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Abstract 21 

The study of elevational gradients is of importance in evolutionary biology because it 22 

can give us insights related to local adaptation and speciation associated with 23 

elevation. Multiple studies have revealed local adaptation along elevational gradients 24 

leading to eventual divergence between populations. However, little is known about 25 

the origin of this divergence and the processes that keep the species separate. We 26 

present the most complete analysis related to the differentiation of a montane bird 27 

population along an elevational gradient, focusing on the Gray-brested Wood-wren 28 

(Henicorhina leucophrys: Troglodytidae). Using morphological, genetic and 29 

behavioral data, we observed divergence in phenotypic and vocal traits consistent 30 

with different adaptive scenarios and evidence for reproductive isolation between the 31 

two forms that occur along the elevational gradient. Additionally, phylogenetic 32 

analyses revealed that the pattern of elevational replacement is the result of secondary 33 

contact following an allopatric phase and not product of parapatric ecological 34 

speciation. These results provide important empirical evidence consistent with the 35 

acoustic and morphological adaptation hypothesis and the process of speciation along 36 

elevational gradients in montane birds. 37 
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Introduction 44 

Since Darwin's time, much research on the role of natural selection in the origin of 45 

species has focused on the early stages of speciation, such as the differentiation of 46 

populations in allopatry (Mayr 1942; Mayr 1947; Coyne and Orr 2004; Price 2008). 47 

Allopatric speciation is often thought to be a byproduct of natural selection acting on 48 

characters of ecological importance that might also be involved in mate choice and 49 

species recognition (Jiggins 2008), or that influence traits involved in reproduction via 50 

pleiotropic effects (Smith et al. 2005a; Grant and Grant 2007). For example, 51 

properties of avian songs, which are crucial mechanisms of reproductive isolation in 52 

birds (Irwin et al. 2001; Slabbekoorn and Smith 2002a; Patten et al. 2004; Price 2008; 53 

Toews and Irwin 2008), can evolve as a result of direct selection imposed by ambient 54 

noise and by structural features of the environment influencing sound propagation 55 

(Slabbekoorn and Smith 2002a, b; Kirschel et al. 2009), or as a byproduct of adaptive 56 

evolution in morphological traits such as body and beak size (Podos 2001; Seddon 57 

2005; Grant and Grant 2009; Podos and Nowicki 2009). If song divergence is 58 

accompanied with divergence in signal perception leading to assortative mating, this 59 

process of adaptive evolution can lead to the origin of new species (Slabbekoorn and 60 

Smith 2002a, b; Patten et al. 2004; Ruegg et al. 2006; Grant and Grant 2007; Sander 61 

van Doorn et al. 2009).  62 

Considerably less is known about the role of selection in later stages in the formation 63 

of new species; particularly, information on how selection and its interaction with 64 

gene flow determine the fate of divergent populations that meet after a period of 65 

allopatry is relatively scarce (Templeton 1981; Price 2008). When two populations 66 

that were formerly allopatric reach secondary contact (Mayr 1947; Coyne and Orr 67 

2004), a number of outcomes that depend on the time spent in allopatry and the 68 



degree of ecological and genetic divergence reached are possible (Sætre and Sæther 69 

2010). First, individuals might not interbreed or do so only rarely as a result of strong 70 

divergence during the allopatric phase (Coyne and Orr 2004; Price 2008; Grant and 71 

Grant 2009); alternatively, divergence might have been insufficient to reach 72 

reproductive isolation such that gene flow would erode incipient differentiation 73 

(Endler 1977; Smith et al. 1997; Gavrilets et al. 1998; Kisel and Barraclough 2010). 74 

In an intermediate scenario, barriers to interbreeding may evolve in allopatry and be 75 

reinforced in sympatry as a result of natural selection favoring assortative mating and 76 

penalizing hybridization owing to reduced fitness of hybrids as a consequence of 77 

environmental or of genetic factors (Dobzhansky 1937; Endler 1977; Butlin 1987; 78 

Servedio and Noor 2003; Hoskin et al. 2005) 79 

Although speciation in many organisms often involves geographic isolation (Coyne 80 

and Orr 2004; Price 2008), natural selection can also promote the formation of  new 81 

species in the absence of physical barriers if it is sufficiently strong to counteract the 82 

effects of gene flow, a scenario likely to occur along ecological gradients (Mayr 1942; 83 

Gavrilets et al. 1998; Coyne and Orr 2004). Although empirical evidence of this mode 84 

of speciation in nature is still scarce (Coyne and Orr 2004; Price 2008), numerous 85 

examples of adaptive divergence of populations along environmental gradients in the 86 

face of gene flow exist  (Rice and Hostert 1993; Gavrilets et al. 1998; Smith et al. 87 

2005b; Dingle et al. 2008; McCormack and Smith 2008; McCracken et al. 2009; Milá 88 

et al. 2009), and models indicate that parapatric speciation caused by divergent 89 

selection in the presence of gene flow is theoretically plausible (Gavrilets et al. 1998). 90 

Therefore, this mode of speciation might be more common than traditionally thought 91 

(Nosil 2008).  92 



A major challenge for studies testing for parapatric speciation is to distinguish 93 

whether different populations arrayed along an environmental gradient reflect this 94 

kind of divergence or rather secondary contact between populations that were 95 

formerly allopatric (Endler 1982; Coyne and Orr 2004). To differentiate between 96 

these alternatives and to better understand the mechanisms promoting speciation, 97 

studies connecting phylogenetic approaches with analyses of gene flow, as well as 98 

with the ecological factors promoting divergence are necessary (Coyne and Orr 2004). 99 

More generally, although there is plenty of evidence detailing the importance of 100 

natural selection for the formation of new species even in the face of gene flow 101 

(Rundle et al. 2000; Schluter 2001; Smith et al. 2005b; Price 2008; Schluter 2009), 102 

integrative research connecting the study of presumably adaptive variation in traits 103 

involved in reproductive isolation with assessments of the phylogenetic affinities of 104 

populations, and patterns of genetic variation and gene flow remain relatively scarce 105 

(Price 2008). 106 

Population differentiation in response to varying selective pressures at different 107 

elevational zones has been an important focus for researchers interested in adaptive 108 

evolution and ecological speciation (Terborgh 1977; Doebeli and Dieckmann 2003; 109 

