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Abstract

Hypoxia is a key factor determining survival, and haemoglobins are targets of selection
in species native to high-altitude regions. We studied population genetic structure and
evaluated evidence for local adaptation in the crested duck (Lophonetta specularioides).
Differentiation, gene flow and time since divergence between highland and lowland
populations were assessed for three haemoglobin genes (a*, a°, p*) and compared to
seven reference loci (six autosomal introns and mtDNA). Four derived amino acid
replacements were found in the globin genes that had elevated ®gt values between the
Andean highlands and Patagonian lowlands. A single p*-globin polymorphism at a site
known to influence O, affinity was fixed for different alleles in the two populations,
whereas three a*- and a”-globin polymorphisms exhibited high heterozygosity in the
highlands but not in the lowlands. Coalescent analyses supported restricted gene flow
for haemoglobin alleles and mitochondrial DNA but nonzero gene flow for the introns.
Simulating genetic data under a drift-migration model of selective neutrality, the §*-
globin fell outside the 95% confidence limit of simulated data, suggesting that
directional selection is maintaining different variants in the contrasting elevational
environments, thereby restricting migration of *-globin alleles. The o*- and a”-globins,
by contrast, did not differ from the simulated values, suggesting that variants in these
genes are either selectively neutral, or that the effects of selection could not be
differentiated from background levels of population structure and linkage disequilib-
rium. This study illustrates the combined effects of selection and population history on
inferring levels of population divergence for a species distributed across an altitudinal
gradient in which selection for hypoxia resistance has likely played an important role.
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tive pressures in different populations. High-altitude

Introduction . . . .
environments in particular present a number of physio-

Geographically widespread species often inhabit hetero-
geneous environments that can exert contrasting selec-
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logical challenges, including colder temperatures,
increased desiccation and higher atmospheric radiation
(Monge & Ledn-Velarde 1991; Rezende ef al. 2005). One
of the most noticeable high-altitude effects is hypoxia.
The partial pressure of oxygen (Po,) decreases with ele-
vation by approximately 10% per 1000 m, and at eleva-
tions such as 4000 m in the Andean or Himalayan
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plateaus, the Po, of inspired air is 60% of that at sea
level (Beall 2007). This reduced Pp, can make it more
difficult to transport a sufficient oxygen supply to
respiring tissues, which can exert contrasting selective
pressures at different altitudes.

Animals vary in their capabilities to withstand hypo-
baric hypoxia resulting from the decrease in barometric
pressure with increasing altitude. Among vertebrates,
birds are particularly well adapted for maintaining
oxygen supplies to the tissues. For example, house
sparrows (Passer domesticus) remain alert and exhibit
normal behaviour at atmospheric pressures equivalent
to 6100 m, whereas mice become comatose (Tucker
1968). In addition, numerous species of birds under-
take high-altitude flights or migrations. A Rippell’s
griffon (Gyps rueppellii) collided with a jetliner at
11 300 m (Laybourne 1974), and bar-headed geese
(Anser indicus) migrate over the Himalayas up to
9000 m (Swan 1961, 1970; Scott & Milsom 2007;
Hawkes et al. 2011). Flying at high altitudes, where
Po, is reduced, is particularly demanding, because O,
consumption during flight can increase as much as
20-fold (Bernstein 1989).

How birds and other organisms have adapted to
high-altitude regions continues to be an important ques-
tion for evolutionary biologists and physiologists (Scott
2011). All species of birds possess crosscurrent arrange-
ments of gas and blood flow that make the avian lung
more efficient than the alveolar lungs of mammals (Pii-
per 1989; Scheid 1979). Bird muscle also possesses
higher venous oxygen tension and increased densities
of capillaries, mitochondria and myoglobin than mam-
malian muscle (Grubb 1981; Faraci 1991). In bar-headed
geese, mitochondria and capillary spacing reduces the
intracellular O, diffusion distance in flight muscle and
results in increased aerobic capacity (Scott et al. 2009).
Vertebrates residing at high elevations possess other

2

traits such as higher red blood cell counts, larger lung
volume and blunted hypoxic ventilatory response (Beall
2003). Furthermore, biochemical adaptations in O,-bind-
ing proteins such as haemoglobin (Hb) may facilitate
either O, uptake at the lungs or O, release at the tissues
(Turek et al. 1973, 1978; Hardison 2001). Examples of
physiological and biochemical changes in haemoglobin
at high elevations include increases in Hb concentration
in the blood, changes in Hb-O, affinity and changes in
allosteric properties (Hochachka & Somero 2002; Storz
et al. 2010).

