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Abstract  

 

High-elevation environments pose ecophysiological challenges for organisms, including 

low temperatures and reduced oxygen availability, and many adaptive strategies to 

overcome such challenges have been documented. Among the most studied patterns are 

Bergmann’s and Allen’s Rule, which indicate that organisms living in colder habitats, 

including those at high elevations, tend to be larger and to have smaller limbs 

(respectively) to minimize heat loss through body surface. Also, organisms show 

physiological adaptations to deal with hypoxia via changes in the hemoglobin structure 

that increase its affinity to oxygen. We evaluated high-elevation adaptations in Torrent 

Ducks along replicate elevational gradients in different regions by evaluating 

morphological variation related with temperature and genetic variation in hemoglobin 

with respect to elevation. We found a deep genetic subdivision in mtDNA of Torrent 

Duck populations, recovering distinct clades for Northern, Central, and Southern Andes. 

We did not find a clear association of hemoglobin variants with elevation, but we cannot 

discard the existence of a cline in allele frequency for one of our study rivers. We found 

that Torrent Duck morphology is consistent with Bergmann’s rule over the thermal 

gradient associated with latitude, but not in thermal gradients associated with elevation. 

Limb-size variation did not support Allen’s rule in any thermal gradient. In sum, our 

results highlight the importance of studying organismal variation across continuous 

ecological gradients because they allow uncovering the interaction between natural 

selection and gene flow.!
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Introduction 

 

Parallel evolution, the independent emergence of the same adaptive traits in different lineages 

(Futuyma 2005), is of great interest in evolutionary biology because it reveals that similar 

selective pressures acting on different organisms can result in the same outcome, indicating some 

degree of evolutionary determinism as opposed to contingency (Losos et al. 1998; Schluter et al. 

2004; Wake et al. 2011). Despite the intimate relationship between genotype and phenotype, 

evidence supporting parallel evolution at the genotypic level remains relatively scarce (Wood et 

al. 2005; Hubbard et al. 2010; Liu et al. 2010; Wake et al. 2011), but there are several examples 

demonstrating that loci under similar selective pressures have experienced identical but 

independent amino acid substitutions that likely improve performance in specific environments 

(Zhang and Kumar 1997; Schluter et al. 2004; Liu et al. 2010).  However, the evidence of 

parallel evolution at the genetic level often comes from experiments performed in model 

organisms, and tests involving many organisms under natural conditions are still lacking (Wood 

et al. 2005; McCracken et al. 2009b; Jones et al. 2012; Linnen et al. 2013). 

 

An ideal scenario to evaluate the effects of environmental constraints as drivers of parallel 

evolution is the study of life at high elevations. High-elevation environments pose many 

ecophysiological challenges for organisms, which include dealing with reduced oxygen 

availability with respect to sea level (Altshuler and Dudley 2006). As atmospheric pressure 

decreases with increasing elevation, the partial pressure of oxygen (pO2) in the air falls to almost 

60% that at sea level (Weber 2007; McCracken et al. 2009a), causing that less oxygen molecules 

enter the respiratory system with each inspiration (Altshuler and Dudley 2006; Beall 2006). 

Because of the continuous supply of oxygen required for energetic metabolism in the 

mitochondria, hypobaric hypoxia (i.e. hypoxia resulting form low oxygen pressure) is a major 

cause of metabolic stress in biological systems (Beall 2006; Storz and Moriyama 2008). 

Similarly, the need for metabolic heat production is higher at lower temperatures, which also 

increases oxygen consumption at high elevations (Koteja 1986; Gillooly et al. 2001; Gillooly and 

Allen 2007). These challenges are particularly acute for endothermic animals like birds or 

mammals that perform energetically demanding activities such as flying or swimming (e.g. 



waterfowl) because they have oxygen consumption levels exceeding by a minimum of five times 

those of ectotherms of similar body size (Bennett and Ruben 1979). 

 

Adaptive strategies to challenges imposed by high elevation are diverse (Hopkins and Powell 

2001), and many mechanisms helping organisms to deal with such environments have been 

documented. Organisms often show physiological adaptations to deal with hypoxia: increasing 

the affinity between blood and oxygen is a combination of short-term adaptations in hemoglobin-

oxygen affinity mediated by the availability of allosteric effectors (e.g. inositol pentaphosphate 

in birds), and long-term (i.e, genetically determined) adaptations involving changes in the 

hemoglobin protein structure that either increase its affinity to oxygen or its sensitivity to 

allosteric binders (Weber and Fago 2004; Weber 2007). 

 

Adaptations to life at high elevations in birds are well documented (see Jessen et al. 1991; 

Hopkins and Powell 2001; Altshuler and Dudley 2006; Cheviron et al. 2008) and have been 

especially well studied in waterfowl (e.g. Petschow et al. 1977; Johnson and Sorenson 1998; 

Bulgarella et al. 2009; McCracken et al. 2009b) both from functional and molecular 

perspectives. Many of such adaptations are a result of parallel evolution of the secondary and 

tertiary structure of hemoglobin resulting in higher hemoglobin-oxygen affinity via polar 

changes in allosteric sites for inositol pentaphosphate binding (McCracken et al. 2009a; 

McCracken et al. 2009b). To date, however, studies have usually compared hemoglobin 

variation in discrete highland vs. lowland populations rather than evaluating continuous 

elevational gradients, which are ideal to perform such comparisons because of the gradual 

change in environmental conditions (Jankowski et al. 2012). In addition, the continuous nature of 

elevational gradients likely imposes no direct restrictions to gene flow owing to the absence of 

barriers, which allows testing the extent to which selection can promote differentiation among 

neighboring populations in the face of gene flow (Cheviron and Brumfield 2009). 

 

The Torrent Duck (Merganetta armata: Anatidae) is an ideal species to address questions related 

to high-altitude adaptations because it lives in Andean rivers in a continuous range from sea level 

(at higher latitudes) to more than 4500 m elevation (Carboneras 1992), and sequences of its !A 

and "A Hemoglobin subunits have been previously described (McCracken et al. 2009b). 



McCracken et al. (2009b) identified a non-polar to polar amino acid change at position !A77, 

which was hypothesized (pending functional studies) to presumably decrease inositol 

pentaphosphate binding to hemoglobin; this substitution evolved in parallel in four other Andean 

duck species adapted to high elevations. Torrent Ducks are also distributed along a wide 

latitudinal gradient from Venezuela to Argentina (Carboneras 1992), providing a unique 

opportunity to test for parallel evolution in hemoglobin features within populations of a single 

species, having replicate elevational gradients at different latitudes. 
 

In this study, we evaluated high-altitude adaptations in M. armata along replicate elevational 

gradients in different regions by evaluating whether hemoglobin genes show genetic evidence 

suggestive of increased affinity for oxygen binding at higher elevations, and whether there is 

evidence of parallel evolution of hemoglobin genetic variants along elevational gradients among 

different Torrent Duck populations. We compared patterns of evolution in hemoglobin genes to 

those seen in mitochondrial DNA, a putatively neutral marker expected to track population 

history (Zink and Barrowclough 2008). If hypoxia has resulted in the evolution of higher 

hemoglobin-oxygen affinity at higher elevations, then we should detect non-synonymous 

changes in the hemoglobin of high-elevation individuals (McCracken et al. 2009b). If such 

changes emerged independently in each high-elevation population of each river (as revealed by 

mitochondrial gene genealogies describing population history), then the hypothesis of parallel 

evolution owing to common natural selection pressures would be supported. 

 

Methods 

 

Sampling and laboratory procedures 

Fieldwork was conducted between 2010 and 2012 in five different rivers inhabited by 

populations of M. armata: Río Quindío, Quindío, Colombia (1500–2100 m; 8 females and 15 

males); Río Pachachaca, Apurímac, Peru (2200–3600 m; 20 females and 28 males); Río Chillón, 

Lima, Peru (1000–4000 m; 14 females and 48 males); Arroyo Grande, Mendoza, Argentina 

(1800–3200 m; 16 females and 30 males); and Río Malargüe, Mendoza, Argentina (1600–1900 

m; 7 females and 14 males) (Fig 1, Table 1). Additional samples from Ecuador, Peru, Bolivia, 

and Argentina were obtained from the Tissue Collection of the University of Alaska Museum, 



Louisiana State University Museum of Natural Science, the Academy of Natural Sciences of 

Philadelphia, and the University of Washington Burke Museum, in order to complete the 

geographic sampling for the species (Table 1).  

 

For each captured duck we took a blood sample from the brachial vein and conserved it in lysis 

buffer and liquid nitrogen. Genomic DNA was extracted from total blood using either a DNeasy 

extraction kit (Qiagen, Valencia, CA), following a modified protocol  (McCracken and Sorenson 

2005), or using a phenol-chloroform method (Gutiérrez-Pinto et al. 2012). We sequenced a 

fragment (635–644 bp) of the non-coding Control Region of mitochondrial DNA, and a fragment 

(379 bp) of the !A subunit of the Hemoglobin gene (HbA), spanning two exons and two introns. 

PCR protocols followed stardard procedures for both HbA (McCracken et al. 2009b) and Control 

Region (McCracken and Sorenson 2005) amplification. We initially used the overlapping primer 

pairs L78–H774 (Sorenson and Fleischer 1996; Sorenson et al. 1999) but after careful 

examination of the sequences, we determined that our initial PCR reactions resulted in the 

amplification of nuclear mtDNA pseudogenes (numts; e.g. Sorenson and Quinn 1998). 

Therefore, after analyzing sequences, we redesigned a 5’ forward primer L100-Merganetta 

(CATACATTTATGCGCCCCATAC) to selectively amplify true mtDNA sequences.  

