
Combining Phylogeography and the Geography of Adaptation to 1	  

Understand Population History: Ruddy Ducks in the New World  2	  

Maria Lozano-Jaramillo1*, Kevin McCracken2, Carlos Daniel Cadena1 3	  

1Laboratorio de Biología Evolutiva de Vertebrados, Departamento de Ciencias Biológicas, Universidad de 4	  
Los Andes 5	  

2 Institute of Arctic Biology & Department of Biology and Wildlife University of Alaska Fairbanks 6	  
 7	  

*Corresponding author, e-mail: m.lozano58@uniandes.edu.co 8	  

Abstract 9	  

Phylogeography largely focuses on finding associations between geography and 10	  

putatively neutral genetic variation, but variation in genes of functional importance can 11	  

also be used to examine the phylogeographic history of species. Species with populations 12	  

exposed to a variety of environments, such low- and high-elevation habitats, are expected 13	  

to show local adaptations in different populations, such that individuals will exhibit better 14	  

performance in their native environments relative to others. Here, we test a demographic 15	  

hypothesis of historical gene flow of Ruddy Ducks (Oxyura jamaicensis), a widely 16	  

distributed species in the New World, into South America from North America, using 17	  

multilocus analyses, including genes of functional importance, and for the first time 18	  

including samples from the Colombian Andes. We also examined whether the Colombian 19	  

Ruddy Duck population is of hybrid origin, as previously suggested, and evaluated signs 20	  

of adaptive signatures of hemoglobin adaptation to life at high elevations. Our results 21	  

suggest that the biogeographic and population genetic history of Ruddy Ducks is more 22	  

complex than previously elucidated, with genes moving most likely from the Southern 23	  

Andes to Colombia. We also find strong evidence to support that the Colombian 24	  

population might be of an old hybrid origin. Taken together, our results indicate that it is 25	  

crucial to include samples from Colombia when evaluating phylogeographic and 26	  

populations genetics questions.  27	  
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 29	  

Introduction 30	  

Understanding species’ distributions and the historical and evolutionary processes 31	  

shaping them is a central goal of biogeography. Phylogeography uses information on the 32	  

geographic distribution of genetic variation within species to make inferences about the 33	  

processes involved in patterns of population differentiation (Avise, 2000; Hickerson et al., 34	  

2010; Lee et al., 2008; Wang et al., 2008). Generally, phylogeographic studies focus on 35	  

finding associations between geography and the distribution of presumably neutral 36	  

genetic variation (i.e. microsatellites, introns, mitocondrial DNA; Hickerson et al., 2010), 37	  

but variation in genes of functional importance can also be used to examine the 38	  

phylogeographic history of species while also evaluating the role of natural selection in 39	  

population differentiation. However, few phylogeographic studies have been developed 40	  

focusing on the examination of geographic variation in functionally important genes 41	  

(Hoekstra et al., 2004; Londo et al., 2006; Muñoz-Fuentes et al., 2013), and few studies 42	  

have taken into account the possibility that genes widely used to make inferences of 43	  

population history may be of functional importance and therefore exhibit non-neutrality 44	  

(Dowling et al., 2008; Peters et al., 2012a). For example, in Rufous-collared Sparrows 45	  

(Zonotrichia capensis) mitochondrial genes may be under strong selection along 46	  

elevational gradients owing to their functional role in oxidative phosphorylation; thus, 47	  

selection (and not processes such as drift in isolated populations) likely accounts for 48	  

patterns of mtDNA differentiation across elevations (Cheviron and Brumfield, 2009).  49	  

When a species has populations distributed across environmental gradients, individuals 50	  

are exposed to different habitats and selective pressures (Sexton et al., 2009). This will 51	  

promote local adaptations in different populations, such that individuals will exhibit 52	  

better performance in their native environments relative to others (Kawecki and Ebert, 53	  

2004). Organisms living at high elevations need to cope with environmental stress factors, 54	  

such as hypoxia. In high-elevation regions above 4000 m, such as in the high Andes, the 55	  

partial pressure of oxygen (pO2) is approximately 60% of that at sea level (Beall, 2006; 56	  

Hopkins and Powell, 2001). Under such conditions, transport of O2 to tissues may be 57	  

reduced, altering metabolism and the ability to perform physical activity (McCracken et 58	  



al., 2009b; Storz, 2010; Storz and Moriyama, 2008). Genetic changes increasing the 59	  

affinity of hemoglobin for O2, and higher concentration of hemoglobin and red blood 60	  

cells are two important mechanisms known to enable high-altitude populations of birds 61	  

and mammals to cope with hypoxia (Beall et al., 1998; Storz and Moriyama, 2008; 62	  

Weber, 2007). Genetic adaptations that increase the affinity of hemoglobin for O2 in 63	  

different bird species have been shown to result from independent substitutions at the 64	  

same intersubunit contact sites (Jessen et al., 1991; Weber et al., 1993), or from 65	  

substitutions altering the sensitivity of the allosteric effectors (McCracken et al., 2009a). 66	  

Therefore, a well-characterized protein like hemoglobin is not only appropriate to explore 67	  

the role of selective pressures in different environments, but it may also allow one to 68	  

make inferences about the history of genetic adaptations if patterns of variation are 69	  

studied in a biogeographic context (McCracken et al., 2009a; Muñoz-Fuentes et al., 2013).  70	  

The Ruddy Duck Oxyura jamaicensis (Anatidae) is broadly distributed in the Americas. 71	  

