J: Hybridization, ecological races and the nature of species: 
empirical evidence for the ease of speciation. Philosophical Transactions of 
the Roya l Society B: Bio logica l Sciences 2008, 363(1506):2971.  

52. Seehausen O, Terai Y, Magalhaes I, Carleton K, Mrosso H, Miyagi R, Van der 
Sluijs I, Schneider M, Maan M, Tachida H: Speciation through sensory 
drive in cichlid fish. Nature 2008, 455(7213):620-626.  

53. Weir JT: Divergent tim ing and patterns of species accumulation in 
lowland and highland Neotropical birds. Evolution 2006, 60:842–855.  

54. Weir JT, Schluter D: C alibrating the avian molecular clock. Molecular 
Ecology 2008, 17(10):2321-2328.  

55. Weir JT: Divergent tim ing and patterns of species accumulation in 
lowland and highland Neotropical birds. Evolution 2006, 60:842–855.  

56. Parra JL: COLOR EVOLUTION IN TH E HUMMINGBIRD 
GENUSCO ELIGENA. Evolution 2009:1-41.  

57. Boul K, Chris Funk W, Darst C, Cannatella D, Ryan M: Sexual selection 
drives speciation in an Amazonian frog. Proceedings o f the Royal Society B: 
Biological Sciences 2007, 274(1608) :399.  

58. Lehtonen PK, Laaksonen T, Artemyev AV, Belskii E, Both C, Bureš S, 
Bushuev AV, Krams I, Moreno J, Mägi M  et al: Geographic patterns of 
genetic differentiation and plum age colour variation are different in the 
pied flycatcher (Ficedula hypoleuca). Molecular Ecology 2009, 
18(21):4463-4476. 

59. Masta S, Maddison W: Sexual selection driving diversification in jum ping 
spiders. Proceedings of the National Academ y of Sciences 2002, 99(7) :4442. 

60. Mundy N, Badcock N, Hart T, Scribner K, Janssen K, Nadeau N: C onserved 
genetic basis of a quantitative plumage trait involved in m ate choice . 
Science 2004, 303(5665):1870-1873.  

61. Theron E, Hawkins K, Bermingham E, Ricklefs R, M undy N: The molecular 
basis of an avian plum age polym orphism in the wild A m elanocortin-1-
receptor point mutation is perfectly associated with the melanic plumage 
morph of the bananaquit, Coereba flaveola. Curren t Biology 2001, 
11(8):550-557. 

62. Doucet S, Shawkey M, Rathburn M, Mays Jr H, Montgomerie R: C oncordant 
evolution of plumage colour, feather microstructure and a m elanocortin 
receptor gene between m ainland and island populations of a fairy-wren. 
Proceedings of the Royal Society B: Biological Sciences 2004, 
271(1549):1663. 

63. Shawkey MD, Estes AM, Siefferman LM, Geoffrey E, Hill GE: 
Nanostructure predicts intraspecific variation in ultraviolet–blue 
plumage colour. Proc R Soc Lond B 2003, 270 (1523 ):1455-1460.  

64. Chev iron Z, Hackett S, Brumfield R: Sequence variation in the coding 
region of the melanocortin-1 receptor gene (MC1R) is not associated with 
plumage variation in the blue-crowned manakin (Lepidothrix coronata). 
Proceedings of the Royal Society B 2006, 273(1594):1613. 

65. MacDougall-Shack leton E, Blanchard L, Gibbs H: Unmelanized plumage 
patterns in old world leaf warblers do not correspond to sequence 
variation at the melanocortin-1 receptor locus (MC1R). Molecular Biology 
and Evolution 2003, 20(10):1675.  



 - 30 - 

66. Sorenson MD, Ast JC, Dimcheff DE, Yuri T, P MD: Primers for a PC R-
based approach to mitochondrial genome sequencing in birds and other 
vertebrates. Molecular Phylogenetics and Evolu tion 1999(12):105–114.  

67. Rozas J, Sánchez-DelBarrio JC, Messeguer X, Rozas R: DnaSP, DNA 
polymorphism  analyses by the coalescent and other methods 
Bioinformatics 2003, 19(18):2496-2497.  