 

Phylogeography 

To establish whether variation in the Hemoglobin gene in Torrent Ducks is consistent with 

parallel evolution among populations, we began by reconstructing the evolutionary relationships 

and biogeographic history of populations, using phylogenetic analyses of 198 control region 

sequences (Table 1), together with 12 additional sequences included as outgroups. Although 

there has been some speculation regarding the phylogenetic affinities of Torrent Ducks 

(Johnsgard 1966), information about which is its sister group is not available because this species 

was not included in the most comprehensive molecular systematic analysis of ducks (Gonzalez et 

al. 2009). For this reason, we considered as outgroups seven species thought to be closely related 

to Torrent Ducks: Tadorna tadorna (GenBank accession AY112962.1), T. tadornoides 

(AY112963.1), Alopochen aegyptiacus (AY112964.1), Chloephaga poliocephala (KC109006), 

C. picta picta (KC109015), C. picta leucoptera (KC109044), C. rubidiceps (KC109056), and C. 

melanoptera (KC109075). Also, we included  numt sequences obtained from four Torrent Duck 



individuals (REW 225, LSU B38290, ANSP 5020, and KGM 453). We reasoned that if the 

pseudogenization event took place in the branch leading to the most recent common ancestor to 

current Merganetta populations, numt sequences would likely help us to clarify the position of 

the ingroup root.  

 

Sequences were aligned using the Geneious alignment algorithm implemented in Geneious v.5.4. 

(Drummond et al. 2011). We used ModelTest 3.7 (Posada and Crandall 1998) and MrModelTest 

2.3 (Nylander 2004) together with PAUP* 4.0b10 (Swofford 2002) to select the nucleotide 

substitution model best-fit to the data, which was GTR+I+#. We ran a maximum-likelihood 

analysis using RAxML 7.0.4 (Stamatakis 2006) and established statistical support for branches 

using 1000 bootstrap replicates. We also conducted a Bayesian inference analysis using MrBayes 

v.3.2 (Ronquist and Huelsenbeck 2003) with four MCMC chains ran for 20 million generations, 

sampling trees every 2000 generations, and discarding the first 2,500 trees as burn-in. To further 

visualize relationships between different populations, we built a haplotype network using the 

median-joining algorithm implemented in Network v.4.6 (Bandelt et al. 1999). 

 

Hemoglobin characterization 

After sequencing the HbA fragment, we defined the gametic phase of the heterozygous sites 

using PHASE 2.1 (Stephens et al. 2001), following the procedure described by McCracken et al. 

(2009a). All gametic phases (n = 187 individuals) were identified with 100% posterior 

probability. Because we did not find much variation among individuals, we did not reconstruct a 

phylogeny using the HbA data; instead, we evaluated the geographic distribution and abundance 

of haplotypes using a median-joining haplotype network. To determine whether variation in 

DNA sequences resulted in non-synonymous amino acid changes in the secondary structure of 

the HbA protein, we eliminated introns and translated haplotype sequences. Finally, we mapped 

the HbA genotype of each individual onto the mtDNA phylogeny. If we find any association of 

HbA haplotypes showing nonsynonymous changes with high-elevation populations, the pattern 

could reflect that such haplotypes have evolved as a consequence of selection. Furthermore, if 

the same association is independently replicated in high-elevation populations of each river (as 

revealed by mitochondrial gene genealogies describing population history), then parallel 



evolution would be supported. Conversely, if we find a geographic association of HbA variants 

matching the mtDNA phylogeny, then parallel evolution in HbA genes can be discarded. 

 

Determination of elevation trends in HbA and mtDNA allele frequencies 

Traditionally, studies evaluating hemoglobin genotypes in waterfowl in relation to elevation used 

2000 m as a cutoff to separate lowland and highland populations (see McCracken et al. 2009b). 

Because this subdivision can be subjective, especially in continuously distributed species, we 

coded elevation in five different groups based on elevation data in each river using Morphocode 

1.1 (Schols et al. 2004). This program uses a gap-weighting method originally developed to code 

continuous morphometric data into discrete and homogeneous groups for cladistic analysis 

(Thiele 1993); this method discriminates truly informative gaps in continuous data using 

transformations and range standardization. 

 

The resulting subdivisions span the following elevational ranges: 0 (1092–1318 m), 1 (1463–

2123 m), 2 (2140–2874 m), 3 (2804–3597 m), and 4 (3663–4009), which did not overlap and 

were separated from each other by an average of 62 m (range 17–145 m). We then used these 

subdivisions to characterize changes in control-region genetic diversity along the elevational 

gradients by calculating several summary statistics (gene diversity, nucleotide diversity) and 

search for evidence of natural selection and population changes (Tajima’s D, Fu’s F) in DNAsp 

5.10.1 (Librado and Rozas 2009) (Table 3), and to estimate pairwise genetic differentiation 

calculating $ST and its statistical significance with 10000 permutations in Arlequin 3.5 

(Excoffier and Lischer 2010) separately for the hemoglobin and control region genes. If hypoxia 

drives higher hemoglobin-oxygen affinity, then non-synonymous amino acid changes in HbA 

similar to the ones found by McCracken et al. (2009b) should be associated with elevation, 

increasing their allelic frequencies with increasing elevation; these results would be reinforced 

by a high HbA genetic structure between the highest and the lowest elevation groups inside each 

river, revealing whether selective pressures at high elevations can be restricting gene flow along 

each gradient.  

 

Finally, although we assumed mtDNA is a neutral marker reflective of population history, we 

considered the possibilty that mtDNA has evolved under selection in association with life at high 



elevations in Torrent Ducks; because they play a crucial role in ATP synthesis and metabolism, 

mtDNA genes may often be under selection due to the hypoxic and cold conditions at high 

elevations (Ehinger et al. 2002; Mishmar et al. 2003; Cheviron and Brumfield 2009). Thus, we 

searched for possible associations between mtDNA haplotypes and elevations; although the 

control region is noncoding, owing to linkage disequilibrium it may reveal signatures of selection 

in protein-coding genes affecting mitochondrial metabolism. 

 

Results 

 

Phylogeography 

Together, all our results point to the existence of three different Torrent Duck populations that do 

not share much mtDNA genetic variation and experience no (or very low) gene flow among 

them. The maximum-likelihood tree estimated by RAxML using control-region sequences 

(Figure 1) includes three different clades: (1) a Northern Andes clade, including samples from 

Colombia, Ecuador, and Northern Peru (Cajamarca and San Martin); (2) a Central Andes clade, 

comprising samples from Peru south of the North Peruvian Low (Lima, Apurímac, and 

Ayacucho) and Northwestern Bolivia (La Paz); and (3) a Southern Andes clade with samples 

from Southeastern Bolivia (Santa Cruz) and Argentina. However, relationships among those 

three groups are unresolved: in the maximum-likelihood analysis we found low (<65%) 

bootstrap support for the branch suggesting a closer relationship between the Northern and 

Central Andes clades (Figure 1), whereas the Bayesian analysis did not find support for any 

relation between clades, recovering a basal polytomy (tree not shown, but see clade posterior 

probabilities in Figure 1). The average genetic distance between the three populations was 5.5% 

(Northern vs. Central Andes: 5.9%; Central vs. Southern Andes: 5.1%; Northern vs. Southern 

Andes: 5.5%), which translates into c. 1.89 million years since divergence assuming a rate of 

sequence divergence of 2.9% per million years (Lerner et al. 2011). 

 

The profound geographic subdivision in the mtDNA was also recovered by the haplotype 

network (Figure 2a), which further revealed that different rivers within main clades share some 

haplotypes. Despite haplotype sharing we found high $ST values between main rivers (Table 2), 

suggesting significant population genetic structure. Haplotype and nucleotide diversity are very 



similar in different populations, but are remarkably low in the Quindío population, being an 

order of magnitude lower than in any other sample (Table 3). No evidence of selection or of 

changes in population size was found: Tajima’s D and Fu’s F statistics were not significant in 

any population (Table 3). 

 

Association between in mtDNA alleles and elevation 

Most of the more frequently observed control-region haplotypes occur in every elevation group 

as defined with the Morphocode analysis (Figure 2b). However, some haplotypes in the Central 

and Southern Andes clades appear to be restricted to elevations above 2140 m (i.e. elevation 

groups 2, 3, and 4; see dash-lined boxes in Figure 2b). 

 

Association between in hemoglobin alleles and elevation 

We found little variation in the HbA gene, with only five haplotypes in our whole range-wide 

sample. The star-like shape of the haplotype network (Figure 3) reveals the existence of a 

presumably ancestral haplotype present in all populations, and at least one unique haplotype for 

each main clade recovered using the mtDNA data. Most of the hemoglobin polymorphisms were 

located at introns and only one non-synonymous substitution was found, which corresponds to 

the previously described Ala/Thr-!77 (McCracken et al. 2009b); this substitution appears to be 

associated with different geographic regions rather than with different elevations along rivers 

(Figure 1). With no exception, all ducks from Colombian and Argentinian rivers were 

homozygous for the Ala-!77 allele, whereas Peruvian ducks showed greater variation in 

hemoglobin sequence: most Peruvian individuals were either heterozygous (Ala/Thr-!77) or 

homozygous for the Thr-!77 allele, with only two individuals being homozygous for the Ala-!77 

allele (Table 1; Figures 1 and 4).  

 

Because the Ala-!77 allele is fixed across all individuals from both Colombian and Argentinian 

rivers, there is no association between hemoglobin variants and elevation in any of these regions. 

On the other hand, a slight elevational change in hemoglobin allele frequencies can be detected 

in the Río Chillón samples (Figure 4). However, this pattern involves only a slight change (i.e. a 

10% increase in the frequency of the Thr-!77 allele) in the highest elevation group (no. 4), while 



allele frequencies are largely the same across all other elevations. No variation in allele 

frequencies in relation to elevation was detected in the Río Apurímac (Figure 4). 