Three subspecies are recognized based on variable plumage patterns: the New World 72	  

Ruddy Duck (O. j. jamaicensis) limited to lowland North America and Middle America, 73	  

the Colombian Ruddy Duck (O. j. andina) restricted to high elevations in the Colombian 74	  

Andes, and the Andean Ruddy Duck (O. j. ferruginea) ranging from southern Colombia 75	  

to Tierra del Fuego in both highlands and lowlands (Fig.1; Adams and Slavid, 1984; 76	  

Fjeldså, 1986; McCracken and Sorenson, 2005). Based on plumage coloration, namely 77	  

the black-and-white mottled cheek of andina, several authors have suggested that this 78	  

geographically and phenotypically intermediate population might be the result of genetic 79	  

admixture between ferruginea (all-black head) and jamaicensis (all-white cheek; Fjeldså, 80	  

1986; Siegfried, 1976).  81	  

The broad distribution of Ruddy Ducks in contrasting environments of the Americas and 82	  

patterns of phenotypic variation have resulted in considerable interest in studying the 83	  

historical biogeography of the species (Fjeldså, 1986; McCracken and Sorenson, 2005; 84	  

Muñoz-Fuentes et al., 2013; Muñoz-Fuentes et al., 2006). A phylogenetic study of 85	  

stifftail ducks based on a relatively small sample of mitochondrial DNA sequences 86	  

obtained results consistent with two alternative biogeographic hypotheses that may 87	  

account for the broad distribution of Ruddy Ducks in the New World (McCracken and 88	  

Sorenson 2005). First, wintering birds from a migratory population in North America 89	  



could have colonized and established in the Northern Andes, and then spread north-to-90	  

south all the way to Tierra del Fuego, top-down from high elevations in the Andes to 91	  

lowland habitats in southern South America. Alternatively, South American Ruddy 92	  

Ducks could have recently colonized the lowlands in North America. McCracken and 93	  

Sorenson (2005)  also found that O.j.andina shares mtDNA haplotypes with the other two 94	  

populations,  but only five samples from Colombia were analyzed.  95	  

A study examining geographic variation in hemoglobin genes of several waterfowl 96	  

species found evidence of putative genetic adaptations to high-elevations in the αA and βA 97	  

hemoglobin genes occurring in parallel across species (McCracken et al., 2009a). 98	  

Relative to other species, Ruddy Ducks did not exhibit presumably adaptive variation in 99	  

the αA gene, but showed a fixed substitution from serine to threonine in aminoacid 100	  

position 69 (βA-69) both in highland and lowland populations in South America. Because 101	  

βA-69 was absent in Ruddy Ducks from North American lowlands and in other stifftail 102	  

ducks, and considering the hypothesis of north-to-south colonization and subsequent top-103	  

down dispersal, McCracken et al. (2009a) hypothesized that this substitution could 104	  

increase O2-affinity, a possibility requiring confirmation via functional studies.  105	  

A recent, more comprehensive study using both putatively neutral (mtDNA, nuclear 106	  

introns) and functional (hemoglobin) gene markers to characterize patterns of genetic 107	  

variation in Ruddy Ducks found population-genetic evidence for north-to-south dispersal 108	  

(Muñoz-Fuentes et al., 2013). In addition, based on comprehensive sampling across 109	  

North America and in South America from Peru to Argentina, this study supported the 110	  

scenario of amino acid replacements in the  βA hemoglobin gene described above (no 111	  

geographic variation was observed in alpha globin genes). Taken together, the neutral and 112	  

functional genetic data are consistent with a biogeographic history involving colonization 113	  

of the Andes from the north (possibly by formerly migrant individuals), putative 114	  

adaptation to hypoxia in the highlands of the Andes, and subsequent colonization of the 115	  

lowlands of southern South America (McCracken et al., 2009a; Muñoz-Fuentes et al., 116	  

2013). However, such inferences were still made based on insufficient sampling from 117	  

Colombia, a critical region for the study of biogeographic hypotheses involving widely 118	  

distributed New World birds (Cadena et al., 2007; Chapman, 1917). Specifically, no 119	  

information on nuclear DNA variation was obtained from Colombian populations, and 120	  



the only mtDNA sequences analyzed were those of the same five individuals considered 121	  

by the earlier study (McCracken and Sorenson, 2005). Additionally, the inferences about 122	  

genetic adaptation to high elevations following colonization of northern South America 123	  

were based solely on patterns of nonsynonymous variation in the βA hemoglobin gene. 124	  

Because the putatively adaptive substitution involves a change from serine to threonine 125	  

and these two amino acids have similar physiochemical properties (Mathews et al., 2002) 126	  

its true functional consequence remains to be established. Moreover, no relevant 127	  

information on the high-altitude physiology of Ruddy Ducks is available. 128	  

Owing to the lack of sufficient data from Colombia, central predictions of  the north-to-129	  

south colonization hypothesis have not yet been fully evaluated. This biogeographic 130	  

hypothesis predicts that alleles from Colombia are derived from North American alleles. 131	  

Similarily, if South American populations spread south along the Andes from high to 132	  

lower elevations (top-down), lowland populations from North America and South 133	  

America would be expected to form a paraphyletic group, with lowland populations from 134	  

South America being derived from South American highland populations. However, 135	  

assuming that colonization of the Colombian Andes from lowland populations of North 136	  

America required the evolution of genetic adaptations in hemoglobin genes to life at high 137	  

elevations, historical gene flow into Colombia from the north would be expected to be 138	  

reduced owing to the influence of selection (Bulgarella et al., 2012; McCracken et al., 139	  