McCormack and Smith 2008; Cheviron and Brumfield 2009; Kirschel et al. 2009; 110 

McCracken et al. 2009; Milá et al. 2009). Avian song is especially prone to diverge as 111 

a result of varying selection in different elevational zones. Sound propagation 112 

properties and ambient noise vary with elevation as a consequence of changes in 113 

vegetation structure and in the occurrence of species emitting signals that might lead 114 

to acoustic interference (Doebeli and Dieckmann 2003; Dingle et al. 2008; Kirschel et 115 

al. 2009). Moreover, because songs are correlated with morphological traits (e.g, bill 116 

size) and those traits can show adaptive evolution associated with elevation (Price 117 



1991; McCormack and Smith 2008; Kirschel et al. 2009; Milá et al. 2009), song 118 

divergence may arise as a result of pleiotropic effects. Although some phylogenetic 119 

studies indicate that species replacing each other along elevational gradients are close 120 

relatives, suggesting their divergence might have occurred in parapatry, complete 121 

evidence for this mode of speciation in mountain systems is lacking (reviewed by 122 

(Cadena 2007).  Specifically, we are unaware of empirical studies showing evidence 123 

of speciation resulting from adaptation to different elevational zones involving all of 124 

the following elements: (1) divergence in phenotypic traits and/or signaling traits (e.g. 125 

songs) associated with elevation, (2) patterns of genetic variation suggesting 126 

reproductive isolation between forms that replace each other at different elevations, 127 

and (3) evidence that divergence in signals is associated with assortative mating. 128 

Here, we integrate morphological, vocal, genetic, and behavioral data to test 129 

hypotheses related to speciation associated with elevation in a tropical montane 130 

species, the Gray-brested Wood-wren (Henicorhina leucophrys: Troglodytidae). 131 

Populations of this small songbird occurring in the Sierra Nevada de Santa Marta in 132 

northern Colombia are an ideal study system for addressing this issue because two 133 

phenotypically diagnosable forms replace each other along an elevational gradient 134 

with no apparent physical barriers to gene flow (Hilty and Brown 1986; Todd and 135 

Carriker 1992). We conducted phylogenetic analyses using mitochondrial DNA 136 

sequence data to determine whether these forms diversified in situ from a single 137 

ancestor that colonized the Sierra Nevada de Santa Marta (i. e. parapatric divergence 138 

along the elevational gradient) or whether their divergence involved an allopatric 139 

phase, with current elevational parapatry reflecting secondary contact.  We also 140 

characterized patterns of morphometric and vocal variation along the elevational 141 

gradient to determine whether differences associated with elevation existed, and 142 



tested whether divergence in such traits correlated with patterns of genetic variation in 143 

multiple molecular markers. Finally, we conducted behavioral experiments to 144 

determine whether divergence in songs associated with elevation was a likely 145 

mechanism promoting assortative mating. We observed divergence in phenotypic and 146 

vocal traits between the two forms in a direction that is consistent with adaptive 147 

scenarios, and found strong genetic and behavioral evidence for reproductive isolation 148 

between them. Although phylogenetic analyses revealed that the pattern of elevational 149 

replacement is not the result of parapatric divergence, but rather of secondary contact 150 

following an allopatric phase, the differentiation between populations is likely 151 

adaptive and thus supports a scenario of ecological speciation (sensu Schluter 2001; 152 

Schluter 2009)  153 

Methods 154 

Study area  155 

The Sierra Nevada de Santa Marta (SNSM) is an isolated mountain massif located in 156 

northern Colombia. Reaching elevations of 5,700 m and located only c. 42 km from 157 

the Caribbean coast, the SNSM is the world's highest coastal range. Owing to its 158 

isolation, the SNSM has very high levels of endemism across multiple taxonomic 159 

groups (Cleef et al. 1984; Hooghiemstra and Van der Hammen 2004).  160 

Our study was conducted in the Cuchilla de San Lorenzo, located in the northwestern 161 

sector of the SNSM. Mean annual precipitation in San Lorenzo is 2840 mm at 600 m 162 

and 2520 mm at 2250 m (Cleef et al. 1984). Our field work was concentrated in lower 163 

and upper montane forests, which extend from c. 600 to 2500-2700 m, and from c. 164 

2500 to 2800 m, respectively. Habitat structure changes markedly over the elevational 165 

gradient. Lower montane forests are characterized by trees with dense foliage and 166 



often with buttressed roots, and a 25 to 35 m tall canopy. Arborescent ferns and palms 167 

are very common in the understory, and vascular epiphytes are abundant (Cleef et al. 168 

1984). Upper montane forests are characterized by a high incidence of cloud cover. 169 

Trees are smaller (8-20 m), unbuttressed, and there are high densities of epiphytes 170 

(Bromeliaceae, Orchideaceae, pteridophytes, briophytes and lichens). Owing to 171 

selective timber extraction and deforestation, some areas at upper elevations in San 172 

Lorenzo have been transformed into early secondary habitats, with Chusquea bamboo 173 

dominating the understory (Cleef et al. 1984). 174 

Study system  175 

The Gray-breasted Wood-wren is broadly distributed in montane areas of Central and 176 

South America (Paynter 1960; Dingle et al. 2006). Like other members of the genus 177 

Henicorhina, the species is highly vocal and territorial, and song divergence likely 178 

plays an important role in speciation in the group (Salaman et al. 2003). Furthermore, 179 

a recent study focused on Ecuadorian populations of this species demonstrated song 180 

divergence presumably driven by adaptation to different acoustic environments along 181 

an elevational gradient and that vocal divergence correlated with marked 182 

differentiation in mitochondrial DNA sequences (Dingle et al. 2008). 183 

Two forms referred to as H. l. bangsi and H. l. anachoreta by traditional taxonomy 184 

replace each other along the elevational gradient in the SNSM (Bangs 1899; Ridgway 185 