 

Discussion 

 

Phylogeography 

Over recent years, a variety of studies have addressed patterns of genetic differentiation and 

historical relationships of birds distributed along Andean cloud forests (Pérez-Emán 2005; 

Cadena 2007; Weir et al. 2008; Cadena and Cuervo 2010; Chaves and Smith 2011; Gutiérrez-

Pinto et al. 2012; Isler et al. 2012). However, none have evaluated patterns of variation in 

species with similar latitudinal and elevational distributions but associated with riverine/aquatic 

environments, which are expected to show differentiation patterns unlike those of terrestrial birds 

(Fjeldsa 1985; Cadena et al. 2011). Although studies on the phylogeography of some 

Neotropical waterfowl species are mounting (McCracken et al. 2009c; Bulgarella et al. 2012; 

Muñoz-Fuentes et al. 2013; Wilson et al. 2013), our is the first to consider genetic changes in 

putatively neutral and functional genes across continuous elevational gradients in different parts 

of the geographic range of a species. 

 

Using information from the mtDNA Control Region we found a deep genetic subdivision of 

Torrent Duck populations, recovering distinct clades for Northern, Central, and Southern 

portions of the Andes. No haplotypes were shared between these major geographical groups, 

resulting in strong estimates of genetic structure among them. Morphological variation among 

Torrent Duck populations has long been noticed. Based mainly on differences in size and in the 

overall coloration pattern of males (Carboneras 1992; Figure 1), three subspecies are recognized 

in (1) the Venezuelan, Colombian, and Ecuadorian Andes (M. a. colombiana), (2) the Peruvian 

Andes (M. a. leucogenis), and (3) the Argentinian and Chilean Andes (M. a. armata). The 

distribution limits of Torrent Duck subspecies coincide with those of numerous waterbird species 

along the Andes, which led to the identification of three important geographic regions (Páramo, 

Puna, and Southern Andes) in an analysis of the evolution of the avifauna of Andean wetlands 

(Fjeldsa 1985). The geographic limits of such regions match areas seemingly associated with the 

genetic divergence of Torrent Duck populations, namely the North Peruvian Low (dividing the 



Northern and Central Andes clades) and the Bolivian Altiplano (separating Central and Southern 

Andes clades), both associated with habitat transitions (Vuilleumier 1969; Fjeldsa 1985). 

Moreover, these barriers also agree with the ones causing mejor genetic structure in forest birds 

with similar distributions along the Andes, and the pattern of rapid divergence between well 

differentiated groups that does not allow to clearly disentangle their relationships has also been 

recovered in several codistributed species occupying forest habitats (Pérez-Emán 2005; Cadena 

2007; Weir et al. 2008; Cadena and Cuervo 2010; Chaves and Smith 2011; Gutiérrez-Pinto et al. 

2012; Isler et al. 2012). The existence of common patterns in phylogeographic studies of Andean 

birds suggests that bird assemblages, including species occupying different habitats, could have 

been affected by common biogeographical events. 

 

Our study adds to the phenotypic differences noted above and to proposed biogeographic 

patterns in showing that the tree main geographic populations of Torrent Ducks have been 

isolated for a considerable period of time (an estimate of 1.89 million years since population 

divergence based on control-region divergence). Moreover, our formal analysis of morphological 

variation among the same populations included in a companion study (Gutiérrez-Pinto et al., in 

prep) also found significant differences between subspecies in traits mostly related to body size. 

The same study also found little overlap between populations in some dimensions of their 

climatic niche, which suggests that a formal analysis of the climatic niche of the species would 

also reveal differences among Northern, Central, and Southern Andes populations. 

 

Having evidence from genes, plumage, morphology, and climate pointing to the existence of the 

same three distinct populations of Torrent Ducks would appear to be sufficient evidence to 

consider them separate evolutionary entities and elevate them to the species rank under some 

species concepts (De Queiroz 2007). Still, there is no evidence concerning whether these 

lineages have already attained intrinsic reproductive isolation sufficient to be considered good 

species under the Biological Species Concept (Mayr 1942). However, regardless of the 

taxonomic status given to these lineages, it is clear that they have had a long history of 

independent evolution and should be considered evolutionary significant units worthy of 

conservation status and separate management (Frankham et al. 2012). In this regard, we note that 

the Colombian population is not currently considered under any immediate level of threat 



(Renjifo et al. 2002), but it may be of conservation concern because it has lower densities 

compared with other populations (Naranjo and Avila 2003; Cardona and Kattan 2010; Sardina 

Aragón et al. 2011). In addition, we found remarkably low genetic diversity in the Quindío 

population (Table 3), which also indicates low population size; however, geographic sampling in 

the Río Quindío and other rivers in Colombia needs to be extended to confirm this pattern. 

 

Association between alleles and elevation 

We found a slight association of some groups of control-region alleles in Peru and Argentina 

with elevation, where some alleles were restricted only to elevations greater than 2140 m. The 

pattern recovered for hemoglobin was less marked, as the frequency of the Thr-!77 allele (i.e. 

the allele hypothesized to relate to high-elevation hemoglobin adaptation in Torrent Ducks; 

McCracken et al. 2009b) was very similar across most elevation groups, with only a minor 

increase in frequency detected in the highest elevation group in only one of our study rivers (Río 

Chillón, Peru). Moreover, the Ala-!77 allele was fixed in Colombian and Argentinian rivers 

across elevations. In sum, because we found little or no association of genetic variants with 

elevation, our results suggest that dealing with low pO2 values at high elevation is achieved by 

physiological mechanisms likely unrelated to changes in the loci we studied in Torrent Duck 

populations.  

 

When using control-region sequences to infer population history, we assumed mitochondrial 

genes to be effectively neutral (Zink and Barrowclough 2008). However, mtDNA genes may 

often be under selection because they play a crucial role in ATP synthesis and metabolism. 

Because the mitogenome is inherited as a single linkage group lacking recombination, 

mitochondrial regions can show signatures of selection even when they are not targeted directly 

by selective pressures (Ballard and Kreitman 1995; Ehinger et al. 2002). Although the control 

region is not a protein-coding gene, the slight association with elevation of some of its 

haplotypes could be argued to have resulted from incipient differentiation in protein-coding 

genes affecting mitochondrial metabolism, considering that mtDNA can be under natural 

selection due to the hypoxic and cold conditions at high elevations (Ehinger et al. 2002; Mishmar 

et al. 2003; Cheviron and Brumfield 2009). Furthermore, because mtDNA substitutions have 

been associated with changes in body fat and in body mass index (Yang et al. 2011), 



mitochondrial variation may be argued to reflect at least partly an association with differences in 

body size found between highland and lowland populations of Merganetta from different rivers 

(Gutiérrez-Pinto et al. in prep). However, we believe this to be unlikely owing to the weak (and 

not geographically consistent) variation in mtDNA with elevation, and because our control-

region sequences did not show any evidence of selection or low gene flow along the elevational 

gradient (Cheviron and Brumfield 2009). 

 

Contrary to what was found in other Neotropical waterfowl species revealing high-elevation 

adaptation in hemoglobin genes (McCracken et al. 2009c; Bulgarella et al. 2012; Muñoz-Fuentes 

et al. 2013; Wilson et al. 2013), we did not find evidence of genetic structure indicative of 

reduced gene flow across elevations in Torrent Duck HbA. Furthermore, the lack of consistency 

in the alleles found at high elevations in replicated gradients allows us to reject the hypothesis of 

parallel evolution in HbA variants, and suggests that the Ala/Thr-!77 polymorphism may not 

have much effect on Hemoglobin-O2 affinity as previously proposed (McCracken et al. 2009b). 

In fact, recent unpublished analyses by C. Witt et al. indicated that the oxygen dissociation 

curves for the HbA variants observed in Torrent Ducks are not significantly different from each 

other. However, Witt and colleagues also found that Torrent Duck hemoglobin, irrespective of 

the residue at position !77, has an intrinsically high Hemoglobin-O2 affinity relative to other 

Andean waterfowl species, probably due to the fixation of Thr-"62 and Val-"111 substitutions in 

the Beta Hemoglobin chain (McCracken et al. 2009b). These substitutions may have enabled 

Torrent Ducks to occupy high-elevation environments.  

 

That we could not clearly associate the frequency of specific hemoglobin alleles with elevation 

and the recent finding that there are likely no functional differences between HbA variants, 

leaves the question open of how do Torrent Ducks cope with the demanding conditions of high-

elevation environments. Storz et al. (2010) reviewed several mechanisms that vertebrates use to 

compensate for the low O2 pressures at high elevations, which include changes related in almost 

every step in the cascade from inspiration to oxidative phosphorylation. For example, adaptation 

in blood physiology could be the result of changes in the regulatory elements of the hemoglobin 

genes, or the concentration of allosteric effectors like IPP or chlorides (Weber 2007; Storz et al. 

2010; Scott 2011). Metabolic adaptations can also affect the way energy is used in the organism, 



allowing life at high elevations; these include responses to the low temperatures experienced at 

high elevations like decreasing the rate of energy loss (Tattersall et al. 2012), or reducing oxygen 

consumption by means of switching from carbohydrate oxidation to anaerobic glycolysis 

(Aragones et al. 2008).  