2009c; Muñoz-Fuentes et al., 2013). In addition, birds from high elevations from 140	  

Colombia should show the putative genetic adaptation to high altitude documented in 141	  

earlier studies (McCracken et al., 2009a; Muñoz-Fuentes et al., 2013) or evidence of 142	  

physiological responses involving hemoglobin concentration and hematocrit levels (Storz 143	  

et al., 2010). On the other hand, the hypothesis that the Colombian population is of 144	  

hybrid origin predicts that it should show an admixture of alleles; if the population is the 145	  

result of recent and perhaps episodic but recurrent hybridization, one would further 146	  

expect to find evidence of ongoing historical gene flow from its putative  parental taxa. 147	  

Alternatively, if the population originated via hybridization but has since evolved as an 148	  

independent entity, one would expect it to have private alleles (Gompert et al., 2006).  149	  

Here, we revisit the hypothesis that Ruddy Ducks colonized the Colombian Andes from 150	  

North America and then dispersed south along the Andes and down to low elevations 151	  



from the highlands including, for the first time, multilocus analyses including a 152	  

considerable number of samples from the Colombian Andes, the area through which 153	  

Ruddy Ducks are supposed to have first established populations and colonized South 154	  

America. We also examine whether the Colombian Ruddy Duck population is of hybrid 155	  

origin, as previously suggested. To accomplish these goals, we use a novel combination 156	  

of traditional phylogeographic and population genetics approaches based on putatively 157	  

neutral loci (introns and mtDNA), coupled with analyses of variation in a functionally 158	  

important gene expected to be involved in adaptation to hypoxia (βA hemoglobin). We 159	  

also analyze physiological parameters (i.e., hematocrit and hemoglobin concentration) 160	  

relevant to understanding the role that resolving the challenges of living at high 161	  

elevations could have had in the history of colonization of different elevational habitats in 162	  

South America by Ruddy Ducks. The inclusion of Colombian populations in analyses 163	  

reveals that the biogeographic and evolutionary history of Ruddy Ducks may be more 164	  

complex than previously thought.  165	  

 166	  

Methods 167	  

To complete the geographic sampling of genetic variation in Ruddy Ducks documented 168	  

in earlier studies, we collected and studied a total of 26 samples from the Cordillera 169	  

Oriental of the Colombian Andes. Tissue samples from six individuals from Lake 170	  

Fúquene (2580 m), Cundinamarca, were obtained from the Museo de Historia Natural at 171	  

Universidad de los Andes. Twenty additional blood and tissue samples were obtained 172	  

from two adjacent artificial lakes (i.e., abandoned gravel pits) located near the town of 173	  

Guasca, Cundinamarca (2630 m and 2640 m elevation). In the field, total hematocrit (i.e., 174	  

packed red blood cell volume) was separated using a portable centrifuge and measured 175	  

with digital calipers, and the hemoglobin concentration was measured with a Hemocue 176	  

Hb 201+ portable spectrophotometer (Simmons and Lill, 2006). Blood samples were 177	  

preserved in lysis buffer and EDTA for genetic analyses. 178	  

Genomic DNA was extracted from blood, tissue or feathers using a phenol/chloroform 179	  

protocol (Sambrook, 2001). For each individual, we amplified and sequenced a total of 180	  

six genes: (a) the mitochondrial control region (578 bp); (b) four autosomal nuclear 181	  



introns: phosphoenolpyruvate carboxykinase intron 9 (PCK1-9; 316 bp), N-methyl-D-182	  

aspartate-1-glutamate receptor intron 11 (GRIN1-11; 308 bp), beta fibrinogen intron 7 183	  

(FGB-7; 248 bp), and ornithine decarboxylase intron 5 (ODC1-5; 345 bp); and (c) exon 1, 184	  

intron 1, exon 2, and part of intron 2 of the βA globin subunit (581 bp), encompassing the 185	  

three previously described amino acid polymorphisms at positions 13, 14, and 69 186	  

documented by (McCracken et al., 2009a). We used  previously described primers 187	  

(McCracken et al., 2009c) and the following PCR conditions: 3 min preheat at 94 °C, 188	  

followed by 45 cycles of 45 s at 94 °C, 30 s at Ta °C (annealing temperature was primer-189	  

specific, table S1), 1 min at 72 °C, and a final extension of 10 min at 72 °C. Sequences 190	  

were edited using Geneious Pro 4.8.3 (http://www.geneious.com) or Sequencher v.4.6 191	  

(Gene Codes, Ann Arbor, MI) and aligned by eye using Se-Al v.2.0a11 (Rambaut, 2002).  192	  

To resolve the gametic phase of nuclear genes we used PHASE v.2.1, a Bayesian 193	  

statistical method for haplotype reconstruction from genotype data that considers 194	  

recombination (Stephens and Scheet, 2005; Stephens et al., 2001). We used default 195	  

settings in 1,000 burn-in and 1,000 sampling iterations (-X10), applying the algorithm 196	  

multiple times (-X5) for each locus with different random seeds. Most genes showed high 197	  

posterior allele pair probabilities (p > 0.99); for GRIN1 two individuals had allele pairs 198	  

with p=0.70 and two other individuals with p=0.85. For PCK1, four individuals had allele 199	  

pairs with p= 0.61.  200	  

We combined our sequence data with previously published sequences for a total of 69 201	  

individuals of O. j. jamaicensis (North American lowlands), five of f O. j. andina 202	  