1903). Presumably, both forms are mostly parapatrically distributed but with partial 186 

sympatry, with H. l. bangsi ranging from c. 600 to 2100 m, and H. l. anachoreta from 187 

c. 1800 to 3600 m (Hilty and Brown 1986). Prior to this study, however, the 188 

distribution of these forms had been described based only on non-quantitative field 189 

observations and a few museum specimens. Therefore, the existence and extent of a 190 



sympatry zone was inferred only tentatively and the pattern of elevational 191 

replacement was not entirely clear. Accordingly, we sought to finely characterize 192 

variation in morphology, vocalizations and molecular markers along the elevational 193 

gradient. We will largely avoid referring to the different subspecies names owing to 194 

the uncertainty in their distributions and to the fact that, a priori, we could not rule out 195 

the possibility that variation along the elevational gradient was clinal. 196 

Field Sampling 197 

To characterize patterns of genetic, phenotypic and vocal variation along the 198 

elevational gradient in San Lorenzo, we collected data along a transect ranging from 199 

1000 to 2800 m. Sampling efforts were concentrated in three main areas: (1) Finca La 200 

Victoria (1000 to 1300 m), (2) El Dorado Natural Bird Reserve (1700 to 2400 m), and 201 

(3) the Sierra Nevada de Santa Marta National Park (2550 to 2700 m). In each of 202 

these three areas, we collected samples for genetic analyses, took morphological 203 

measurements and recorded songs (see details below) for birds in 20 territories. In 204 

addition, we captured birds at other elevations to collect morphological data and 205 

samples for genetic analyses, seeking to cover the elevational gradient as thoroughly 206 

as possible.  207 

Testing the geographic pattern of speciation 208 

To determine whether the two forms existing in the SNSM originated as a result of 209 

parapatric divergence from a single ancestor along the elevational gradient, or 210 

whether they colonized the area independently implying their divergence involved an 211 

allopatric phase (i.e. secondary contact), we examined their phylogenetic relationships 212 

with respect to other populations of H. leucophrys. We based our phylogenetic 213 

analyses on sequences of the mitochondrial ATPase 6 and ATPase 8 genes (842 base 214 



pairs) owing to the existence of an extensive phylogeographic study based on these 215 

markers that includes samples fully covering the geographic range of H. leucophrys 216 

and the other three species in the genus Henicorhina (J. L. Pérez-Emán, J. Klicka & 217 

Cadena unpublished data).  218 

Blood samples from 101 individuals captured using mist nets were collected along the 219 

elevational gradient in the SNSM from June to July 2009. A sample of approximately 220 

0.05ml of blood from the brachial vein was obtained with a heparinized capillary tube 221 

and stored in lysis buffer (White and Densmore 1992). Genomic DNA was extracted 222 

from whole blood using a DNeasy Kit (QIAGEN), and we amplified and sequenced 223 

ATPase 6 and 8 for these 101 individuals using standard PCR approaches (Cadena et 224 

al. 2007). Chromatograms were edited and aligned in the program Geneious 3.6.1 225 

(Drummond et al. 2007). 226 

After combining our data with the existing sequences, phylogenetic analyses were 227 

conducted using maximum parsimony, maximum likelihood and Bayesian techniques 228 

for 122 unique haplotypes of H. leucophrys. Maximum parsimony analyses used a 229 

heuristic search with 1000 stepwise-addition replicates and 1000 bootstrap replicates 230 

in PAUP*4.0b10 (Swofford 2002). Maximum likelihood and Bayesian inference 231 

analyses were run via the CIPRES Portal (<http: //www.phylo.org/>) using the 232 

programs RAxML (Stamatakis 2007; Stamatakis et al. 2008) and MrBayes 233 

(Huelsenbeck and Ronquist 2001; Ronquist and Huelsenbeck 2003), respectively. For 234 

maximum likelihood analysis, we implemented the TrN+I+G model of nucleotide 235 

substitution, which was selected as the best-fit to the data according to the Akaike 236 

Information Criterion (AIC) in MODELTEST, version 3.06 (Posada and Crandall 237 

1998). We ran 1000 bootstrap replicates to assess branch support. For Bayesian 238 

inference, we implemented the GTR+I+G model for 50 million generations sampled 239 



every 5,000 generations; the first 12*10
6
 generations were discarded as burn-in. We 240 

also used the program Network 4.5.0.0 (Ltd. 2007) to generate haplotype networks to 241 

visualize relationships within major clades using the median-joining method. 242 

Testing for phenotypic divergence along the elevational gradient  243 

To examine phenotypic variation along the elevational gradient in fitness-related traits 244 

(Smith et al. 2005a; Milá et al. 2009), we measured standard morphological features 245 

with dial calipers (to the nearest 0.1mm) from all 101 individuals captured. 246 

Measurements included tarsus length, wing chord, tail length, exposed culmen length, 247 

total culmen length, bill depth, and bill width (measured at the proximal edge of 248 

nostrils and at the commissures). We also recorded body mass to the nearest 0.25 g 249 

using a spring scale. All individuals were banded using a numbered aluminum band 250 

provided by Fundación Proaves. Because we only included data from adult 251 

individuals in analyses, sample size was reduced to 81 individuals. 252 

We used a principal components analysis (PCA) to reduce morphometric data to an 253 

uncorrelated set of variables, and then used factor scores obtained following varimax 254 

rotation to characterize variation along the elevational gradient.  Patterns of 255 

morphometric variation revealed the existence of two groups (see Results), so we also 256 

used a discriminant function analysis (DFA) to obtain the probabilities of group 257 

membership for each individual. Statistical analyses were carried out using SPSS 16.0 258 

(SPSS Institute Inc., Chicago). 259 

Testing song divergence along the elevation gradient 260 

We recorded from five to ten "fast solo" songs (sensu Dingle et a. 2008) for 20 261 

individuals in each elevational zone (1000-1300 m, 1700-2400 m, and 2550-2700 m) 262 



from March to June 2009. We measured their spectral and temporal characteristics to 263 

examine differentiation along the elevational gradient. Recordings were made using a 264 

Marantz PMD661 Portable Solid State Recorder, and a ME 67 Senheiser shotgun 265 

microphone with a K6 Sennheiser Power Supply. Song recordings were digitized at a 266 

sampling rate of 44.kHz, and sonograms were generated with a 5ms frame length 267 

using 1 ms time steps in Luscinia software for acoustic analyses (Lachlan 2007). 268 

These settings led to a spectral resolution of 43 Hz for single recordings and 10.5 Hz 269 

for the individual means. 270 

Using the sonograms, we measured the following parameters for each song following 271 