 

In sum, our results highlight the importance of studying organismal variation across continuous 

elevation gradients because they allow uncovering the interaction between natural selection and 

gene flow (e.g. Cheviron et al. 2008; Cheviron and Brumfield 2009). However, more studies are 

needed to achieve a complete picture of the forces that allow organisms to deal with challenging 

environments, to more fully determine the role that adaptation (and natural selection) play on 

species diversification. 
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Tables and Figures 

 

Table 1. Catalogue number, geographic localities, and HbA genotype of the Torrent duck 

samples that were used in this study. 
ID Country Locality Elevation (m) HbA genotype 

NGPMA 1 Colombia Cundinamarca: Rïo Blanco 2413 Ala 

NGPMA 2 Colombia Quindío: Río Quindío 1538 Ala 

NGPMA 3 Colombia Quindío: Río Quindío 1538 Ala 

NGPMA 4 Colombia Quindío: Río Quindío 1609 Ala 

NGPMA 5 Colombia Quindío: Río Quindío 1609 Ala 

NGPMA 6 Colombia Quindío: Río Quindío 1600 Ala 

NGPMA 7 Colombia Quindío: Río Quindío 1622 Ala 

NGPMA 8 Colombia Quindío: Río Quindío 1637 Ala 

NGPMA 9 Colombia Quindío: Río Quindío 1656 Ala 

NGPMA 10 Colombia Quindío: Río Quindío 1735 Ala 

NGPMA 11 Colombia Quindío: Río Quindío 1735 Ala 

NGPMA 12 Colombia Quindío: Río Quindío 1747 Ala 

NGPMA 13 Colombia Quindío: Río Quindío 1751 Ala 

NGPMA 14 Colombia Quindío: Río Quindío 1751 Ala 

NGPMA 15 Colombia Quindío: Río Quindío 1769 Ala 

NGPMA 16 Colombia Quindío: Río Quindío 1799 Ala 

NGPMA 17 Colombia Quindío: Río Quindío 1820 Ala 

NGPMA 18 Colombia Quindío: Río Quindío 1973 Ala 

NGPMA 19 Colombia Quindío: Río Quindío 1994 Ala 

NGPMA 20 Colombia Quindío: Río Quindío 2023 Ala 

NGPMA 21 Colombia Quindío: Río Quindío 2045 Ala 

NGPMA 22 Colombia Quindío: Río Quindío 1964 Ala 

NGPMA 23 Colombia Quindío: Río Quindío 1964 Ala 

NGPMA 24 Colombia Quindío: Río Quindío 1964 Ala 

NGPMA 25 Colombia Quindío: Río Quindío 2090 Ala 

ANSP 5020 Ecuador Zamora-Chinchipe: Río Isimanchi 2225 . 

LSU B32804 Peru Cajamarca: Quebrada las Palmas 2408 . 

LSU B44032 Peru San Martín: Río Serranoyacu 1700 . 

KGM 1253 Peru Lima: Río Chillón 3676 . 

KGM 1254 Peru Lima: Río Chillón 3676 . 

KGM 1255 Peru Lima: Río Chillón 3676 . 



KGM 1261 Peru Lima: Río Chillón 3456 . 

KGM 2289 Peru Lima: Río Chillón 1140 Het 

KGM 2290 Peru Lima: Río Chillón 1148 Thr 

KGM 2291 Peru Lima: Río Chillón 1230 . 

KGM 2292 Peru Lima: Río Chillón 1230 Thr 

KGM 2293 Peru Lima: Río Chillón 1230 Thr 

KGM 2294 Peru Lima: Río Chillón 1230 Het 

KGM 2295 Peru Lima: Río Chillón 1230 Thr 

KGM 2296 Peru Lima: Río Chillón 1240 Het 

KGM 2297 Peru Lima: Río Chillón 1240 . 

KGM 2298 Peru Lima: Río Chillón 1240 Het 

KGM 2299 Peru Lima: Río Chillón 1240 Thr 

KGM 2300 Peru Lima: Río Chillón 1240 Het 

KGM 2301 Peru Lima: Río Chillón 1240 Het 

KGM 2302 Peru Lima: Río Chillón 1092 Thr 

KGM 2303 Peru Lima: Río Chillón 1092 Thr 

KGM 2304 Peru Lima: Río Chillón 2052 Thr 

KGM 2305 Peru Lima: Río Chillón 2052 Het 

KGM 2306 Peru Lima: Río Chillón 1976 Thr 

KGM 2307 Peru Lima: Río Chillón 1976 Thr 

KGM 2308 Peru Lima: Río Chillón 1947 Ala 

KGM 2309 Peru Lima: Río Chillón 1837 Thr 

KGM 2310 Peru Lima: Río Chillón 1825 Het 

KGM 2311 Peru Lima: Río Chillón 1727 Thr 

KGM 2312 Peru Lima: Río Chillón 1727 Thr 

KGM 2313 Peru Lima: Río Chillón 1727 Het 

KGM 2314 Peru Lima: Río Chillón 2064 Thr 

KGM 2315 Peru Lima: Río Chillón 1675 Ala 

KGM 2316 Peru Lima: Río Chillón 1675 Thr 

KGM 2317 Peru Lima: Río Chillón 1671 Thr 

KGM 2318 Peru Lima: Río Chillón 2290 Thr 

KGM 2319 Peru Lima: Río Chillón 2334 Thr 

KGM 2320 Peru Lima: Río Chillón 2334 Het 

KGM 2321 Peru Lima: Río Chillón 2334 Het 

KGM 2322 Peru Lima: Río Chillón 2183 Thr 

KGM 2323 Peru Lima: Río Chillón 2183 Het 

KGM 2324 Peru Lima: Río Chillón 3797 Thr 



KGM 2325 Peru Lima: Río Chillón 4009 Thr 

KGM 2326 Peru Lima: Río Chillón 3860 Thr 

KGM 2327 Peru Lima: Río Chillón 3740 Het 

KGM 2328 Peru Lima: Río Chillón 3740 Thr 

KGM 2329 Peru Lima: Río Chillón 3597 Thr 

KGM 2330 Peru Lima: Río Chillón 3554 Thr 

KGM 2331 Peru Lima: Río Chillón 3554 Thr 

KGM 2332 Peru Lima: Río Chillón 3663 Thr 

KGM 2333 Peru Lima: Río Chillón NA Het 

KGM 2334 Peru Lima: Río Chillón 3735 Het 

KGM 2335 Peru Lima: Río Chillón 3797 Thr 

KGM 2336 Peru Lima: Río Chillón 3027 Het 

KGM 2337 Peru Lima: Río Chillón 2966 Thr 

KGM 2338 Peru Lima: Río Chillón 2894 Het 

KGM 2339 Peru Lima: Río Chillón 3033 Het 

KGM 2340 Peru Lima: Río Chillón 2849 . 

KGM 2341 Peru Lima: Río Chillón 3258 Het 

KGM 2342 Peru Lima: Río Chillón 2832 Het 

KGM 2343 Peru Lima: Río Chillón 2486 Het 

KGM 2344 Peru Lima: Río Chillón 2401 Thr 

KGM 2345 Peru Lima: Río Chillón 2593 Het 

KGM 2349 Peru Lima: Río Chillón 2535 Thr 

KGM 2350 Peru Lima: Río Chillón 2535 Thr 

KGM 2351 Peru Lima: Río Chillón 2695 Thr 

KGM 2353 Peru Lima: Río Chillón 2616 . 

KGM 2354 Peru Lima: Río Chillón 1463 . 

KGM 2355 Peru Lima: Río Chillón 1318 . 

REW 224 Peru Ayacucho: Río Cachi 3155 . 

REW 225 Peru Ayacucho: Río Cachi 3155 . 

REW 226 Peru Ayacucho: Río Cachi 3155 . 

KGM 1766 Peru Apurimac: Río Caraybamba 3563 Het 

KGM 1767 Peru Apurimac: Río Caraybamba 3563 . 

KGM 1768 Peru Apurimac: Río Caraybamba 3563 Thr 

KGM 1769 Peru Apurimac: Río Caraybamba 3563 Het 

KGM 1770 Peru Apurimac: Río Caraybamba 3563 . 

KGM 1771 Peru Apurimac: Río Caraybamba 3563 Thr 

KGM 1772 Peru Apurimac: Río Caraybamba 3563 Het 



KGM 1773 Peru Apurimac: Río Caraybamba 3563 Thr 

KGM 1774 Peru Apurimac: Río Tacra 3557 Thr 

KGM 1775 Peru Apurimac: Río Tacra 3557 Thr 

KGM 1776 Peru Apurimac: Río Cotaruse 3491 Thr 

KGM 1777 Peru Apurimac: Río Cotaruse 3491 Thr 

KGM 1779 Peru Apurimac: Río Tacra 3557 Thr 

KGM 1780 Peru Apurimac: Río Cotaruse 3494 Thr 

KGM 1781 Peru Apurimac: Río Cotaruse 3494 Thr 

KGM 1782 Peru Apurimac: Río Cotaruse 3494 Thr 

KGM 1783 Peru Apurimac: Río Tacra 3557 Thr 

KGM 1784 Peru Apurimac: Río Cotaruse 3211 Het 

KGM 1787 Peru Apurimac: Río Chalhuanca 3090 Thr 

KGM 1788 Peru Apurimac: Río Cotaruse 3136 Thr 

KGM 1789 Peru Apurimac: Río Cotaruse 3136 Thr 

KGM 1790 Peru Apurimac: Río Chalhuanca 3090 Thr 

KGM 1791 Peru Apurimac: Río Chalhuanca 3090 Thr 

KGM 1792 Peru Apurimac: Río Chalhuanca 3090 Thr 

KGM 1793 Peru Apurimac: Río Chalhuanca 2664 Thr 

KGM 1796 Peru Apurimac: Río Chalhuanca 2664 Het 

KGM 1798 Peru Apurimac: Río Chalhuanca 2701 Thr 

KGM 1799 Peru Apurimac: Río Chalhuanca 2718 . 

KGM 1800 Peru Apurimac: Río Chalhuanca 2754 Thr 

KGM 1801 Peru Apurimac: Río Chalhuanca 2764 . 

KGM 1802 Peru Apurimac: Río Chalhuanca 2754 Thr 

KGM 1803 Peru Apurimac: Río Chalhuanca 2757 Thr 

KGM 1804 Peru Apurimac: Río Chalhuanca 2757 Thr 

KGM 1805 Peru Apurimac: Río Chalhuanca 2757 Thr 

KGM 1807 Peru Apurimac: Río Chalhuanca 2863 . 

KGM 1808 Peru Apurimac: Río Chalhuanca 2624 Thr 

KGM 1809 Peru Apurimac: Río Chalhuanca 2624 Thr 

KGM 1811 Peru Apurimac: Río Chalhuanca 2874 . 