(Colombian highlands; only mtDNA data was available), and 42 of O. j. ferruginea 203	  

(lowlands and highlands from Ecuador to Argentina). For simplicity, in the following, we 204	  

refer to our three populations based on the distribution of the three Ruddy Duck 205	  

subspecies, not on formally defined geographic regions: North America corresponds to 206	  

areas occupied by O. j. jamaicensis, Colombia to areas occupied by O. j. andina, and 207	  

Southern Andes to areas occupied by O. j. ferruginea. To infer relationships among 208	  

haplotypes at each locus, we constructed unrooted parsimony allelic networks in TCS 209	  

v1.21 (Clement et al., 2000). Because samples sizes between populations differred, we 210	  

corrected allelic richness standardized to the smallest sample size using the Rarefaction 211	  

Calculator (http://www2.biology.ualberta.ca/jbrzusto/rarefact.php).  212	  



To examine the distribution of genetic variation within and among North America, 213	  

Colombia and Southern Andes, we calculated pairwise Φst values for each locus based on 214	  

the Tamura & Nei (1993) nucleotide substitution model in Arlequin v.3.5.1.3 (Excoffier 215	  

and Lischer, 2010). To test whether different geographic populations (North America, 216	  

Colombia, Southern Andes) are genetically distinct clusters, we used the multilocus 217	  

clustering algorithm in the program STRUCTURE v 2.2.3 (Pritchard et al., 2000), which 218	  

uses a Bayesian approach to calculate the likelihood of an a priori defined number of 219	  

populations and to assign individuals to these populations. We based this analysis on our 220	  

six-locus data set and included all the individuals for which no more than two of the 221	  

genes were missing (n=78). We used the admixture model (α=1) with correlated allele 222	  

frequencies and tested models for varying numbers of populations (K=2-4). Each 223	  

algorithm was run for 1,000,000 generations (burn-in 100,000 generations) and replicated 224	  

10 times. To choose the best value of K we used the Evanno et al. (2005) method. The 225	  

outputs of the repeated runs at each K were summarized using the greedy algorithm in 226	  

CLUMPP v1.1.2 (Jakobsson and Rosenberg, 2007).  227	  

To estimate gene flow (M = m/u) between populations we used a population-genetic 228	  

approach based on isolation-with-migration coalescent models implemented in the 229	  

program IM (Hey, 2010). This analysis allowed us to examine the direction of gene 230	  

exchange based on estimates of historical gene flow (Hey, 2005, 2010; Hey and Nielsen, 231	  

2004; Nielsen and Wakeley, 2001). Because IM assumes no intralocus recombination, we 232	  

tested for evidence of recombination in our data using the four-gamete test (Hudson and 233	  

Kaplan, 1985) in DnaSP v.5.10 (Librado and Rozas, 2009). GRIN1 and βA showed 234	  

evidence of recombination; for the former we excluded five individuals following 235	  

Muñoz-Fuentes et al. (2013) and for the latter, we removed the recombinant blocks by 236	  

eye. Because mtDNA is maternally inherited, we used an inheritance scalar of 0.25 and 237	  

used the HKY mutation model (Hasegawa et al., 1985). For nuDNA genes we used a 1.0 238	  

scalar because they are biparentally inherited, and implemented the infinite-alleles 239	  

mutation model (Kimura, 1969). Because mtDNA and βA may be under selection 240	  

associated with the occupation of high-elevation environments (Cheviron and Brumfield, 241	  

2009; McCracken et al., 2009a), we treated these two genes and the other four nuclear 242	  

loci separately, and also ran the analysis with all genes combined. IM was initially run 243	  



with wide priors to explore the sensitivity of the parameters to varying upper bounds. 244	  

These analyses were then repeated with uniform priors including the entire posterior 245	  

distribution of each parameter observed in preliminary runs. For each run, we reported 246	  

values of gene flow corresponding to the 90% highest posterior density (HPD) estimated 247	  

by IM. To ensure that all the parameters converged, autocorrelation and effective sample 248	  

sizes (ESS) were monitored and runs were continued until the ESS for each parameter 249	  

was at least 100.  250	  

To determine whether individuals from the Colombian population show genetic 251	  

signatures of variation consistent with hypothesized physiological adaptation to hypoxia 252	  

at high elevations as predicted by the biogeographic hypothesis of north-to-south, high-253	  

to-low colonization (McCracken et al., 2009a; Muñoz-Fuentes et al., 2013), we examined 254	  

whether individuals from this region carried the βA hemoglobin subunit alleles found in 255	  

lowland North America (Thr/Thr-69) or the alleles found further south along the Andes 256	  

(Ser/Ser-69). Additionally, to determine whether ruddy ducks sampled in Colombia at 257	  

2600 m exhibited evidence of physiological (i.e. hematological) variation possibly related 258	  

to a response to hypoxic stress, we compared the hemoglobin concentration, total 259	  

hematocrit and mean cell hemoblobin concentration (MCHC; [Hb]*100/Hct)) of 15 blood 260	  

samples from the Gravel pits of Guasca in Colombia (2630 m) with measurements taken 261	  

at two localities in Peru, Lake Titicaca in the highlands (n = 51; 3824 m) and El Paraíso 262	  

Lagoon near sea level (n = 11; 0 m). Two-sample T-tests were conducted in R v 2.12.2 (R 263	  