Dingle et al. (2008): maximum and minimum peak frequency (frequency with highest 272 

amplitude in a note) of songs, song duration, within syllable gap, and note duration in 273 

order to calculate the delivery rate (number of notes per second). We then reduced 274 

these variables using PCA and related the scores with elevation to characterize 275 

variation along the gradient.  276 

Examining patterns of genetic divergence  277 

Because different kinds of genetic markers might introgress to different degrees in 278 

hybridizing populations owing to various evolutionary processes and to their different 279 

modes of inheritance (Sætre and Sæther 2010), we examined variation in multiple 280 

molecular markers along the elevational gradient. Specifically, we obtained allele or 281 

sequence data for all 101 individuals sampled for: six unlinked autosomal 282 

microsatellite loci, mitochondrial DNA (the ATPase 6&8 genes, non-recombining and 283 

maternally inherited) (Eberhard et al. 2009), an autosomal nuclear intron (β-284 

Fibrinogen-5)(Fuchs et al. 2004; Kimball et al. 2009), and a sex-linked nuclear intron 285 

(CHDZ) (Griffiths et al. 1998; Benedict et al. 2010). Because phylogenetic analyses 286 

http://mineroff-nature.com/nature/marantz-pmd661-portable-solid-state-recorder-p-191.html


of mtDNA data indicated that some individuals from the SNSM were closely related 287 

to individuals from populations in the Sierra de Perijá (see below), we also obtained 288 

microsatellite and β-Fibrinogen-5 sequences for seven individuals from this area for 289 

which mtDNA were previously available. 290 

Microsatellite markers were developed specifically for this project using methods and 291 

optimization protocols that will be described elsewhere (Feldheim, Caro, Cadena and 292 

Bowie, unpublished data). Final analyses were based on six polymorphic loci (10-25 293 

alleles per locus). Allele sizes were estimated using the program GeneMapper version 294 

3.7 (Applied Biosystems). Estimates of the null alleles frequency and extent of large 295 

allelic dropout events were obtained using the program Micro-checker (Van 296 

Oosterhout et al. 2004). Assumptions of Hardy-Weinberg equilibrium (HWE) and 297 

linkage disequilibrium were tested in Genepop 4.0.10 (Raymond and Rousset 1995). 298 

No evidence of significant null allele frequency or large allelic dropout event was 299 

found and deviations of Hardy-Weinberg equilibrium and linkage disequilibrium were 300 

not significant for each locus (Feldheim, Caro, Cadena and Bowie, unpublished data). 301 

As described above, sequencing the mitochondrial ATPase 6 and ATPase 8 genes was 302 

based on standard protocols (Eberhard et al. 2009), which were also used with minor 303 

modifications (available from the authors upon request) to sequence the β-Fibrinogen 304 

intron-5 and CHDZ nuclear genes for all samples. It was not necessary to phase 305 

sequences for β-Fibrinogen intron-5 because all individuals were homozygous. The 306 

CHDZ gene showed no variation among individuals so it was excluded from all 307 

further analyses.  This was an interesting result since a sex-linked gene that has a 308 

faster coalescent time than the β-Fibrinogen intron-5 showed no variation, although 309 

some studies revealed that the CHDZ gene might be affected by selection violating 310 

the assumption that this is a neutral marker (Benedict et al. 2010). 311 



To examine whether two genetically distinct groups of wood-wrens exist in the 312 

SNSM with no hybridization or whether evidence of gene flow existed, we compared 313 

patterns of variation across markers and related such patterns to elevation. We used 314 

the Bayesian program Structure 2.3.3 (Pritchard et al. 2000), to determine the number 315 

of genetically-defined populations existing in the SNSM and to compute the posterior 316 

probability of assignment of individuals to each population using the microsatellite 317 

data. Structure analyses were conducted with an admixture model ( =1), a burn-in of 318 

10,000 iterations and a run length of 100,000 generations. To determine the number of 319 

populations (i.e. clusters, k) we used a heuristic approach by considering the change in 320 

likelihood between k=1 through 5. We ran the program twice to be sure that results 321 

were consistent.  Based on patterns observed using mtDNA and β-Fibrinogen-5 data, 322 

which revealed the existence of distinct lineages, we also assigned each allele to a 323 

clade for each of these markers. Because variation in the nuclear intron was reduced, 324 

we used the haplotype network generated by the program Network 4.5.0.0 (Ltd. 2007) 325 

for this purpose. Owing to the clear population structure observed (see below), we 326 

were able to assign each individual to mtDNA and nuclear DNA lineages 327 

unambiguously. 328 

Testing divergence in song perception 329 

To determine whether vocal variation along the elevational gradient was related to 330 

patterns of conspecific recognition or aggressive response, we conducted song 331 

playback experiments following the design of Dingle et al. (in revision). We 332 

conducted a total of 60 playback trails in three experiments. The first two experiments 333 

compared the behavioral response of territorial males of higher elevations (2250 to 334 

2800m) and lowland elevations (1000 to 1300m) to playback of their own songs (i.e. 335 

songs recorded in their elevational zone) and to foreign songs. The third experiment 336 



compared the behavioral response to songs from high-elevation and low-elevation 337 

populations of males occurring in the mid-elevations (1700 to 2400m), the areas 338 

where the two forms likely overlap.  339 

We selected the best ten solo song recordings, each belonging to different individuals, 340 

to prepare ten synthetic stimuli of the highland population and ten of the lowland 341 

population for playback experiments. We applied a balanced reciprocal design in 342 

three playback experiments. For each experiment, we prepared 20 trials and those 343 

were evaluated in 20 different territories for each population. Our set-up limited the 344 

potential impact of pseudoreplication (Kroodsma 1989; Slabbekoorn and Bouton 345 

2008), while optimally exploiting the available song recordings. Playback trials lasted 346 

30 min: the first 5 minutes for observations of "baseline" behavior, followed by 5 347 

minutes of playback: 2 of the stimulus, 3 minutes for behavioral observations; then, 348 

there was a silence for 10 minutes, followed by the same procedure for the other 349 

stimulus. We used a portable field speaker SME-APS to playback the songs and a 350 

Marantz PMD661 Portable Solid State Recorder to reproduce the songs. Playback 351 

levels were standardized at 85 dB (A) at 1 meter from the speaker, as measured with a 352 