KGM 1813 Peru Apurimac: Río Chalhuanca 2874 Thr 

KGM 1814 Peru Apurimac: Río Chalhuanca 2635 Het 

KGM 1815 Peru Apurimac: Río Chalhuanca 2635 . 

KGM 1816 Peru Apurimac: Río Chalhuanca 2635 Het 

KGM 1819 Peru Apurimac: Río Chalhuanca 2474 Thr 

KGM 1820 Peru Apurimac: Río Quesari 2457 Thr 



KGM 1821 Peru Apurimac: Río Quesari 2457 Thr 

KGM 1822 Peru Apurimac: Río Quesari 2251 Thr 

KGM 1823 Peru Apurimac: Río Quesari 2251 Thr 

KGM 1824 Peru Apurimac: Río Quesari 2251 Thr 

KGM 1825 Peru Apurimac: Río Quesari 2251 Thr 

KGM 1829 Peru Apurimac: Río Antabamba 2436 Thr 

KGM 1830 Peru Apurimac: Río Antabamba 2436 Het 

KGM 1831 Peru Apurimac: Río Antabamba 2551 Thr 

KGM 1832 Peru Apurimac: Río Antabamba 2551 Thr 

KGM 569 Bolivia La Paz: Río Corivalla 3201 . 

LSU B38263 Bolivia Santa Cruz: La Pajcha 1825 . 

LSU B38290 Bolivia Santa Cruz: La Pajcha 1825 . 

KGM 453 Argentina Jujuy: Río Valle Grande 2472 . 

UWBM 54417 Argentina Tucuman: Río Los Sosa 650 . 

KGM 2497 Argentina Mendoza: Arroyo Grande 2497 Ala 

KGM 2498 Argentina Mendoza: Arroyo Grande 2498 Ala 

KGM 2499 Argentina Mendoza: Arroyo Grande 2499 Ala 

KGM 2500 Argentina Mendoza: Arroyo Grande 2500 Ala 

KGM 2501 Argentina Mendoza: Arroyo Grande 2501 Ala 

KGM 2503 Argentina Mendoza: Arroyo Grande 2503 Ala 

KGM 2504 Argentina Mendoza: Arroyo Grande 2504 Ala 

KGM 2505 Argentina Mendoza: Arroyo Grande 2505 Ala 

KGM 2506 Argentina Mendoza: Arroyo Grande 2506 Ala 

KGM 2507 Argentina Mendoza: Arroyo Grande 2507 Ala 

KGM 2508 Argentina Mendoza: Arroyo Grande 2508 Ala 

KGM 2509 Argentina Mendoza: Arroyo Grande 2509 Ala 

KGM 2510 Argentina Mendoza: Arroyo Grande 2510 Ala 

KGM 2511 Argentina Mendoza: Arroyo Grande 2511 Ala 

KGM 2512 Argentina Mendoza: Arroyo Grande 2512 Ala 

KGM 2513 Argentina Mendoza: Arroyo Grande 2513 Ala 

KGM 2514 Argentina Mendoza: Arroyo Grande 2514 Ala 

KGM 2515 Argentina Mendoza: Arroyo Grande 2515 Ala 

KGM 2516 Argentina Mendoza: Arroyo Grande 2516 Ala 

KGM 2517 Argentina Mendoza: Arroyo Grande 2517 Ala 

KGM 2518 Argentina Mendoza: Arroyo Grande 2518 Ala 

KGM 2519 Argentina Mendoza: Arroyo Grande 2519 Ala 

KGM 2520 Argentina Mendoza: Arroyo Grande 2520 Ala 



KGM 2521 Argentina Mendoza: Arroyo Grande 2521 Ala 

KGM 2522 Argentina Mendoza: Arroyo Grande 2522 Ala 

KGM 2523 Argentina Mendoza: Arroyo Grande 2523 Ala 

KGM 2524 Argentina Mendoza: Arroyo Arenales 2524 Ala 

KGM 2525 Argentina Mendoza: Arroyo Arenales 2525 Ala 

KGM 2526 Argentina Mendoza: Arroyo Arenales 2526 Ala 

KGM 2527 Argentina Mendoza: Arroyo Grande 2527 Ala 

KGM 2528 Argentina Mendoza: Arroyo Grande 2528 Ala 

KGM 2529 Argentina Mendoza: Arroyo Grande 2529 Ala 

KGM 2530 Argentina Mendoza: Arroyo Grande 2530 Ala 

KGM 2531 Argentina Mendoza: Arroyo Grande 2531 Ala 

KGM 2532 Argentina Mendoza: Arroyo Grande 2532 Ala 

KGM 2533 Argentina Mendoza: Arroyo Grande 2533 Ala 

KGM 2534 Argentina Mendoza: Arroyo Grande 2534 Ala 

KGM 2535 Argentina Mendoza: Arroyo Grande 2535 Ala 

KGM 2536 Argentina Mendoza: Arroyo Grande 2536 Ala 

KGM 2537 Argentina Mendoza: Arroyo Grande 2537 Ala 

KGM 2538 Argentina Mendoza: Arroyo Grande 2538 Ala 

KGM 2539 Argentina Mendoza: Arroyo Grande 2539 Ala 

KGM 2540 Argentina Mendoza: Arroyo Grande 2540 Ala 

KGM 2541 Argentina Mendoza: Arroyo Grande 2541 Ala 

KGM 2542 Argentina Mendoza: Arroyo Arenales 2542 Ala 

KGM 2543 Argentina Mendoza: Arroyo Grande 2543 Ala 

KGM 2456 Argentina Mendoza:Arroyo León 1659 Ala 

KGM 2476 Argentina Mendoza: Río Malargüe 1730 Ala 

KGM 2477 Argentina Mendoza: Río Malargüe 1730 Ala 

KGM 2478 Argentina Mendoza: Río Malargüe 1736 Ala 

KGM 2479 Argentina Mendoza: Río Malargüe 1770 Ala 

KGM 2480 Argentina Mendoza: Río Malargüe 1770 Ala 

KGM 2481 Argentina Mendoza: Río Malargüe 1910 Ala 

KGM 2482 Argentina Mendoza: Río Malargüe 1910 Ala 

KGM 2483 Argentina Mendoza: Río Malargüe 1862 Ala 

KGM 2484 Argentina Mendoza: Río Malargüe 1792 Ala 

KGM 2485 Argentina Mendoza: Río Malargüe 1700 Ala 

KGM 2486 Argentina Mendoza: Río Malargüe 1729 Ala 

KGM 2487 Argentina Mendoza: Río Malargüe 1790 Ala 

KGM 2488 Argentina Mendoza: Río Malargüe 1796 Ala 



KGM 2489 Argentina Mendoza: Río Malargüe 1796 Ala 

KGM 2491 Argentina Mendoza: Río Malargüe 1801 Ala 

KGM 2492 Argentina Mendoza: Río Malargüe 1801 Ala 

KGM 2493 Argentina Mendoza: Río Malargüe 1667 Ala 

KGM 2494 Argentina Mendoza: Río Malargüe 1860 Ala 

KGM 2495 Argentina Mendoza: Río Malargüe 1802 Ala 

KGM 2496 Argentina Mendoza: Río Malargüe 1754 Ala 

 



Table 2. Pairwise !ST values among populations of Torrent Ducks from different rivers. When subdivided by elevation, the number 

accompanying each population refers to the elevation group defined by the Morphocode analysis (see methods). Above diagonal: !ST 

values for the HbA gene; below diagonal: !ST values for the mtDNA Control Region. Significant differentiation marked with asterisks 

(*: P < 0.05; ***: P < 0.000). 
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Table 3. Summary statistics describing the genetic diversity and demographic changes in 

populations of Torrent Ducks from different rivers. When subdivided by elevation, the number 

accompanying each population refers to the elevation group defined by the Morphocode analysis 

(see methods). This table shows total number of individuals (N), number of haplotypes (h), 

number of variable sites (var), gene diversity (Hd), nucleotide diversity (!), Tajima’s D, and Fu’s 

F per population. Note that all Tajima’s D, and Fu’s F are not significant.  

 
Population N h var Hd ± SD pi ± SD Tajima's D Fu's F 

Quindío 24 2 2 0.083 ± 0.075 0.00026 ± 0.00023 -1.51 -0.192 

Peru 108 17 30 0.845 ± 0.024 0.01281 ± 0.00041 1.21473 2.584 

    Apurímac 51 11 24 0.868 ± 0.023 0.01136 ± 0.00102 1.08197 3.097 

          Ap2 29 8 22 0.847 ± 0.034 0.01181 ± 0.00112 1.20751 3.881 

          Ap3 22 9 23 0.879 ± 0.036 0.01053 ± 0.00187 0.1692 1.203 

    Chillón 57 7 21 0.547 ± 0.062 0.00758 ± 0.00089 0.12896 4.715 

         Ch0 14 3 14 0.473 ± 0.136 0.00710 ± 0.00205 0.10501 5.719 

         Ch1 13 3 10 0.295 ± 0.156 0.00282 ± 0.00175 -1.76982 2.152 

         Ch2 14 3 15 0.604 ± 0.076 0.00904 ± 0.00131 0.80536 6.872 

         Ch3 8 5 15 0.857 ± 0.108 0.01034 ± 0.00174 0.60068 1.356 

         Ch4 7 3 14 0.667 ± 0.160 0.01021 ± 0.00246 0.6421 4.247 

Argentina 50 11 10 0.840 ± 0.029 0.00296 ± 0.00041 -0.50171 -3.198 

    Malargüe 17 4 3 0.419 ± 0.141 0.00073 ± 0.00028 -1.37718 -1.936 

    A. Grande 33 8 10 0.801 ± 0.046 0.00333 ± 0.00061 -0.49353 -0.987 

          Ag1 12 5 5 0.803 ± 0.078 0.00229 ± 0.00047 -0.51532 -1.027 

          Ag2 17 6 9 0.787 ± 0.075 0.00402 ± 0.00100 -0.21955 0.038 

          Ag3 4 3 3 0.833 ± 0.222 0.00295 ± 0.00085 1.08976 0.006 

Overall 198 40 94 0.929 ± 0.009 0.03552 ± 0.00110 1.11711 4.149 

 



Figure 1. a) mtDNA topology obtained with the Maximum Likelihood analysis, showing 

bootstrap support values and posterior probabilities above main branches. The HbA allele for 

each individual is mapped on the phylogeny as colors blue (Ala/Ala), red (Thr/Thr), green 

(Ala/Thr), and black (no data). b) Map of the Andean cordillera showing sampling localities. 