Development Core Team, 2011).   264	  

 265	  

Results 266	  

Genetic structure between populations of Ruddy Ducks varied considerably across the six 267	  

loci, with Φst values ranging from 0.12 to 0.61 (Table 1). Despite this variation, genetic 268	  

differentiation was significant for all population comparisons and loci, except between 269	  

the Southern Andes and Colombia for the FGB intron. 270	  

We found a total of 25 mtDNA haplotypes; 15 of these were present only in North 271	  

America, five occurred only in the Southern Andes, one was shared between North 272	  



America and the Southern Andes, one was shared between Colombia and the Southern 273	  

Andes, and three were shared between North America and Colombia (Fig. 2). Of the four 274	  

haplotypes found in Colombia, three (including the most common haplotype in North 275	  

America) were shared with North America, and the other one was the most common 276	  

haplotype of the Southern Andes. 277	  

Varying patterns of genetic variation were observed in nuclear introns (Fig. 3). The most 278	  

common FGB allele was found in the Southern Andes and also occurred at high 279	  

frequency in Colombia; six different FGB alleles were found in North America, and two 280	  

of these were found in Colombia as well. For GRIN1, a private allele and a shared allele 281	  

were found in Colombia, and the most common allele was shared among the three 282	  

populations. Of the remaining eight GRIN1 alleles, one was private to the Southern 283	  

Andes, five were private to North America, one was shared between North America and 284	  

the Southern Andes, and one was shared between North America and Colombia. Two 285	  

ODC1 alleles were shared between Colombia and the Southern Andes, and between 286	  

North America and Colombia; three alleles were private to North America and one was 287	  

private to Colombia. The most common PCK1 allele was found in all three populations; 288	  

one additional allele was private to the Southern Andes, and two were private to North 289	  

America. Allelic richness standardized to the smallest sample size was greater in North 290	  

America than in Colombia for all but one locus (ODC1), and more allelic diversity was 291	  

found in Colombia than in the southern Andes for three out of five loci (FGB, ODC1, and 292	  

HBB). However, mtDNA haplotype diversity was greater in the southern Andes than in 293	  

Colombia (Table 2). 294	  

The βA globin showed high levels of variation, with 18 diffferent alleles. The Colombian  295	  

population exhibited one private allele, one allele shared with the Southern Andes, and 296	  

four alleles shared with North America. There were 10 alleles private to North America, 297	  

and two allleles private to the Southern Andes (Fig. 4). As with nuclear introns, allelic 298	  

richness was greater in North America. 299	  

The STRUCTURE analysis showed strong support for the existence of three genetic 300	  

clusters (K = 3) corresponding to the three geographic distinct populations of Ruddy 301	  

Ducks. Most individuals had high probabilities of being assigned (p > 0.93) to their 302	  



respective population based on their multilocus genotypes, except for two individuals 303	  

from the Colombian cluster that are genetically admixed with North America (p = 0.60 304	  

and p = 0.16; Fig. 5). The H’ value estimated by CLUMPP was very high (p = 0.99), 305	  

indicating that all STRUCTURE runs were congruent.   306	  

Pairwise estimates of gene flow between populations indicated similar patterns in all gene 307	  

combinations (Fig. 6). The mtDNA control region indicated positive gene flow from 308	  

Colombia into North America (m/u=0.35), but the posterior distribution for gene flow 309	  

from North America to Colombia was flat, indicating that it could not be estimated 310	  

reliably (Fig. 6a). The mtDNA also indicated gene flow from the Southern Andes to 311	  

Colombia (m/u = 0.51), whereas gene flow on the opposite direction was probably zero 312	  

(Fig. 6b). For nuDNA introns, the peak estimate of gene flow from Colombia to North 313	  

America was positive (m/u = 0.38), but gene flow into Colombia from North America 314	  

could not be estimated (Fig. 6c). Gene flow from the Southern Andes to Colombia 315	  

estimated based on introns was positive (m/u = 1.94), but these markers revealed no 316	  

evidence of gene flow in the opposite direction from Colombia to the southern Andes 317	  

(Fig. 6d). For the βA hemoglobin, gene flow from North America to Colombia peaked 318	  

sharply at zero, but it could not be estimated in the other direction (Fig. 6e). Hemoglobin 319	  

gene flow from Colombia to the Southern Andes was also zero, but the posterior 320	  

distribution of gene flow in the opposite direction was flat (Fig. 6f). For all loci combined, 321	  

gene flow from Colombia to North America was inferred to be positive (m/u = 0.31), 322	  

whereas gene flow in the opposite direction was probably zero (Fig. 6g). In turn, gene 323	  

flow from Colombia to the Southern Andes appears to be zero, but gene flow into 324	  

Colombia from the Southern Andes appears to have been positive (m/u = 1.52; Fig. 6h).  325	  

Finally, for the βA hemoglobin 28% of the Colombian individuals were homozygous for 326	  

the North American low-elevation genotype ((Thr-69; Muñoz-Fuentes et al., 2013), 20% 327	  

were homozygous for the high-altitude Andean genotype (Ser-β69), and 52% were 328	  

heterozygous (Thr/Ser-β69; Fig. 7).  329	  

Hemoglobin concentration and mean cell hemoblobin concentration in the Colombian 330	  

population was significantly higher (p < 0.001) than in the other two populations 331	  

(highland Peru at Lake Titicaca at 3,824 m and lowland Peru at El Paraíso Lagoon; Fig. 332	  