Sphynx digital Sound Pressure Level meter. Playback speakers were located 353 

approximately 1m above the ground. 354 

 We measured the playback response strength evaluating the approach to speaker 355 

distance, total singing, and delay in response. Response variables scored were 356 

approach distance, response time, and vocal output. Approach distance was measured 357 

as the minimum distance between subject and speaker during the separate playback 358 

periods. Distance categories were: 0 = > 16 m; 1 = 8-16 m; 2 = 4-8 m; 3 = 2-4 m; and 359 

4 = < 2 m (Nelson and Soha 2004; Dingle et al. in revision). Delay in response was 360 

http://mineroff-nature.com/nature/marantz-pmd661-portable-solid-state-recorder-p-191.html


measured as the time in between start of playback and the initial response. Total 361 

amount of time singing is the time in seconds the bird emitted fast song. 362 

To investigate if there was a difference in response to playback stimuli in the three 363 

populations, we first reduced all response variables using PCA to a single variable 364 

indicating the aggressiveness of the response. Wilcoxon signed-ranks tests were used 365 

to test for significant differences in response to different stimuli in the different 366 

elevations. These statistical analyses were conducted using SPSS version 16.0. 367 

Results 368 

Testing the geographic pattern of speciation 369 

Mitochondrial sequence data indicate that two separate, highly divergent clades of H. 370 

leucophrys exist in the SNSM: one ranges from c. 1100m to 2250m elevation, and the 371 

other from c. 2250 to 2800m (Fig. 1). The uncorrected distance between these clades 372 

is 6%, indicating they have been isolated for c. 3 million years assuming a 2% 373 

distance indicates one million years of divergence (Weir and Schluter 2008). 374 

Moreover, results obtained using different methods of phylogenetic inference 375 

consistently indicate that the two mtDNA lineages occurring in the SNSM are not 376 

sister populations: the cluster occurring at higher elevations is identified as a sister 377 

group of a clade that includes the cluster at low elevations from the SNSM and the 378 

populations from the Sierra de Perijá and Venezuela (Fig. 1). These results indicate 379 

that the two forms occurring in the SNSM did not differentiate as a result of 380 

parapatric divergence along the elevational range of a single ancestral lineage. Rather, 381 

it appears that divergence of these two populations involved a period of allopatry and 382 

that their coexistence with elevational replacement in the SNSM reflects secondary 383 

contact following different colonization events. Based on the branching pattern seen 384 



in the phylogeny and the genetic differentiation of clades relative to populations 385 

occurring elsewhere, our data further suggest that the first event of colonization likely 386 

involved the clade now occurring at higher elevations (Fig. 1).  387 

Testing for phenotypic divergence along the elevational gradient  388 

Three principal components explained 70.2% of the variation in the nine 389 

morphological features measured for the 81 adult individuals of H. leucophrys 390 

included in the analyses. The first principal component (PC1) accounted for 43.6% of 391 

the variation, and was positively correlated with bill length and depth, wing chord, 392 

and body mass (Table 1). The second and third principal components explained 393 

14.2% and 12.2% of the phenotypic variance, and correlated with bill width and tail 394 

length, respectively (Table 1). PC1 is correlated negatively with elevation: 68% of the 395 

variation in PC1 was explained by elevation, such that birds occurring at higher 396 

elevations tended to be smaller and to have smaller bills (Fig. 2). However, 397 

phenotypic variation along the elevational gradient is not continuous; instead there are 398 

two distinct groups, within which phenotypic variation is unrelated to elevation: one 399 

ranges from c. 1100 to 2250 m and the other from c. 2250 to 2800 (Fig. 2). 400 

Accordingly, the DFA clearly distinguished the two groups and probabilities of group 401 

membership for all the individuals were consistently high.  402 

Testing song divergence along the elevation gradient 403 

We recorded a total of 587 wood-wren fast solo songs along the elevational gradient: 404 

207 from 20 territories at low elevations (1000 to 1300 m), 167 from 20 territories at 405 

mid-elevations (1700-2400 m) and 210 from 20 territories at high elevations (2550 to 406 

2800 m).  407 



Two principal components explained 94.6% of variation in seven song features (n=60 408 

territories). Loading coefficients were obtained only for PC1, which explained 68.4% 409 

of the variance and correlated positively with all of the frequency measurements (i.e. 410 

higher values of PC1 indicate higher-pitched songs, see below; Table 1). PC2 411 

explained 26.2% of the variance, had lower loading coefficients, and correlated with a 412 

temporal measurement (delivery rate of songs). In the following, we will focus on 413 

describing vocal variation as described only by PC1 because PC2 showed no relation 414 

with elevation. PC1 was correlated positively with elevation: 85% of the variation in 415 

this component was accounted for by elevation (Fig. 2). Lowland populations sing at 416 

lower frequencies and over a narrower bandwidth than highland populations. 417 

Compared to phenotypic variation, which despite being related to elevation involved 418 

sharp replacement of two rather distinct groups, vocal variation tended to vary more 419 

gradually with elevation (Fig. 2).  420 

Because we found that bill morphology and vocal variation are correlated (Fig. 2), we 421 

sought to examine vocal variation along the elevational gradient while controlling for 422 

the influence of morphology by examining the change with elevation in the residuals 423 

of a regression between phenotypic PC1 and vocal PC1. This analysis indicated a 424 

weak correlation between the residuals and elevation: only 17% of the vocal variation 425 

was explained by elevation once the influence of morphology was controlled for 426 

(Fig.3). This suggests that vocal variation depends largely but not entirely on 427 

morphologic variation. 428 

Examining patterns of genetic divergence  429 

The STRUCTURE analyses of microsatellite data showed the existence of two clear 430 

genetic clusters; other values of K (e.g. 1 or 3 clusters) had much lower likelihood 431 



values (Fig. 4). One cluster ranged from approximately 1000 to 2250 m elevation and 432 

the other from 2250 to 2800 m (Fig. 4). All individuals had high probabilities of being 433 

assigned to either cluster, except for one individual which seemed to have a mixed 434 

genetic composition, indicating it was likely a hybrid (Fig. 4). When analyses 435 

included individuals from the Serranía del Perijá, the same two clusters were 436 

observed, and individuals from this area were clearly assigned to the low-elevation 437 

cluster. 438 

As described above, mtDNA variation was also clearly structured along the 439 

elevational gradient, with divergent clades ranging from 1000 to 2250 m and from 440 