Lines circle the samples belonging to each main clade recovered by the phylogenetic analysis. c) 

Morphological variation in Torrent Ducks corresponding to each main clade recovered by the 

phylogenetic analysis (illustrations by F. Vargas-Salinas).
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Figure 2. mtDNA haplotype networks showing a) association with geographic location of each 

samples and b) association with elevation (using elevation groups obtained by Morphocode). 

Dash-lined boxes surround haplotype groups associated with high elevations only (>2140m) 
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Figure 3. HbA haplotype networks showing association with geographic location of each 

samples. 
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Figure 4. Haplotype frequencies of the Ala (grey bars) and the Thr (black bars) HbA alleles in 

relation to elevation in Peruvian rivers, using the elevation groups obtained by the Morphocode 

analysis. 
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Introduction 

 

Adaptive strategies helping organisms to cope with challenges imposed by cold 

environments are diverse (Hopkins & Powell, 2001). Endothermic animals such as birds 

and mammals face a strong effect of cold environments because of their need to maintain 

a constant body temperature while minimizing energetic costs (Bennett & Ruben, 1979; 

Porter & Kearney, 2009; Scholander, 1955). Among the organismal responses assumed to 

represent adaptation by endotherms to cold environments, some of the most studied 

patterns are the so-called ecogeographical rules (Mayr, 1956). Bergmann’s rule 

(Bergmann, 1847) and Allen’s rule (Allen, 1877) indicate that organisms living in colder 

habitats, including those at high latitudes and elevations, tend to be larger overall and to 

have smaller appendages, respectively, to minimize heat loss (Blackburn, Gaston & 

Loder, 1999; Meiri & Dayan, 2003; Nudds & Oswald, 2007; Tilkens et al., 2007). 

 

Considerable debate has existed about the validity of ecogeographical rules such as 

Bergmann’s or Allen’s. First, the taxonomic scale to which such rules should be applied 

has been debated, where some claim that they should only apply to entire species 

assemblages at higher latitudes whereas others argue that they can also be applied to 

closely related groups of species or to different populations within a species (Blackburn 

et al., 1999; Pincheira-Donoso, 2010). Second, there has been controversy regarding the 

environmental factors correlated with latitude (e.g., temperature, humidity, precipitation, 

primary productivity, seasonality, competition, resource availability, species richness, or 

species range size) that ultimately promote changes in morphology (e.g. Graves, 1991; 

Guillaumet et al., 2008; Jones et al., 2005; Meiri, Yom-Tov & Geffen, 2007; Millien et 

al., 2006; Olson et al., 2009; Yom-Tov & Geffen, 2006), and about whether the cause 

involved in the response to those factors is the need for heat conservation or if there are 

alternative physiological explanations (Irving, 1957; Mayr, 1956; Scholander, 1955). 

 

Multiple studies have attempted to determine whether Bergmann’s rule applies to birds, 

finding evidence for it over a wide range of taxonomic levels (e.g. Ashton, 2002; 

Blackburn & Ruggiero, 2001; Boyer, Cartron & Brown, 2010; Guillaumet et al., 2008; 



Zink & Remsen, 1986; but see Perkta!, 2011). Allen’s rule has received considerably less 

attention (e.g. Cartar & Guy Morrison, 2005; Greenberg et al., 2012a; Greenberg et al., 

2012b; Symonds & Tattersall, 2010; Yom-Tov & Geffen, 2006), frequently finding 

contradictory patterns in the variation seen in different body appendages (beak, wings 

and legs).  However, considering that the original formulation of Bergmann's and Allen's 

rules states that the low temperatures characteristic of high-latitude environments pose 

the challenge of maintaining thermal balance and thus influence species’ morphological 

traits, three important points have often been neglected by several of the studies focused 

on birds. First, few studies focused on single species (Laiolo & Rolando, 2001; Power, 

1969; Snow, 1954; see Meiri and Dayan, 2003 for a review) have examined the 

relationship between temperature and morphology directly; most studies typically 

correlate morphology with latitude and assume that any relationship observed is driven 

by temperature. Second, most studies on birds have focused on the effects of latitudinal 

variation in temperature on body proportions (e.g. Ashton, 2002), whereas few have 

considered elevational gradients in temperature as potential drivers of morphological 

variation (e.g. Blackburn & Ruggiero, 2001; Bulgarella et al., 2007; Laiolo & Rolando, 

2001; Milá et al., 2009; Pitchers, Pool & Dworkin, 2012; Symonds & Tattersall, 2010; 

Wilson, Valqui & McCracken, 2010). Finally, nearly all studies either use single 

morphological characters as a proxy for body size (e.g. wing length, tarsus length, or bill 

measurements), or reduce morphological variation in several traits using multivariate 

statistical methods (Meiri & Dayan, 2003), without acknowledging that each character 

might be under particular selection pressures (e.g. flying, swimming, feeding, or 

dissipating heat) (e.g. Altshuler & Dudley, 2006; Greenberg et al., 2012a; Laiolo & 

Rolando, 2001; Raikow, 1973). Examining variation in different traits such as those 

utilized for locomotion or foraging separately may reveal patterns not obvious from the 

analysis of overall variation in body size. 

 

The Torrent Duck (Merganetta armata Gould 1842, Aves: Anatidae) is an ideal species 

to address questions related to adaptation to contrasting thermal environments because it 

lives in Andean rivers over wide latitudinal (from c. 54.8ºS in Argentina to 8.9ºN in 

Venezuela) and elevational (from sea level to over 4500 m) gradients (Carboneras, 1992). 



Three subspecies of M. armata are recognized based on differences in body size and in 

male plumage coloration, which occur in Colombia and Ecuador (M. a. colombiana), 

Peru and Bolivia (M. a. leucogenis), and Argentina and Chile (M. a. armata) 

(Carboneras, 1992). The distribution of the species provides a unique opportunity to test 

for (1) adaptive variation in morphology along a thermal latitudinal axis and (2) parallel 

evolution in morphological variation across populations of a single species by studying 

replicate elevational gradients located at different latitudes. The examination of natural 

replicates of populations living under similar conditions allows for a better understanding 

of how environmental features affect the ecology of species and promote adaptation and 

plasticity (Rosenblum & Harmon, 2011).  

 

We examined geographical variation in different morphological characters to evaluate 

whether Torrent ducks follow Bergmann’s and Allen’s rules with respect to variation in 

temperature associated with latitude and elevation. We used different measurements 

reflecting variation in body (mass and skull size) and appendage size (beak, wing and 

tarsus size) to separately examine the predictions of Bergmann’s and Allen’s rules. If 

these rules apply to Merganetta, then a trend of increasing body size and decreasing 

appendage size would be seen with lower environmental temperatures (i.e., at increasing 

latitudes and elevations); that is, Bergmann's rule predicts a negative relationship 

between temperature and body size, and Allen's rule predicts a positive relationship 

between temperature and appendage size.  

 

Methods 

 

Fieldwork was conducted between 2010 and 2012 in five different rivers inhabited by 

populations of all three subspecies of M. armata: Río Quindío, Quindío, Colombia 

(1500–2100 m; 8 females and 15 males captured), Río Pachachaca, Apurímac, Peru 

(2200–3600 m; 20 females and 28 males), Río Chillón, Lima, Peru (1000–4000 m; 24 

females and 85 males), Arroyo Grande, Mendoza, Agentina (1800–3200 m; 16 females 

and 30 males), and Río Malargüe, Mendoza, Argentina (1600–1900 m; 7 females and 14 

males) (Fig 1). Because the elevational range covered by the samples of the Malargüe 



River was small compared to other rivers, and because it complements the elevational 

sampling of the nearby Arroyo Grande, both were treated as a single unit for analyses 

(hereafter Argentina).  

 

For each duck captured we measured body mass (±1 g), skull length (occipital condyle to 

beak tip; ± 0.1 mm), wing chord (carpal joint to longest primary feather unflattened; ± 0.1 

mm), tarsal length (ankle joint to toe joint, ± 0.1 mm), and total culmen length (± 0.1 

mm). Data corresponding to juveniles or molting adults were omitted from the analyses. 

To correct for overall size, appendage size was expressed as the residuals of a linear 

regression between each measurement (wing chord, tarsal length, and total culmen 

length) and skull length. We georeferenced the site where each duck was captured and 

used geographical coordinates to obtain mean annual temperature for each locality from 

the WoldClim database (Hijmans et al., 2005). We chose this variable to climatically 

characterize our sampling localities because it is widely proposed as the driver of body- 

and appendage-size differences observed across latitudinal and elevational clines 

(Blackburn et al., 1999; Mayr, 1956; Meiri & Dayan, 2003).  