68. Swofford DL: PAUP: Phylogenetic Analysis Using Parsim ony. . In:  . 
Illinois Natural History Survey, Champaign, I llino is. ; 1991.  

69. Stamatakis A, Hoover P, Rougemont J: A Rapid Bootstrap Algorithm  for 
the RAxML W eb-Servers System atic Bio logy 2008, 75(5):758-771.  

70. Huelsenbeck JP, Ronquist F: MRBAYES: Bayesian inference of 
phylogenetic trees. Bioinform atics 2001 17(8):754-755.  

71. Nylander JAA: MrModeltest v2. In.: Program distributed by the author. 
Evolutionary Biology Centre, Uppsala University. ; 2004.  

72. Miller MP: Alleles In Space (AIS): C om puter Software for the Joint 
Analysis of Interindividual Spatial and Genetic Information. Journal of 
Heredity 2005, 96(6):722-724.  

73. Hudson RR, Kaplan NL: Statistical properties of the number of 
recombination events in the history of a sample of DNA sequences. 
Genetics 1985, 111:147-164. 

74. Rogers AR, Harpending HC: Population growth makes waves in the 
distribution of pairwise genetic differences. Molecular Biology and 
Evolution 1992, 9:552-569.  

75. Osés CS: Taxonom y, Phylogeny, and Biogeography of the Andean 
Hummingbird Genera C oeligena LESSON, 1832; Pterophanes GOULD, 
1849; Ensifera LESSO N 1843; and Patagona GRAY 1840 (Aves: 
Trochiliformes) Friedrich-Wilhelms-Universität Bonn 2003.  

76. Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A: Very high resolution 
interpolated climate surfaces for global land areas. Int J Clim atol 2005 
25:1965 – 1978  

77. Buermann W, Saatchi S, Smith T, Zutta B, Chaves J, Mila B, Graham C: 
Predicting species distributions across the Am azonian and Andean 
regions using remote sensing data. Journal of Biogeography 2008, 
35(7):1160-1176. 

78. Phillips SJ, Anderson RP, Schapire RE: Maximum entropy modeling of 
species geographic distributions. Ecological Modelling. 2006. (190):231-
259. 

79. Stephens M, Donnelly P: A comparison of Bayesian methods for haplotype 
reconstruction from population genotype data Am erican Journal of Hum an 
Genetics 2003, 73:1162-1169.  

 
 

 

 

 



 - 31 - 

Figures 
Figure 1  - Distribution of C. helianthea and C. bonapartei and location of 
specimens sampled for m tDNA variation.  
Outlined dots correspond to localities of sampled specimens and simple dots to known 

presence records of these hummingbird species in the Northern Andes of eastern 

Colombia and Venezuela. Locality data are from Biomap, [38, 56], Oses 2003.  

Figure 2  - Distribution of morphometric variables show ing differences in 
morphology betw een C. helianthea and C. bonapartei. 
Correlations shown are bet ween pr incipal components that showed clear segregation 

in morphological variables associated with individuals of C. helianthea (black) and C. 

bonapartei (green). Correlations among the remaining 5 PCs either accounted for less 

than 10% of the variation or did not show segregation by species.  

Figure 3  - mtDNA-based phylogram and haplotype netw orks show ing 
haplotype sharing between species and geographic population structure  
All tree topologies were very similar, thus we on ly show the phylogram that 

corresponds to the maximum-likelihood tree; support values are Bayesian posterior 

probabilities and maxim um-likelihood and maximum-parsimony bootstrap values, 

respectively. Branch tips represent each ND2 haplotype (H) and the individuals 

sharing it (numbered according to table 2). Scale bar is in substitution/site units. The 

ND2 haplotype net work to the right is color-coded by species and the one below 

according to geograph ic location shown in the map. Circles are proportional to 

number of indiv iduals sharing haplotypes. The smaller red circles represent 

hypothetical extinct or unsampled hap lotypes. Numbers in red indicate nucleotides 

site where substitutions occurred. Haplotype labels match those given in the 

phylogram and in table 2.  
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Figure 4  - Posterior distribution of migration parameters suggesting gene flow 
during divergence between C. helianthea and C. bonapartei  
Plots show posterior distributions for migration rate estimates (A), total num ber of 

migration events (B) and time of migration events (C). Migration from to C. 

bonapartei to C. helianthea (m 1) is shown in green and from C. helianthea to C. 

bonapartei (m2) in black. Migration rate and time of migration events are scaled by 

the neutral mutation rate. 