2250m to 2800 m, and a very similar pattern was seen in the β-Fibrinogen intron-5 441 

nuclear mtDNA data. As with the microsatellite data, samples from the Sierra de 442 

Perijá were closely related to the lower elevation lineage occurring in the SNSM (data 443 

not shown).  444 

Concordance in patterns of phenotypic, vocal, and genetic variation 445 

Phenotypic, vocal, and genetic data varied consistently with elevation, indicating the 446 

existence of two clearly distinct populations (Fig. 5). One population ranges from 447 

c.1100 to 2250 m and the other from c. 2250 to 2800m. The contact zone between 448 

both forms is located at c. 2200-2250 m and the elevational replacement is sharp (Fig 449 

5), suggesting a stepped transition and the lack of a hybrid zone. However, song 450 

properties have a gradual change along the gradient (see discussion) instead of 451 

showing two distinct groups; for this reason, we were unable to assign each individual 452 

to discrete cluster. 453 

 454 



Testing divergence in song perception 455 

Principal component 1 explained 63% of the variation in the playback response data 456 

(Table 1), suggesting that this is an appropriate simple measure of response to song 457 

stimuli. Individuals from both the high and the low elevation populations, but not 458 

those from mid elevations, discriminated markedly against foreign songs. 459 

Specifically, highland birds responded much less strongly to lowland songs than to 460 

their own songs (n = 20, Z = -3.808, P < 0.01), and lowland birds responded 461 

significantly less strongly to highland songs than to their own (n = 20, Z = -2.80, P < 462 

0.01). The individuals from mid elevations responded slightly more strongly to 463 

lowland songs than to highland songs, but differences were not significant (n = 20, Z 464 

= -0.037, P > 0.05) (Fig. 6).  465 

Discussion 466 

Testing the geographic pattern of speciation 467 

Our phylogenetic analyses revealed that the two forms of H. leucophrys replacing 468 

each other along the elevational gradient in the SNSM apparently did not differentiate 469 

in parapatry from a single ancestor that colonized this area, but instead resulted from 470 

two separate colonization events (Fig 1). This implies that their divergence likely 471 

involved an allopatric phase and that their present-day abutting distributions reflect 472 

secondary contact. Moreover, our analyses indicate that the lineage occurring at 473 

higher elevations likely colonized the SNSM first, and the lineage occurring at lower 474 

elevations came later, possibly from the Sierra del Perijá; low-elevation populations 475 

from the SNSM are closely related to populations from Perijá as indicated by 476 

phylogenetic analyses of mtDNA and a lack of differentiation in microsatellite 477 

markers and β-Fibrinogen-5 (Fig. 1 and Fig. 5).  478 



Although some sister species replace each other along elevational gradients (reviewed 479 

by Cadena 2007), distinguishing whether elevational replacements result from 480 

parapatric speciation or rather from secondary contact after an allopatric phase is 481 

often difficult (Endler 1982; Coyne and Orr 2004). More generally, complete 482 

empirical evidence for this mode of speciation in mountains is still largely lacking 483 

(but see Hall 2005). In birds, there are good examples of local adaptation of 484 

populations along elevational gradients (Dingle et al. 2008; McCormack and Smith 485 

2008; Cheviron and Brumfield 2009; McCracken et al. 2009; Milá et al. 2009) but we 486 

are unaware of conclusive evidence that this mode of divergence has scaled up to lead 487 

to reproductive isolation and therefore the origin of two distinct species from a single, 488 

continuously-distributed ancestral lineage as a result of divergent selection. Instead, 489 

multiple analyses (see Cadena 2007), including those we conducted for this study, 490 

indicate that speciation in montane birds often involves an allopatric phase and that 491 

elevational replacements result from secondary contact between populations. We 492 

note, however, that the above does not imply that ecological speciation (Schluter 493 

2001; Schluter 2009) has not occurred in the Henicorhina system because selection 494 

related to environmental variation is a likely explanation for the origin of the 495 

morphological and song divergence between populations as we shall describe below. 496 

Adaptation and reproductive isolation 497 

Our analyses indicate that the phenotypic variation in plumage traits that led to 498 

description of two forms of H. leucorphys in the SNSM (Todd and Carriker 1992) is 499 

corroborated by differences in bill morphology and body size, and also in song 500 

characteristics. Because morphology and songs vary in parallel and because selection 501 

for particular morphologies can influence song properties and viceversa (Podos 2001; 502 

Podos and Nowicki 2004; Seddon 2005; Grant and Grant 2009), the divergence of 503 



these characters as a result of local adaptation can generate strong reproductive 504 

isolation and ecological speciation. Our results are consistent with a strong link 505 

between morphological and vocal variation (Fig. 2), as evidenced by the analysis 506 

indicating that much of the variation in songs between populations can be accounted 507 

for by phenotypic differences (Fig. 3). Birds found at higher elevations are smaller 508 

and have smaller bills, so they were expected to sing at higher frequencies and to be 509 

able to sing over a wider frequency range based on biomechanical considerations 510 

(Podos 2001; Podos and Nowicki 2004; Seddon 2005; Grant and Grant 2009). This is 511 

exactly what we observed. A difficult question to answer, however, is whether our 512 

results reflect the action of selection on songs, morphology (in relation to foraging or 513 

on song production), or both. 514 

There is ample evidence that morphological variation responds to ecological selection 515 

(Rice and Hostert 1993; Rundle et al. 2000; Schluter 2001; Rundle and Nosil 2005). 516 

In relation to our results, bill size in birds readily responds to selection according to 517 

differences in available food resources (Podos and Nowicki 2004; Seddon 2005; 518 