 

All variables were tested for normality and homoscedasticity using Shapiro-Wilk and 

O’Brien tests (! = 0.05), respectively. We used the software R 2.15.1 (R Core Team, 

2012) to construct Analyses of Covariance (ANCOVA) to test for the overall effects of 

temperature on different morphological characters (body mass, skull length, corrected 

wing size, corrected tarsus size, and corrected culmen size), separately for males and 

females. The models incorporated the effect of locality (Colombia, Apurímac, Chillón, 

and Argentina) as a cofactor, and the interaction between temperature and locality. If 

temperature affects morphological traits in a similar way across replicated elevational 

gradients, then we expected ANCOVA models to be globally significant, showing a 

significant contribution of temperature and/or locality, but no effect of the interaction 

term. We also fitted linear regressions only for the Chillón River, the locality in Peru with 

the largest sample size, to determine how variation in temperature associated with 

elevation relates to morphological traits. Owing to the large number of tests (20 in total), 

we applied a sequential Bonferroni correction for significance values (Holm, 1979) by 



pooling together ANCOVA and regression p-values, and ordering them from lowest to 

highest. We then assigned a rank of 20 to the lowest p-value, and a rank of 1 to the 

highest p-value; to assess significance of tests, we divided the predefined 0.05 value of ! 

by the rank corresponding to each p-value.  

 

We analyzed variation in each morphological character separately because relationships 

with temperature may vary among characters. For example, because both body mass and 

skull length reflect body size, we expect both traits to show a negative relationship with 

temperature as predicted by Bergmann’s rule. However, because body mass is a highly 

variable trait, which depends on several body and environmental conditions, we expect 

more variation in this trait than in skull length, which would be a more accurate proxy for 

body size (Wilson, Eaton & McCracken, 2012; Wilson et al., 2010). On the other hand, if 

Allen’s rule applies to these birds, we expect a positive relationship between temperature 

and wing, tarsal, or culmen size because these traits may be involved in heat dissipation 

(Hagan & Heath, 1980; Meiri & Dayan, 2003; Nudds & Oswald, 2007). Still, because the 

tarsus is involved in diving and swimming and the beak in foraging, one may not observe 

any pattern in relation to temperature if selection in relation to locomotion or feeding 

overrides any influence of selection in relation to thermal balance (Raikow, 1973). 

Similarly, wing size can be affected by the energetic demands of flight, which actually 

predict a negative (instead of a positive) relationship with temperature within each 

elevational gradient (i.e., proportionally larger wings are expected at higher elevations 

owing to challenges of flying in colder environments with reduced air density; Altshuler 

& Dudley, 2002; Altshuler, Dudley & McGuire, 2004; Savile, 1957).  

 

Results  

 

Temperature variation 

Mean temperature differed among our study sites: Argentina was the coldest locality 

(mean ± standard deviation 8.3 ± 2.0 ºC; range: 1.8–9.7 ºC), followed by Apurímac (12.0 

± 2.5 ºC; 8.7–16.3 ºC), Chillón (12.2 ± 4.1 ºC; 4.5–17.5 ºC), and Colombia (17.7ºC ± 

1.4ºC; 13.7–19.0ºC). That Chillón had the largest temperature range and Colombia the 



smallest is probably due to these localities having the widest and the narrowest 

elevational ranges, respectively.  

 

Latitudinal patterns 

ANCOVA models for mass, skull length, and wing size were globally significant for both 

males and females, and the culmen-size model was only significant for males (Figure 2, 

Table 1). On average, significant models explained 40.2% (range 8.4–59.2%, Table 1) of 

the variation in body-size traits. Both temperature and locality had significant effects on 

the models describing variation in body mass, wing size, tarsus size, and culmen size; the 

only models not showing a significant effect of temperature were those examining 

variation in skull length in both males and females (Figure 2, Table 1).  

 

When analyzing all the data (i.e., including all localities from different latitudes), the 

relationship between temperature and body mass was negative (bold black lines in Figure 

2 A and B), a pattern consistent with predictions of Bergmann’s rule at the latitudinal 

level. In Argentina temperatures were the lowest and ducks were the largest, in Colombia 

temperatures were the highest and ducks the smallest, and Peruvian localities (Chillón 

and Apurimac) were intermediate for both temperature and body mass (Figure 2 A and B, 

Table 2). Although the ANCOVA model for skull length showed no significant effect of 

temperature (Table 1), there were significant differences between localities that might 

also be consistent with Bergmann’s rule, with larger ducks at higher latitudes (Argentina; 

Figure 2 C and D, Table 2). 

 

Wings tended to be smaller relative to body size in Colombia (red lines and dots in Figure 

3 A and B, Table 2), but no apparent differences in this trait were observed among all 

other localities. This is not consistent with what one would expect if Allen’s rule applies 

to these birds at the latitudinal level. Conversely, a weak but positive relationship was 

found between temperature and culmen size in males (Figure 3 C to F, Table 1), as 

predicted by Allen’s rule. 

 

Elevational patterns 



We found no interaction between temperature and locality in all but one of our ANCOVA 

models (Figures 2 and 3, Table 1), which indicates that temperature is not related to 

morphology differently at each locality. This result justifies our decision of choosing only 

our best-sampled locality in Peru (Chillón) to examine elevational variation in body-size 

traits. Because there were no statistical differences between regression slopes across sites, 

patterns observed at Chillón can be considered representative of patterns existing at other 

sites. The only exception was mass for females, but we think that the small sample size 

and high variation within some localities (e.g. Colombia) could have affected the analysis 

of this character (Figure 2 B, Table 1).  

 

Focusing on the well-sampled Chillón River (likely representative of patterns seen 

elsewhere as mentioned above), we found a significant effect of temperature on body 

mass, skull length, and wing length in males (dark green dots and lines in Figures 2 and 3 

A, Table 3), but only on skull length in females. Such difference between sexes is likely 

due to the lower sample size for females and it will not be further discussed. The 

relationship between temperature and both mass and skull length was contrary to the one 

found at the latitudinal level and to what is expected by Bergmann’s rule: smaller-bodied 

ducks were found at lower temperatures (i.e., higher elevations; Figure 2, Table 3).  

 

The relationship between temperature and wing size was negative, with larger wings at 

lower temperatures (higher elevations; Figure 3 A), a pattern contrary to that predicted by 

Allen’s rule. Tarsus length and culmen length did not show any relationship with 

temperature (Figure 3, Table 3), suggesting that Allen’s rule does not apply at the 

elevational level. 

 

Discussion 

 

To our knowledge, only few studies have assessed how various morphological characters 

vary in relation to temperature in a single bird species by evaluating both wide 

elevational and latitudinal gradients, thus providing a simultaneous test of Bergmann’s 

and Allen’s ecogeographical rules (e.g. Blackburn & Ruggiero, 2001; Wilson et al., 



2010). Our results are consistent with Bergmann’s rule over the thermal gradient 

associated with latitude, but not in thermal gradients associated with elevation in Torrent 

Ducks. Allen’s rule do not seems to apply over thermal gradients associated with latitude 

nor along gradients associated with elevation. Taken together, these results indicate that 

Torrent Ducks likely respond to pressures imposed by temperature differently over 

elevational and latitudinal gradients.  

 

We found a significantly negative relationship between temperature and body mass, 

consistent with Bergmann’s rule at the latitudinal level. This pattern was also supported 

by differences in average body size (i.e., mass and skull length) between localities at 

different latitudes. Temperature is likely the main environmental factor determining 

latitudinal variation in morphology, because average temperatures are considerably lower 

at higher latitudes (Argentina) than at more tropical latitudes, and larger ducks are, in 

theory, better suited to withstand lower temperatures by reducing surface heat loss 

(Bergmann, 1847; Mayr, 1956; Searcy, 1980). Also, because we found no overall 

significant relationship between temperature and skull length, the larger size at higher 

latitudes could be mostly due to an increase in body fat or other structural changes, which 

would also be advantageous in cold environments. Increasing insulation is one of many 

ways (e.g. modifying surface exposure or vascularization) to improve the thermal 

properties of a surface (Scholander, 1955). 
 

Despite the strong negative relationship found between temperature and body mass at the 

latitudinal level, we found an opposite, positive relationship between those variables 

along the individual elevational gradients, which is contrary to what one would expect if 

Bergmann’s rule applied consistently to these birds. Because we found the same positive 

relationship between temperature and skull size, we argue that the variation in body size 

seen along elevational gradients is probably driven by an increase in skeletal size rather 

than in body fat (Figure 2; subcutaneous fat is quite low in Torrent Ducks in Colombia 

and Peru, pers. obs.), and also implies that thermal stress, as expected given assumptions 

of Bergmann's rule, is likely not a key selection pressure at increasing elevations. This 

result is noteworthy because it reveals that there may be environmental factors other than 



temperature having a more important role in shaping body size of Torrent Ducks at high 

elevations. For example, lower partial oxygen pressures at higher elevations present an 

obvious challenge by reducing overall oxygen uptake with respect to sea level; also, 

flight physiology is affected because air density is lower and thus more energy is required 

to sustain the bird in the air at higher elevations (Altshuler & Dudley, 2006). Thus, 

smaller (i.e., lighter) birds with larger wings (i.e., reduced wing load) would have an 

aerodynamic and physiological advantage at high elevations (Altshuler & Dudley, 2002; 

Altshuler et al., 2004; Savile, 1957), and this could explain our finding of a negative 

relationship between wing size and temperature over elevational gradients. Because our 

analyses focused only on wing length, this hypothesis needs to be further examined by 

characterizing wing shape and area. Furthermore, because Torrent Ducks spend much of 

their time diving (while foraging or escaping from predators; Johnsgard, 1966), a small 

body size at high elevations could also represent benefits by reducing drag with 

surrounding water. We hypothesize that the increased diving performance that small body 

size may thus allow (Lovvorn & Jones, 1991; Lovvorn, Jones & Blake, 1991; Raikow, 

1973) would be especially beneficial in the highly demanding conditions existing at high 

elevations.  