Figure 5  - Distribution of environmental variables show ing no segregation in 
environmental space between C. helianthea and C. bonapartei   
Correlations shown are bet ween the fir st three principal components resulting from 

principal component analysis that accounted for 68.1% of the var iation of remote 

sensing and WorldClim environmental variables associated with localities of C. 

helianthea (black) and C. bonapartei (green). Correlations among the remain ing 4 

PCs accounted for less than 10% of the variation and did not show segregation by 

species.  

Figure 6  - Locali ties of C. helianthea matched sites of predicted presence of C. 
bonapartei and vice versa.  
Points are the localities of known occurrence of C. bonapartei (green dots) and C. 

helianthea (black dots) projected onto eco logical niche models constructed for (A) C. 

helianthea and (B) C. bonapartei, respectively. Suitable areas (represented by shaded 

gray) were predicted by a model constructed with MaxEnt using climate data. 

Figure 7  - MC1R gene haplotype network showing no association between 
genotype and species-specific coloration in Coeligena  
Circle sizes are proportional to number of haplotypes/alleles. Pie co lors represent 

individuals of C. helian thea (black) and C. bonapartei (green). Num bers along links 

correspond to relative nucleotide sites where mutational steps or nucleotide 

substitutions were detected.  The single nonsynonymous substitution found is 

represented as a mutational step.  
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Tables 
Table 1  - Specimens sam pled for m tDNA (ND2) variation  
Information about geographic location and voucher ID of specimens sampled is 

provided. Each sampled indiv idual can be identified in the phylogram (Figure 2) by 

the number specified in the fir st column. In cases where tissues have not yet been 

catalogued, collector number is specif ied instead. IAVH-BT: Instituto Alexander von 

Humboldt; Andes-BT Museo de Historia Natural de La Universidad de Los Andes.  

Table 2  - MC1R polym orphic si tes, showing no association between genetic 
variation at this locus and species-specific coloration.  
* Represents the same letter as the reference sequence (Sequence 1). Underlined G 

represents the only aminoacid replacement found in the samples. Sequences 

high lighted in grey correspond to individuals with dark plumage.  

Additional files 
Additional file 1 – Results of principal com ponents analysis of environmental 
variables 
The table shows loadings on different PC axes for each morphometric variable. All 

the variables provide information about bill and wing size and shape, and tail and 

tarsus length (mm) as well as body mass (gr). Relative (Rel.: corrected by size) 

measures for each variable were also included in the analysis. Data was prov ided by 

F. G. St iles (Instituto de Ciencias Naturales, Universidad Nacional de Colombia). 

Additional file 2 – Results of principal com ponents analysis of environmental 
variables 
The table shows loadings on different PC axes for each environmental variable. The 

first 13 variables are derived from remote-sensing MODIS and QSCAT satellites and 

the remaining 19 are WorldClim climatic variables. LAI products are derived from 

Leaf Area Index; h-QSCAT and v-QSCAT var iables are microwave metrics of radar 

backscatter with horizontal and vertical po larizations. Data was provided by L. Brown 
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and C. Graham (Department of Ecology and Evo lution, Stony Brook University, 

Stony Brook, NY, USA). 
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Figure 1. 
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Figure 2.  
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Figure 3.   
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Figure 4.  
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Figure 5. 
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Figure 6.  
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Figure 7.  
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Table 1  