8a). Total hematocrit did not differ between the Colombian population and the lowland 333	  

population (El Paraíso; p = 0.65), but was significantly higher in the highland Lake 334	  

Titicaca population (p < 0.001; Fig. 8b).  335	  

Discussion  336	  

Biogeography of Ruddy Duck Populations 337	  

The phylogeographic analysis of Muñoz-Fuentes et al. (2013) was consistent with the 338	  

hypothesis that Ruddy Ducks experienced a stepwise colonization of the northern and 339	  

southern Andes from North America, followed by a colonization of high-to-low 340	  

elevations. However, this study did not include samples from Colombia, the area 341	  

through which Ruddy Ducks would have entered before expanding in South America, 342	  

and where genetic adaptations to cope with hypoxia are inferred to have been acquired. 343	  

If historical occupation indeed occurred north-to-south, then one should find South 344	  

American alleles to be derived from North American alleles in all genes except the 345	  

hemoglobin gene. If colonization involved genetic adaptations in the hemoglobin gene, 346	  

one should find a paraphyletic group formed by lowland alleles from South and North 347	  

America, with lowland alleles from South America derived from South American 348	  

highland alleles. Furthermore, if colonization indeed occurred north-to-south and 349	  

involved genetic adaptation in the hemoglobin gene, then no gene flow from North 350	  

America into Colombia should be observed in hemoglobin sequences because of the 351	  

influence of selection, and Colombian individuals should exhibit hemoglobin genotypes 352	  

previously hypothesized to indicate putative genetic adaptations to life at high 353	  

elevations (McCracken et al., 2009a; Muñoz-Fuentes et al., 2013). 354	  

 355	  
Our analyses, the first to include nuclear DNA sequences (i.e. introns, hemoglobin) from 356	  

Colombia and the first to consider a large number of Colombian individuals sampled for 357	  

mtDNA, show there is likely more complexity to the historical scenario of north-to-358	  

south colonization than postulated by earlier studies (Muñoz-Fuentes et al., 2013). 359	  

Based on coalescent analyses of multilocus data, gene flow was inferred to occur from 360	  

the Southern Andes to Colombia and from Colombia to North America. Gene flow from 361	  

North America to Colombia could not be estimated, but gene flow from Colombia to the 362	  

Southern Andes was clearly zero. In contrast to the scenario proposed by Muñoz- 363	  



Fuentes et al., (2013), this pattern could actually be considered consistent with a south-364	  

to-north colonization of highland areas from the southern South American lowlands, a 365	  

pattern seen in different waterfowl species (Fjeldså, 1985; McCracken et al., 2009b; 366	  

McCracken et al., 2009c; Vuilleumier, 1986; Wilson et al., 2012). In addition, these 367	  

results are consistent with a hypothesis of phenotypic evolution proposed by Siegfried 368	  

(1976), who considered the black cheek of ferruginea to be an ancestral character and 369	  

the white plumage of andina (and jamaicensis) to be secondarily developed, because all 370	  

species except jamaicenis and the Eurasian leucocephala have black heads. The 371	  

southern origin of Ruddy Ducks suggested by our data is also consistent with the 372	  

distribution of the sister species of O. jamaicensis: the Argentine Lake Duck (Oxyura 373	  

vittata) occupies lowland elevations of southern South America (McCracken and 374	  

Sorenson, 2005). However, because the Colombian population is genetically admixed 375	  

(see below), with lineages from both North America and the Southern Andes a plausible 376	  

interpretation of historical gene flow might be that this population has received 377	  

immigrants from both the Southern Andes and North America and such gene flow could 378	  

have obscured our ability to recover the true biogeographic pattern of colonization of 379	  

different parts of the Americas by Ruddy Ducks. Indeed, because the Colombian 380	  

population is genetically admixed, we could not reliably estimate splitting parameters 381	  

measuring the fraction of individuals in the ancestral population contributing to one 382	  

population (Hey, 2005) which would have provided valuable insights on the direction of 383	  

colonization and allowed for a more direct comparison with results of the earlier study 384	  

(Muñoz-Fuentes et al., 2013).  385	  

Another discrepancy between our results and those of earlier analyses is evident in 386	  

terms of patterns of variation in the hemoglobin gene. Muñoz- Fuentes et al. (2013) 387	  

found a clear association between genotype and elevation when comparing North 388	  

American and southern South American populations, which led them to propose the 389	  

hypothesis that colonization of South America via highland environments involved the 390	  

origin of possible adaptations in the hemoglobin to cope with hypoxia. This hypothesis 391	  

implied that Colombian individuals would show genetic signatures of possible 392	  

adaptation in the hemoglobin gene. However, we found that not all Colombian 393	  

individuals have the "high- elevation" genotype identified by the earlier study: only 394	  

20% of the individuals from Colombia were homozygous for the "high-elevation" 395	  



genotype, 52% were heterozygous, and 28% had the lowland genotype found in North 396	  

America. A possible implication of this result is that the Thr/Ser-69 substitution does 397	  

not increase O2-affinity as hypothesized by earlier studies (McCracken et al., 2009a; 398	  

Muñoz-Fuentes et al., 2013); accordingly, such a genetic change would not have 399	  

facilitated the colonization of high-elevation environments by Ruddy Ducks, implying 400	  

that the previously proposed evolutionary scenario may need reevaluation. In any case, 401	  

to determine whether this substitution is of functional importance, isolation of the 402	  

specific hemoglobin isoforms and measurements of the concentration of the allosteric 403	  

effectors should be obtained. 404	  

 405	  

Hybrid Origin of Colombian Ruddy Ducks? 406	  

Our results are consistent with the hypothesis suggested by several authors (Fjeldså, 407	  