 

We found no support for Allen's Rule (i.e., no variation in tarsus length and culmen size 

in relation to temperature) within individual elevational gradients. This is an indication 

that many different, possibly conflicting selection pressures shape organismal phenotypes 

(Mayr, 1956), such that each character may be subject to different selective pressures 

shaping variation at the population level. For example, diving restrictions would favor a 

paddle and limb size large enough to allow for efficient aquatic locomotion, but small 

enough to allow for adequate movement on land (Raikow, 1973). In turn, feeding 

limitations may not allow major changes in the basic structure of Torrent Ducks. This 

species has a flexible bill used to probe among rocks and fissures while searching for 

food (Cerón & Trejo, 2009; Johnsgard, 1966), and such restrictions may override the 

influence of any potential selective pressure acting on bills as heat radiators (Greenberg 

et al., 2012a; Hagan & Heath, 1980). 

 



The possible selective constraints resulting from tradeoffs in the variation in individual 

traits with different functions noted above do not seem to be acting at the species-range 

(i.e., latitudinal) level: we found a significantly positive relationship between temperature 

and culmen size consistent with Allen’s rule. However, this ANCOVA model explained a 

small amount of variation (8%). There might be additional factors at each population that 

act in concert with temperature to influence variation in these characters. For example, 

larger body size could be related to variability in temperature (Boyce, 1979; Lindstedt & 

Boyce, 1985), such that larger animals occur in areas with greater seasonal (i.e., high-

latitude) or daily (i.e., high elevation) variation in temperature (Ghalambor et al., 2006; 

Janzen, 1967). It has also been argued that the variation in body size with latitude can be 

a product of humidity or of primary productivity (Blackburn et al., 1999; Meiri & Dayan, 

2003; Pincheira-Donoso, 2010). Alternatively, other physiological mechanisms that help 

organisms to cope with harsh environments may explain cases where we found no 

variation in morphology with respect to temperature. Such mechanisms include changes 

in insulation (feathers or body fat), decrease in peripheral circulation, or countercurrent 

blood flow systems, among others (Scholander, 1955). 

 

Multiple sources of contrasting selective pressures shaping morphology may vary from 

one river to another, causing different outcomes in each population. Different Andean 

slopes (east-west) show different climatic characteristics depending on wind currents, the 

climate of surrounding lowlands, and maximum elevation (reviewed by Sarmiento, 

1986). Also, terrain characteristics such as the slope of each river's course might have an 

influence on the steepness of the ecological gradients themselves, but also on the speed of 

the stream, the vegetation surrounding the river, and the abundance and diversity of 

invertebrate prey. These factors affect Torrent Duck abundance (Pernollet, 2010) and 

might also affect their morphology. In spite of the multiple factors influencing 

morphological variation that vary between rivers, thus being potential sources of differing 

trends between temperature and phenotypes, most of the ANCOVA analyses found no 

significant interaction between temperature and locality, meaning that the effect of 

temperature is not statistically different among rivers. However, substantial variation in 

the relationship between temperature and different body-size characters can be observed 



by eye between rivers (Figures 2 and 3), especially for females. One possible explanation 

for the contrasting trends in female morphology is that they could be under different 

selection pressures from those that apply to males (Mueller, 1986). For example, while 

studying Torrent Ducks, we observed that when flushed, males flew significantly more 

than females, which tended to escape more often by diving, particularly prior to the egg-

laying period. Likewise, distinguishing between different possible selective agents is 

difficult without performing experiments that allow to independently test for the effects 

of each factor on morphological variation. Still, although we found statistically 

significant associations between the variation in some morphological characters and the 

variation in temperature, we can not determine whether the observed patterns are 

adaptations in a strict sense, or rather a product of environmentally induced or 

developmental phenotypic plasticity (Gienapp et al., 2008). 

 

Finally, we note that although some of our data are consistent with alternative adaptive 

scenarios described above, we can not reject the possibility that some patterns of 

geographic variation in morphology have no adaptive basis. Specifically, the absence of 

clear patterns of variation in some traits in relation to elevation may simply suggest that 

the morphological traits we studied are unaffected by differential selection along 

gradients in environmental conditions and resources associated with elevation. Formal 

quantitative analyses are needed to test the whether natural selection is indeeed 

promoting morphological adaptations or if alternative non-adaptive scenarios must be 

considered.  

  

In conclusion, we found support for Bergmann’s rule in Torrent Ducks in relation to 

variation in temperature existing across latitudes, but our data showed an opposite trend 

to that expected according to Allen’s rule. Neither Bergmann’s nor Allen’s rules are 

supported in relation to variation existing along elevational gradients. Our results thus 

highlight that a given environmental factor might have varying influences in terms of 

organismal morphology depending on its interaction with other agents of selection. Along 

latitudinal gradients, temperature is likely an important driver of changes in body 

dimensions, but any effect of temperature over elevational gradients may be masked (or 



even reversed) owing to other pressures such as those related to changes in air density 

and oxygen availability. Finally, we showed that taking into account the variation in 

different morphological characters separately might uncover different responses to 

selection that act in conjunction to shape the phenotype of populations. Thus, 

comparative studies that address variation in morphology across different types of 

environmental gradients are necessary to improve our understanding of the forces (i.e. 

natural selection or phenotypic plasticity) driving processes at the population level.  
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Tables and Figures  

 

Table 4. Significance level (p values) of the fitted models for each variable evaluated, and the partial effect of the covariable, the 

cofactor, and the interaction term. Statistically significant values after applying a sequential Bonferroni correction (! = 0.05/p rank; 

see methods and Table 6) are denoted in bold. 

 

Sex Variable n p rank Overall Adjusted R2 Temperature Locality Temperature*Locality 

Males 

Mass 171 20 0.0000 0.5404 0.0000 0.0000 0.0941 

Skull Length 172 16 0.0000 0.2068 0.9241 0.0000 0.3499 

Residuals Wing Size 163 19 0.0000 0.5457 0.0000 0.0000 0.2421 

Residuals Tarsus Size 169 6 0.2372 0.0136 0.0811 0.3232 0.4341 

Residuals Culmen Size 169 11 0.0029 0.0843 0.0058 0.0948 0.0407 

Females 

Mass 72 17 0.0000 0.4902 0.0001 0.0000 0.0030 

Skull Length 75 15 0.0000 0.3557 0.9097 0.0000 0.0212 

Residuals Wing Size 69 18 0.0000 0.5924 0.0000 0.0000 0.3156 

Residuals Tarsus Size 75 3 0.5105 0.0861 0.7103 0.4104 0.3619 

Residuals Culmen Size 74 4 0.3920 0.0066 0.1239 0.4201 0.5345 

 

  



Table 5. Mean values for each trait (± standard deviation) within each locality. 

 

Sex Trait Mendoza Apurimac Chillón Quindío 

Males 

Mass (g) 504.43 ± 36.97 453.86 ± 36.02 442.2 ± 31.79 397.67 ± 25.28 

Skull Length (mm) 75.16 ± 1.63 74.19 ± 2.33 73.18 ± 2.17 72.88 ± 1.37 

Residuals Wing Size 6.20 ± 4.46 6.44 ± 7.26 0.86 ± 8.14 -17.33 ± 5.53 

Residuals Tarsus Size 0.26 ± 1.31 -0.22 ± 1.36 0.13 ± 2.24 0.42 ± 1.51 

Residuals Culmen Size -0.12± 1.13 -0.06 ± 0.88 0.08 ± 0.97 0.91 ± 1.17 

Females 

Mass (g) 405.45 ± 27.90 385.56 ± 26.34 375.92 ± 37.42 319.38 ± 15.45 

Skull Length (mm) 70.64 ± 1.04 69.15 ± 1.71 68.81 ± 1.97 68.6 ± 1.91 

Residuals Wing Size -0.26 ± 5.73 3.54 ± 7.66 -4.72 ± 5.85 -22.59 ± 5.94 

Residuals Tarsus Size -0.40 ± 1.63 -0.65 ± 1.87 0.13 ± 1.79 -0.46 ± 1.11 

Residuals Culmen Size -0.35 ± 1.18 -0.58 ± 0.81 0.15 ± 1.74 0.24 ± 1.17 

 

  



Table 6. Significance level (p values) of the linear regressions fitted for the Río Chillón data, with their corresponding adjusted R2 and 

slope values. Statistically significant values after applying a sequential Bonferroni correction (! = 0.05/p rank; see methods and Table 

4) are denoted in bold. 

 

Sex Trait p rank p R2 slope 

Male 

Mass 10 0.0040 0.0855 2.4704 

Skull Length 13 0.0003 0.1340 0.2073 

Residuals Wing Size 14 0.0000 0.2131 -0.9587 

Residuals Tarsus Size 9 0.0229 0.0501 0.1384 

Residuals Culmen Size 8 0.0518 0.0337 0.0519 

Female 

Mass 2 0.7350 0.0053 -0.5912 

Skull Length 12 0.0020 0.3304 0.2558 

Residuals Wing Size 7 0.1928 0.0338 -0.3492 

Residuals Tarsus Size 5 0.3265 0.0003 -0.0812 

Residuals Culmen Size 1 0.7970 0.0031 0.0209 

  



Figure 5. Map of South America showing the localities that were sampled for this study. A) Río 

Quindío; B) Río Chilón; C) Río Apurímac; D) Arroyo Grande; and E) Río Malargüe. 
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Figure 6. Variation of body mass (A and B) and skull length (C and D) in relation to annual 

mean temperature. Red, dark green, light green, and blue dots and lines represent Quindío 

(Colombia), Chillón (Peru), Apurímac (Peru), and Mendoza (Argentina), respectively. Bold 

black lines represent regressions fitted for all points, regardless of locality. Note that 

relationships existing within localities (i.e. along temperature gradients associated with 

elevation) are generally positive whereas those existing across all localities (i.e. along the 

temperature gradient associated with latitude) are negative or nonsignificant. 
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Figure 7. Variation of wing (A and B), tarsus (C and D), and culmen size (E and F) in relation to 

annual mean temperature. Red, dark green, light green, and blue dots and lines represent Quindío 

(Colombia), Chillón (Peru), Apurimac (Peru), and Mendoza (Argentina) samples, respectively. 

Bold black lines represent regressions fitted for all points, regardless of locality. 
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