No. Collection Tissue_No Sp_name County Town Locality Latdec Longdec 

1 IAVH-B 2271 C. bonapartei Boyacá Villa de Leyva SFF. Iguaque,  Sector Morro Negro  5.6394 -73.4872 
2 IAvH-B 4188 C. bonapartei Boyacá Villa de Leyva-Arcabuco SFF Iguaque 5.8475 -73.4628 
3 IAVH-B 2277 C. bonapartei Boyacá Villa de Leyva SFF. Iguaque, Sector Morro Negro  5.7225 -73.6297 
4 IAvH-B 4191 C. bonapartei Boyacá Villa de Leyva-Arcabuco SFF Iguaque 5.8475 -73.4628 
5 Andes-BT JPL_52 C. bonapartei Cesar Manaure Serranía del Perijá 10.3669 -72.8975 
6 Andes-BT JPL_53 C. bonapartei Cesar Manaure Serranía del Perijá 10.3669 -72.8975 
7 Andes-BT JPL_55 C. bonapartei Cesar Manaure Serranía del Perijá 10.3669 -72.8975 
8 Andes-BT JPL_58 C. bonapartei Cesar Manaure Serranía del Perijá 10.3669 -72.8975 
9 Andes-BT JEAC_683 C. bonapartei Cesar Manaure Serranía del Perijá 10.3669 -72.8975 

10 Andes-BT JEAC_642 C. bonapartei Santander Galán Finca aurora Filo Pamplona 6.6334 -73.3944 
11 Andes-BT JEAC_645 C. bonapartei Santander Galán Finca aurora Filo Pamplona 6.6334 -73.3944 
12 IAvH-BT  2265 C. bonapartei Boyacá Villa de Leyva Sector Morro Negro  5.6394 -73.4872 
13 IAvH-BT 6791 C. bonapartei Cundinamarca Bojacá Parque Nat ural San Cayetano 4.6271 -74.3076 
14 IAvH-BT 6802 C. bonapartei Cundinamarca Bojacá Parque Nat ural San Cayetano 4.6271 -74.3076 
15 IAvH-BT 6966 C. bonapartei Boyacá   Villa de Leyva SFF Iguaque 5.7066 -73.4601 
16 IAvH-BT  6973 C. bonapartei Boyacá   Villa de Leyva SFF Iguaque 5.7046 -73.4572 
17 JLP V74  JLPV74 C. bonapartei Cundinamarca Tabio Reserva El Cov iche 4.9290 -74.1121 
18 IAvH-B 2504 C. helianthea Meta San Juanito  PNN Chingaza, Sector de San José 4.4939 -73.6925 
19 IAvH-B 2569 C. helianthea Cundinamarca Guasca PNN Chingaza, Sector de Palacio  4.7036 -73.8511 
20 Andes-BT 70 C. helianthea Meta El Calvario  Ca 7.6 Km SW El calvario  4.3213 -73.7768 
21 IAvH-BT  2530 C. helianthea Meta San Juanito  PNN Chingaza, Sector de San José 4.4939 -73.6925 
22 IAvH-BT  2599 C. helianthea Cundinamarca Guasca PNN Chingaza, Sector de Palacio  4.7036 -73.8511 
23 IAvH-BT  9662 C. helianthea Meta El Calvario  Carretera El Calvar io-Monterredondo  4.3213 -73.7768 
24 Andes-BT 949 C. helianthea N. Santander Herrán  PPN Tamá 7.4032 -72.4431 
25 Andes-BT AMC1009  C. helianthea N. Santander Toledo  PPN Tamá 7.3042 -72.3711 
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26 IAvH 14899 C. helianthea N. Santander Herrán  PPN Tamá 7.4181 -72.4431 
27 IAvH 14897 C. helianthea N. Santander Herrán  PPN Tamá 7.4181 -72.4431 
28 IAvH 14910 C. helianthea N. Santander Herrán  PPN Tamá 7.4181 -72.4431 
29 IAvH 14885 C. helianthea N. Santander Herrán  PPN Tamá 7.4181 -72.4431 
30 IAvH 14911 C. helianthea N. Santander Herrán  PPN Tamá 7.4181 -72.4431 
31 IAvH 14915 C. helianthea N. Santander Herrán  PPN Tamá 7.4181 -72.4431 
32 IAvH 14906 C. helianthea N. Santander Herrán  PPN Tamá 7.4181 -72.4431 
33 IAvH 14884 C. helianthea N. Santander Herrán  PPN Tamá 7.4181 -72.4431 
34 IAvH 14908 C. helianthea N. Santander Herrán  PPN Tamá 7.4181 -72.4431 
35 Andes-BT 916 C. helianthea N. Santander Herrán  PPN Tamá 7.4181 -72.4431 
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Table 2.  
    Abso lute nucleotide site   
Voucher # Species name Plumage 84 87 237 240 278 825 849 Genotype 
IAvH4188  C.bonapartei Light C C C C C C C 1/1 
IAvH2277  C.bonapartei Light * * * * * * * 1/1 
IAvH2265  C.bonapartei Light * * * * * * * 1/1 
IAvH6791  C.bonapartei Light * * * * * * * 1/1 
IAvH6966  C.bonapartei Light * * * * * * * 1/1 
IAvH6973  C.bonapartei Light * * * * * * * 1/1 
JEAC_683  C.bonapartei Light * * * * * * T 2/2 
IAvH6802  C.bonapartei Light * * * S Y * * 1/3 
IAvH2271  C.bonapartei Light * Y * * * * * 1/4 
IAvH2569  C.helianthea Dark  * Y * * * * * 1/4 
AndesBT70 C.helianthea Dark  * * * * * * * 1/1 
IAvH2504  C.helianthea Dark  * * * * * * * 1/1 
IAvH2599  C.helianthea Dark  * * * * * * * 1/1 
IAvH9662  C.helianthea Dark  * * * * * * * 1/1 
AndesBT813 C.helianthea Dark  * * * * * * * 1/1 
IAvH14885  C.helianthea Dark  * * * * * * * 1/1 
IAvH14897  C.helianthea Dark  * * * * * * * 1/1 
IAvH14906  C.helianthea Dark  * * * * * * * 1/1 
IAvH14912  C.helianthea Dark  * * * * * * * 1/1 
IAvH14915  C.helianthea Dark  * * * * * * * 1/1 
AMC1009  C. helianthea  Dark  * * * * * * * 1/1 
IAvH2530  C.helianthea Dark  Y * * * * * * 1/5 
IAvH14910  C.helianthea Dark  Y * * * * * * 1/5 
AndesBT940 C.helianthea Dark  T * * * * * * 5/5 
IAvH14884  C.helianthea Dark  T * * * * * * 5/5 
IAvH14908  C.helianthea Dark  * * T * * G * 6/6 
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Additional file 1 – Results of principal com ponents analysis of morphometric 
variables 
 