1986; McCracken and Sorenson, 2005; Siegfried, 1976) that the Colombian population of 408	  

Ruddy Ducks might be of hybrid origin. Variation in all genes indicated that the 409	  

Colombian population shares alleles with populations from both North America and the 410	  

Southern Andes as expected for an admixed population. However, variation in two 411	  

introns (GRIN1 and ODC) and in the βA globin gene indicates that the Colombian 412	  

population has likely had enough time to diverge independently and acquire private 413	  

alleles not found in other populations. In addition, pairwise estimates of genetic structure 414	  

and STRUCTURE analysis showed that the Colombian population is well differentiated 415	  

from the others. Furthermore, we observed no relationship between the genetic 416	  

assignment probability of different individuals and their pattern of cheek coloration, 417	  

which suggests that the phenotypic variability existing among Colombian individuals is 418	  

not the result of recent influx of individuals from other populations. Taken together, our 419	  

data are consistent with the hypothesis that during periods of glaciation (Fjeldså, 1986; 420	  

Van Geel and Van der Hammen, 1973) Ruddy Ducks from the highlands of the Southern 421	  

Andes could have extended north to the Bogotá plateau in the Colombian Cordillera 422	  

Oriental, where they could have hybridized with formerly migratory individuals from 423	  

North America giving rise to a new geographic population which later diverged in 424	  

isolation following range fragmentation.  425	  



 426	  

Significance of Environmentally-mediated Physiological Traits 427	  

Genetic changes in hemoglobin genes at high elevations are expected to evolve in 428	  

populations that have been exposed to selective pressures for a sufficiently long period 429	  

of time such that adaptive substitutions can arise and become fixed. Alternatively, in 430	  

populations more recently exposed to hypoxia one would more likely expect plastic 431	  

physiological responses involving alterations in hemoglobin concentration and 432	  

hematocrit levels. Because increased hematocrit may cause a detrimental increase in 433	  

blood viscosity, theory predicts that in populations in which genetic changes increasing 434	  

O2 affinity have already occurred, hematocrit should be reduced to values similar to 435	  

those seen at low elevations (Storz, 2010; Villafuerte et al., 2004). Considering that 436	  

Colombian Ruddy Ducks may not have genetic adaptations to increase O2 affinity, 437	  

there is some evidence of physiological changes that arise as a result of a possible 438	  

plastic response that is associated with a recent history of life at high elevations.  439	  

Compared to the low-altitude population at Laguna El Paraiso, Colombian populations 440	  

do exhibit high hemoglobin concentrations, but they also show low hematocrit. This 441	  

pattern is unexpected because hemoglobin concentrations and hematocrit are usually 442	  

positively correlated as an acclimatization response to hypoxia, however the adaptive 443	  

response of high hematocrit might me questionable, this is why low values of 444	  

hematocrit are typical of populations showing adaptations increasing O2-affinity (Storz, 445	  

2010). The combination of high Hb concentration and low Hct results in high mean 446	  

cell hemoglobin concentrations in Colombian Ruddy Ducks, and this may allow them 447	  

to cope with hypoxia. In agreement with the genetic data showing that the Colombian 448	  

population has differentiated from others to the point that it has acquired private alleles 449	  

in nuclear genes (including hemoglobins), our results showing low hematocrit levels in 450	  

Colombia (equivalent to those from sea-level populations, as expected for long-451	  

established populations) might be consistent with a relatively long-term occupation of 452	  

the Colombian highlands. To better understand the physiological changes involved 453	  

with the occupation of this region, it would be of great interest to compare 454	  

physiological data between South American and North American populations (such 455	  

data for North American populations are currently lacking), and also to perform 456	  



transplantation experiments to examine the acclimatization responses (Tufts et al., 457	  

2013). 458	  

 459	  

Conclusions 460	  

Our results indicate that examining patterns of genetic and phenotypic (i.e. physiological, 461	  

plumage) variation in Colombian populations is critical to gain a comprehensive 462	  

understanding of the biogeographic history of Ruddy Ducks and other species with broad 463	  

distribution ranges in the Americas. As highlighted by Chapman (1917), Colombia is of 464	  

great interest not only because it is located "at the crux of intercontinental relationships", 465	  

but because it holds diverse climatic and topographic conditions that may considerably 466	  

influence patterns and processes of population differentiation. Therefore, it is imperative 467	  

for studies focusing on Neotropical organisms to include detailed sampling in Colombia 468	  

when addressing phylogeographic questions and examining patterns of geographic 469	  

variation using genetic and phenotypic data. To the extent that this study and others (e.g., 470	  

Cadena et al., 2007; Gutiérrez-Pinto et al., 2012; Isler et al., 2012) demonstrate the 471	  

importance of including samples from Colombia when studying phylogeography and 472	  

geographic variation, we can only wonder to what extent might studies lacking material 473	  

from this area could have missed some of the complexity inherent to avian biogeographic 474	  

histories. 475	  

Finally, the Colombian Ruddy Duck is endemic to isolated high-Andean wetlands in the 476	  

Bogotá region, and it is currently considered endangered (Botero J. E, 2002). A recent 477	  

study highlighted several factors leading to the decline of populations of endemic and 478	  

threatened birds living in wetlands of the Bogotá region (Rosselli and Stiles, 2012). 479	  