Kleindorfer et al. 2006), which may vary with elevation. Likewise, body size can 519 

respond to selection along elevational gradients; for example, Bergmann's rule 520 

predicts larger body size at higher elevations for optimal heat conservation at lower 521 

temperatures (Zink and Barrowclough 2008), a pattern observed in some montane 522 

birds (Milá et al. 2009). Little is known about the diet of wood-wrens in the SNSM 523 

and about variation in food availability along the elevational gradient, so we cannot 524 

comment on whether variation in bill size reflects local adaptation. However, the 525 

pattern of body size variation is contrary to that predicted by Bergmann's rule, so it 526 

cannot be attributed to selection related to thermal balance in relation to climatic 527 



variation. Thus, we must entertain the possibility that songs might be the traits on 528 

which selection might be acting at different elevations. 529 

The elevation-related change in song properties we observed can reflect the direct 530 

action of selection.  Indeed, Dingle et al. (2008) showed that selection has driven song 531 

divergence in two Grey-breasted Wood-Wren populations occurring along another 532 

elevational gradient. In agreement with our results, they found that songs of 533 

populations occurring at lower elevations in Ecuador were lower-pitched and had a 534 

faster delivery rate than songs of populations from high elevations in the same 535 

mountain range. These authors suggested that differences reflect acoustic adaptation 536 

resulting from a high incidence of high-frequency ambient noise at lower elevations 537 

caused by cicadas calling. The similarity in the results of that study and ours suggests 538 

parallel evolution resulting from ecological selection in two similar but independent 539 

elevational gradients. However, further analyses of environmental noise and sound 540 

transmission should be performed to test whether factors shaping songs in the SNSM 541 

coincide with those acting in Ecuador. Also, we note that song transmission can be 542 

affected by vegetation structure. Because vegetation is likely more open at higher 543 

elevations, and because high-frequency, modulated, and fast songs are better 544 

transmitted in open areas (Wiley and Richards 1982; Slabbekoorn 2004), vocal 545 

variation in Henichorhina in the SNSM might also reflect acoustic adaptation related 546 

to habitat structrure, a possibility that needs to be examined in detail in future studies 547 

(see Kirschel et al. 2009). 548 

An important aspect of our findings is that the presumably adaptive differences in 549 

songs we observed are not just at the level of song production but also of perception: 550 

both highland and lowland forms responded significantly more strongly to songs from 551 

their own elevational range (Fig. 6). This hints at the possibility of strong assortative 552 



mating with respect to songs, an important component of models of ecological 553 

speciation in birds (reviewed by Price 2008). 554 

Has differentiation associated with different elevational zones led to the origin of two 555 

different species in the SNSM? We argue that, when taken together, our data strongly 556 

suggest that the two forms of H. leucophrys existing in Santa Marta have indeed 557 

reached reproductive isolation because (1) they are phenotypically, genetically and 558 

behaviorally divergent, and (2) hybridization between them is extremely limited, such 559 

that the elevational replacement is abrupt and all characters, except perhaps for songs 560 

(see below), show strikingly similar patterns of variation along the gradient (Fig.5). 561 

Therefore, we believe that these forms should be considered different species under 562 

the biological species concept (Mayr 1942). It seems that the most likely explanation 563 

for the origin of reproductive isolation is allopatric divergence in mating signals 564 

resulting from elevation-related selection for acoustic adaptation or as a byproduct of 565 

natural selection acting on morphological variation. In any case, this has resulted in 566 

the origin of a premating barrier that has maintained the two forms as distinct after 567 

they reached secondary contact owing to assortative mating with respect to songs. 568 

This existence of at least one hybrid suggests that although hybridization is rare, there 569 

are no genetic incompatibilities between both forms, a scenario that is consistent with 570 

the hypothesis that premating barriers often evolve before postmating reproductive 571 

barriers (Price and Bouvier 2002; Toews and Irwin 2008). Alternatively, it is possible 572 

that morphological and song characteristics initially diverged in allopatry and were 573 

later reinforced (Price 2008), completing premating isolation upon secondary contact, 574 

a hypothesis that should be tested in the future (Sætre and Sæther 2010). 575 

 576 



Caveats 577 

We have described above the evidence indicating strong and presumably adaptive 578 

divergence associated with elevation in wood-wrens occurring in the SNSM, and have 579 

argued that the two populations replacing each other along the elevational gradient 580 

have reached reproductive isolation. However, there are two caveats that merit some 581 

consideration. First, as with many other field studies, we acknowledge that the 582 

variation we observed might be the result of phenotypic plasticity and not of 583 

evolutionary adaptation in a strict sense. Bill morphology is known to be highly 584 

heritable in birds, and it can respond to natural selection (Seddon 2005; McCormack 585 

and Smith 2008; Grant and Grant 2009; Podos and Nowicki 2004), but no information 586 

on the genetic basis of bill morphology is available for wood-wrens. Although song 587 

properties are likely heritable to some extent because they are influenced by 588 

morphological variation as described above, learning clearly plays an important role 589 

in vocal development in wrens (Kroodsma 2005. ) and likely in Henicorhina 590 

((Jankowski et al. 2010). However, reproductive isolation between both forms can be 591 

maintained by natural selection even if characters involved in reproductive isolation 592 

are not highly heritable (Hendry et al. 2006; Taylor et al. 2006; Seehausen et al. 593 

2008).   594 

Second, although song discrimination was strong in the extremes of the elevational 595 

gradient, birds from mid-elevation populations did not discriminate between songs 596 

from high elevation and low elevation populations, although based on genetic data 597 

they should belong to the "low elevation" group and should respond more strongly to 598 

these songs. In addition, the acoustic properties of songs changed more gradually with 599 

elevation compared to other traits (Figs. 2 and 3). We believe these results do not 600 

undermine our inference that the two forms are reproductive isolated, but rather 601 



reflect that songs are learned and that they play roles not only in mate choice, but also 602 

in interspecific territoriality. Ecological hypotheses to explain elevational 603 

replacements often invoke competition as a force maintaining segregation via 604 

intraspecific territoriality (review by Cadena 2007). This hypothesis has been tested 605 

for two different, reproductively isolated species of Henicorhina that replace each 606 

other along a elevational gradient where aggression towards congeners was strong in 607 

territories close to the elevational replacement zone (Jankowski et al. 2010). Because 608 

the response to interspecific song declined as distance from the replacement song 609 

increased, the authors suggest that song learning may play a critical role in 610 

interspecific aggression and that individuals close to the replacement zone respond 611 

strongly to heterospecific songs because they recognize them as potential threats 612 

whereas those located far from the contact zone do not. Our results are consistent with 613 

this scenario and suggest that the apparent lack of song discrimination near the 614 

contact zone (i.e. at mid elevations) in the SNSM does not imply that birds do not 615 

readily distinguish songs in the context of mate selection, but rather that the response 616 

might also reflect interspecific territoriality, thus acting as a mechanism maintaining 617 

the replacement along the elevational gradient. A crucial future step for studies on this 618 

system is to conduct playback experiments separately on males and females to better 619 

understand the function of songs and to evaluate whether females interested in 620 

selecting mates discriminate songs more strongly than males interested in defending 621 

their territories (Seddon and Tobias 2010). 622 

Conclusion 623 

To our knowledge, this is the only existing study examining speciation related to 624 

adaptation to different elevational zones that integrates phylogenetic analyses relevant 625 

to understanding the origin of populations that replace each other along elevational 626 



gradients with detailed characterizations of variation in (1) morphological traits 627 

presumably related to fitness, (2) signals involved in mate choice (i.e. songs), and (3) 628 

multiple molecular markers with different modes of inheritance along an elevational 629 

gradient. Moreover, our study supplements these data with behavioral experiments to 630 

infer the influence of vocal divergence on assortative mating. This integrative 631 

approach allowed us to link morphological and vocal differentiation of populations 632 

occurring in different elevational zones to the origin of reproductive isolation. 633 