Variable PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 
Body mass .628  .194  .098  .272  .065  -.029 .015 .667 
Relative Body  mass .635  .197  .090  .271  .066  -.033 .012 .664 
Exposed  cul men  -.937  -.152  -.139  -.074  .015  -.015 -.066 .044 
Rel. expo  -.933  -.178  -.132  -.136  -.007  .001 -.057 -.153 
Total  cul men  -.896  -.204  .191  -.155  .110  .066 .006 .091 
Rel. total cul men  -.914  -.221  .142  -.197  .074  .066 .000 -.091 
Bill width .036  -.007  .901  -.144  .113  .067 .049 .187 
Rel. Bill width -.131  -.059  .894  -.217  .098  .077 .046 .018 
Bill depth  .037  -.006  .183  -.015  .927  -.028 -.120 .145 
Rel. bill depth  -.129  -.061  .162  -.083  .919  -.021 -.128 -.029 
Wing loading .512  .540  .010  .483  -.033  -.086 .116 .183 
Rel. wing lo ading .307  .597  -.040  .476  -.081  -.093 .146 -.141 
Wing length .536  .605  -.070  .547  -.028  -.020 .076 .097 
Rel. wing length .380  .669  -.132  .560  -.066  -.008 .092 -.185 
Wing width  .446  .881  .039  -.028  -.002  .007 .010 .088 
Rel. wing width .183  .928  -.004  -.182  -.041  .029 .008 -.251 
Aspect ratio  .278  -.181  -.165  .906  -.044  -.042 .109 .038 
Shape ratio .204  .454  -.019  .764  -.016  -.028 .146 .216 
Wing tapering -.007  .855  .149  .122  .026  .007 .093 .273 
Wing loading -.206  -.590  .222  -.143  .114  -.027 -.013 .697 
Wing Area  .660  .606  -.091  .334  -.030  -.011 .021 .009 
Tail length  .466  .417  .505  .303  -.069  .009 -.204 .219 
Rel. tail length  .311  .424  .567  .257  -.107  .023 -.250 .008 
Tarsus length  .056  -.003  .707  .070  .533  .130 .063 .065 
Rel. tarsus length  -.144  -.067  .695  -.013  .525  .143 .059 -.144 
Extended tarsus length   .220  .133  .056  .188  -.092  .039 .905 .179 
Rel. Extended tarsus -.083  .043  .013  .063  -.132  .061 .949 -.141 
Halux N ail length  .062  .028  .139  .005  .015  .981 .047 .092 
Rel. Halux nail l ength -.154  -.035  .107  -.084  -.009  .965 .045 -.130 
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Additional file 2 – Results of principal com ponents analysis of environmental 
variables 