Increased urbanization, competition by coots, poor water quality and poaching are the 480	  

main causes of population declines. Our work provides evidence that the Colombian 481	  

population of Ruddy Ducks is genetically distinct from other populations of this 482	  

widespread species. Along with its morphological diagnosability, this population may be 483	  

considered a full species under different species concepts (Baum and Shaw, 1995; 484	  

Cracraft, 1983.; De Queiroz, 2005, 2007; Templeton, 1989), and minimally, an 485	  

evolutionary significant unit for conservation purposes (Moritz, 2002).  486	  
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Table 1. Φst values calculated for pairwise comparisons between three populations of Ruddy 676	  
Ducks for 6 loci. Bold values are significant at the 0.05 level. 677	  

 678	  

 

Control Region 
(mtDNA) 

FGB 
 

GRIN1 
 

ODC1 
 

PCK1 
 

βA hemoglobin 
 

North America vs 
Colombia 0.26 0.12 0.52 0.06 0.32 0.19 
Southern Andes vs 
Colombia 0.31 0.01 0.81 0.47 0.18 0.37 
North America vs 
Southern Andes 0.36 0.13 0.44 0.63 0.27 0.65 
Overall 0.32 0.12 0.61 0.41 0.28 0.42 

 679	  

 680	  

 681	  

Table 2. Allelic richness corrected to the smallest population simple size (±SD) for six loci.    682	  

 North America Colombia Southern Andes 

Locus n Allelic richness n Allelic richness n Allelic richness 

mDNA 69 12.2 ± 1.6 31 4 41 8.8 ± 0.9 

FGB 50 5.8 ± 0.4 52 3.0 ± 0.0 40 1 

GRIN1 48 7.9 ± 0.3 52 3.0 ± 0.0 46 3 

ODC1 52 5.2 ± 0.7 52 5.0 ± 0.2 34 2 

PCK1 48 3.0 ± 0.0 52 1.0 ± 0.0 40 2 

HBB 42 14 50 5.8 ± 0.4 46 2.9 ± 0.3 
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Figure 1. Current geographic distribution and sampling locations of Ruddy Ducks.  686	  

Figure 2. Haplotype network for the control region (mtDNA). The three populations are indicated by 687	  
different colors and abbreviations (CO=Colombia, PE=Peru, BO=Bolivia, EC=Ecuador, AR=Argentina). 688	  
North American localities are abbreviated according to U.S. and Canadian postal codes. 689	  

Figure 3. Allelic networks for four nuclear loci (FGB, GRIN1, ODC1 and PCK1). The three populations 690	  
are indicated by different colors and abbreviations (CO=Colombia, PE=Peru, BO=Bolivia, EC=Ecuador, 691	  
AR=Argentina). North American localities are abbreviated according to U.S. and Canadian postal codes. 692	  

Figure 4. Allelic network for the first 578 bp of the βA globin gene. The three populations are indicated by 693	  
different colors and abbreviations (CO=Colombia, PE=Peru, BO=Bolivia, EC=Ecuador, AR=Argentina). 694	  
North American localities are abbreviated according to U.S. and Canadian postal codes. 695	  

Figure 5. Posterior probability of assignment to each of the three populations for six loci using 696	  
STRUCTURE. From right to left clusters read, North America, Colombia and Southern Andes.   697	  

Figure 6. Gene flow estimates from IM analysis for pairwise population comparisons (North America vs 698	  
Colombia and Colombia vs Southern Andes) for separate genes (a-f) and all genes combined (g-h). 90 % 699	  
HPDs are shown in parenthesis.  700	  

Figure 7. Genotype frequencies for one amino acid replacement observed in the βA hemoglobin subunit 701	  
from North American, Colombian and Southern Andes populations Ruddy ducks. Thr/Thr-69, Ser/Thr-69 702	  
and Ser/Ser-69. 703	  

Figure 8. Box plot of a) hemoglobin concentration, b) hematocrit percentage and c) mean corpuscular 704	  
hemoglobin concentration (MCHC) in three Ruddy duck populations, Lowland Peru (0 m), Highland 705	  
Colombia (2630 m) and Highland Peru (3824 m). Significant differences between populations are marked 706	  
by a line and an asterisk (p<0.001).  707	  
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Supporting Information  809	  

 810	  

Table S1. 811	  

PCR annealing temperature (Ta) for locus specific primers. 812	  

Locus Primer Sequence (5´-3´) Ta 
mtDNA (control 

region) 
L78 GTTATTTGGTTATGCATATCGTG 55°C 
H774 CCATATACGCCAACCGTCTC 

ODC1 ODC1-5.F TCGTTCAAGCCATTTCTGATGCC 62.9°C 
ODC1.6.R CCAGGRAAGCCACCACCAATRTC 

FGB FGB-7.F GTTAGCATTATGAACTGCAAGTAATTG 55.9°C 
FGB-7.R TTTCTTGAATCTGTAGTTAACCTGATG 

GRIN1 GRIN1-11.F CTGGTGGGGCTGTCTGTG 55°C 
GRIN1-11a.R ACTTTGAASCGKCCAAATG 

PCK1 PCK1-9.F CAGCCATGAGATCTGAAGCA 55.8°C 
PCK1-9.R TTGAGAGCTGGCTTTCATTG 

HBB StartF1 GCCACACGCTACCCTCCACCCGACACC 71.3°C 
In2R3Oxy CCTGCCCATCCTTCTGGATCTGCC 

 813	  

     * 
     * c) 