This study demonstrates that the two forms that occur in the SNSM are actually two 634 

different species due to the morphological, genetic and behavioral divergence. In 635 

addition, we found evidence of divergence in characters linked to mate choice, and 636 

that divergence is consistent with local adaptation along the elevational gradient. 637 

Although our study is consistent with allopatric speciation because phylogenetic 638 

analyses indicate that the elevational replacement reflects secondary contact and not 639 

primary differentiation, our results support the origin of reproductive barriers via 640 

ecological speciation (Schluter 2001, 2009) as factor maintaining the replacement of 641 

distinct species along the elevational gradient of the SNSM. 642 
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 Figures 912 

Fig. 1. Phylogenetic relationships of haplotypes of H. leucophrys occurring in the 913 

SNSM with respect to other populations of this species based on sequences of the 914 

mitochondrial ATPase 6 & 8 genes analyzed using the maximum likelihood method. 915 

Two different clades (shown in green and red) exist in the SNSM, occur over different 916 

elevational ranges (1100 to 2250 m and from 2250 to 2800 m, respectively), and are 917 

not each other's closest relatives, suggesting they did not diverge as a result of 918 

differentiation of a single lineage within the SNSM. Blue and yellow bars indicate 919 

samples from the Sierra de Perijá and Venezuela, respectively. The haplotype network 920 

shows relationships within each of the SNSM lineages.  921 

 922 



Fig.2. Variation in morphology and song features along the elevational gradient. The 923 

first principal component (PC1) of morphological analyses decreases with elevation 924 

indicating a reduction in bill size and body size (regression: r
2
=0,68, F= 172,904, d.f= 925 

79 p<0,01, n=81) but the pattern indicates the existence of two clearly distinct groups, 926 

ranging from 1100 to 2250 m and from 2250 to 2800 m. The PC1 based on songs 927 

increases gradually with elevation (regression: r
2
=0,85, F= 308, 887, d.f= 54 p<0,01, 928 

n=56), indicating songs have higher frequencies at higher elevations.  929 
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Fig. 3. Change in the residual variation in song features (i.e. song PC1) that is 936 

unexplained by morphometric variation (i.e. morphology PC1) with elevation. 937 

Although significant (F= 11.096, d.f=46, p=0.02, n=48), the amount of variation 938 

explained by the regression model is low (r
2
=0.17) suggesting that much of the 939 

variation in vocalizations with elevation (Fig. 2) can be accounted by morphological 940 

variation.  941 
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Fig. 4. Bayesian assignment probabilities of individuals (individual bars) to two 951 

different genetic clusters (blue and green, K=2) obtained from a STRUCTURE 952 

analysis of multilocus microsatellite data (A) in relation to their position along the 953 

elevational gradient (B). Each vertical bar corresponds to one individual. Note that 954 

most individuals are assigned to one of two groups with high probability and that 955 

assignment probabilities change abruptly at c. 2250 m elavation, indicating strong 956 

genetic differentiation and reflecting lack of gene flow. Only one intermediate 957 

individual, a likely hybrid, was reported at c. 2700m. 958 
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Fig. 5. Probability of assignment to different groups in relation to elevation for (A)  963 

morphology, with assignment defined by discriminant analysis, (B) 6 microsatellite 964 

loci, with assignment determined by STRUCTURE analyses, (C) β-Fibrinogen intron-965 

5 sequences,  with assignment based on a haplotype network with two main groups, 966 

and (D) mitochondrial ATPase 6 & 8 sequences, with assignment based on clades 967 

identified by phylogenetic analyses (Fig. 1). All the data are consistent in showing the 968 

existence of two disctinct populations that replace each other abruptly along the 969 

elevation gradient. 970 
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Fig.6. Results of playback experiments conducted at three ranges of elevation 976 

indicating stronger responses by grey-breasted wood-wrens to local songs in the 977 

highland and lowland populations, but no significant difference in the response to 978 

lowland or highland songs at mid elevations. Playback response is expressed as a 979 

combined measured of aggressiveness resulting from a principal components analyses 980 

based on several variables measuring behavioral response (see text).  981 
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Table 1. Loading coefficients for principal components used to reduce multivariate 988 

morphological, song, and playback response data.  989 

  Components 

 Variable 1 2 3 

Morphological 

Length of Tarsus -0.46 -0.04 0.48 

Wing chord length 0.81 -0.11 0.34 

Tail length 0.21 0.09 -0.83 

Bill length (Tip to 

feathering) 0.89 0.01 0.01 

Bill length (Tip to Skull) 0.90 0.07 0.02 

Bill Depth 0.78 0.16 0.10 

Bill Width (proximal 

edge to nostrils) 0.48 0.64 0.11 

Bill Width (where 

culmen begins) -0.11 0.93 -0.008 

Mass 0.68 0.18 -0.26 

Vocal 

Peak Fmax 0.98 0.01 N/A 

Peak Fmin  0.97 0.12 N/A 

Overall Peak Frequency  0.98 -0.02 N/A 

Delivery Rate  -0.04 0.95 N/A 

Note duration  -0.07 -0.95 N/A 

Average of minimun 

frequency 0.98 -0.05 N/A 

Average of maximum 

frequency  0.98 0.01 N/A 

Playback 

Delay in response -0.84 N/A N/A 

Total time singing 

response 0.73 N/A N/A 

Minimum approach to 

the Speaker distance 0.83 N/A N/A 
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