 

 

 
 

 

 

Variable PC1 PC2 PC3 PC4 PC5 PC6 PC7 

Annual surface moisture and forest structure (h-Q SCA T) .400  .012  .081  .090 .046 .864 .031 
Seasonality (h-Q SCA T) -.304  -.176  -.118  -.265 -.014 .517 -.479 
Annual maxi mum LA Ia .062  .929  .180  .006 -.055 -.021 .241 
Annual mini mum LAIa  .183  .858  .117  -.004 .219 -.017 -.154 
Maxi mu m LA I (wet season ) –  Mini mu m LA I (dry -.176  .312  .086  -.173 -.369 -.153 .631 
Maxi mu m LA I (dry s eason) – Mini mu m LA I (wet .067  .761  .113  .100 -.039 .143 .186 
Mean L AI (dry season )a .153  .954  .178  .051 .097 .039 .006 
Mean L AI (wet season )a .065  .935  .141  -.059 -.043 -.086 .214 
lai_7a .119  .967  .161  -.005 .053 -.027 .095 
Annual range LAIa .191  .194  .254  .188 -.206 -.100 .340 
Percent t ree cover -.049  .476  .239  .068 .049 .182 .563 
Annual surface moisture and forest structure (v-Q SCA T) .380  .124  .194  .305 .097 .757 .223 
Seasonality (v-Q SCA T) -.273  -.094  .134  .122 -.136 -.336 -.616 
Precipitation o f Coldest Quart er .086  -.051  .784  -.215 -.231 -.074 .127 
Annual Mean Temperature .975  .088  .139  -.033 -.040 .080 .061 
Precipitation o f Warmest Quarter .204  .209  .864  .058 .051 .090 .084 
Precipitation o f Driest Quarter .221  .216  .714  -.568 -.094 .002 .012 
Precipitation o f Wettest Quart er .108  .180  .929  .245 -.021 .049 .013 
Precipitation Seasonality  -.203  .055  .040  .865 .253 .019 -.119 
Precipitation o f Driest Month .303  .236  .647  -.580 -.002 .045 .045 
Precipitation o f Wettest Month  .144  .258  .912  .201 .029 .055 -.038 
Annual Precipitation .152  .199  .957  .044 -.011 .049 .043 
Mean Temperature o f Cold est Quarter .975  .081  .132  -.064 -.043 .077 .056 
Mean Temperature o f Warmest Qu arter .972  .088  .148  -.029 -.044 .081 .063 
Mean Temperature o f Driest Quarter .972  .077  .145  -.064 -.055 .069 .066 
Mean Temperature o f Wettest Quarter  .974  .096  .132  -.014 -.008 .089 .073 
Temp erature Annual  Range  -.319  .069  -.086  .286 .869 .007 .002 
Mini mu m Temperature o f Coldest Month .955  .070  .156  -.101 -.186 .056 .052 
Maxi mu m Temp erature o f Warmest Month  .966  .102  .147  -.017 .084 .065 .059 
Temp erature Seasonality  -.094  .114  .151  .776 .191 .160 .087 
Isothermality .845  .117  .028  -.245 -.005 .122 -.132 
Mean Diu rnal Temperature Range .048  .138  -.064  .181 .939 .074 -.057 