Several recent studies have shown that genetically
based adaptations that increase the O, affinity of hae-
moglobin play an important role in physiological adap-
tation to high-altitude hypoxia (Jessen et al. 1991;
Weber 2007; Storz et al. 2010). Most vertebrate haemo-
globins are tetrameric proteins composed of two o-poly-

© 2011 Blackwell Publishing Ltd

peptide subunits and two homologous B subunits; each
subunit binds O, reversibly at the haeme group (Perutz
1983, 1989). The o and B subunits are encoded by two
different sets of duplicated genes, three of which are
expressed at high levels in adult birds (P, o, BA; Row-
ley & Ratcliffe 1988; Bulgarella et al. 2009). Adult birds
thus possess two different isoforms, a major HbA
(/B haemoglobin and a minor HbD (o®/p*) haemo-
globin that share the same B-chain but differ in their
O,-binding properties owing to differences in the cod-
ing sequences of the o and o subunits (Weber et al.
1993; Weber & Fago 2004). In the Muscovy duck (Cairi-
na moschata), the two adult o-globins are separated by
2.2 kb and encoded by the same DNA strand (Niessing
et al. 1982). The HbD isoform has been shown to have
higher O, affinity than HbA (Cirotto & Geraci 1975;
Baumann et al. 1984; Riggs 1998; Knapp et al. 1999).
Circulating red blood cells contain a mixture of Hb iso-
forms with different O,-binding affinities (Hiebl et al.
1987, 1988; Weber et al. 1988). It is thus possible that
regulatory adjustments altering the stoichiometric ratio
of these two isoforms may modulate rates of O, flux in
response to changes in metabolic demand or to differ-
ent environments.

Haemoglobins have been shown to be under strong
selection in high-altitude environments in a variety of
taxa (Snyder 1981; Chappell et al. 1988; Storz et al.
2007, 2009; Storz & Kelly 2008). McCracken et al.
(2009a) surveyed the o and B* haemoglobin subunit
genes (HBA2 and HBB) across major waterfowl lineages
and found a pattern of parallel evolution in highland
waterfowl. Identical nonsynonymous codon substitu-
tions occurred more often than expected by chance
under a neutral model of evolution. Numerous substitu-
tions of similar amino acids were also observed within
the same region of the protein, suggesting that adapta-
tion to high-altitude hypoxia has resulted from unique
but overlapping sets of one to five substitutions in the
major haemoglobin of each lineage. While there is evi-
dence that the haemoglobins of high-altitude waterfowl
lineages have evolved in response to hypoxia (Hiebl
et al. 1987; Braunitzer & Hiebl 1988; Hiebl & Braunitzer
1988; Jessen et al. 1991; Weber et al. 1993; Liu et al.
2001), population genetic studies of high-altitude bird
species are rare. Studies have yet to examine patterns of
polymorphisms in a coalescent framework that incorpo-
rates aspects of population history, which also might
influence levels of divergence at neutral and candidate
genes such as haemoglobin.

Here, we use a series of independent genetic contrasts
to compare three haemoglobin genes (o, o, B*) and
seven autosomal and mitochondrial reference loci in the
crested duck (Lophonetta specularioides), a waterfowl spe-
cies endemic to the Andes that inhabits both high- and
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low-altitude habitats. This study also provides novel
data on the o°-globin gene, which constitutes the minor
(HbD) haemoglobin isoform and is known to be
expressed in a 3:1 ratio in adult crested ducks (Bulgarel-
la et al. 2009). Using a coalescent model, incorporating
divergence and gene flow, we estimated a population
size parameter (©), rates of gene flow and time since
divergence between lowland and highland populations.
Compared to simple descriptive measures of population
differentiation, this approach has several advantages
because it incorporates genetic stochasticity by sampling
from the range of genealogies that are consistent with
the data (Nielsen & Wakeley 2001; Hey & Nielsen
2004). Furthermore, by simulating genetic data under a
drift-migration model of selective neutrality, we then
contrasted patterns of genetic differentiation for the
three haemoglobin genes with parameter estimates
obtained from the set of reference loci to test for devia-
tions from the neutral model. This study emphasizes
the importance of incorporating the combined effects of
selection and population history on candidate genes
and genomic levels of population divergence for com-
prehending the patterns of evolution of a species that is
distributed across an altitudinal gradient influenced by
hypoxia.

Materials and methods

Study species

Crested ducks are endemic to South America; they com-
prise two subspecies that occupy different elevational
environments in the Andes. Lophonetta s. specularioides
inhabits low-elevation habitats in the southern Andean
regions of Patagonia and the Falkland Islands, whereas
L. s. alticola occurs throughout the Andean highlands up
to approximately 4800 m elevation from central Argen-
tina to northern Peru (Fjeldsd & Krabbe 1990; Schulen-
berg et al. 2007). The two subspecies can be
distinguished morphologically. L. s. specularioides has a
bright red iris, smaller body size (wing chord <280 mm),
and darker, more mottled plumage than L. s. alticola,
which is larger (wing chord > 280 mm) and possesses a
yellow-orange iris (Phillips 1922-1926; Johnsgard 1978;
Kear 2005; Bulgarella et al. 2007). The two subspecies
intergrade in a zone of intermediate elevational habitats
in Mendoza, Argentina, and Talca, Chile (Navas & Bo
1998; Bulgarella et al. 2007). Because of their linear distri-
bution along the Andean Cordillera and distinguishing
traits between subspecies inhabiting lowland and high-
land environments, crested ducks are an excellent species
for investigating how changes in the o, o* and B*
haemoglobin genes might confer resistance to hypoxia in
different elevational zones.

Specimen collection

The Andean Cordillera comprises the long chain of
mountain ranges and volcanoes that parallel the
western margin of South America. The central Andes,
including the Altiplano, is the widest and, on average,
highest part of the cordillera. It consists of a series of
high plateaus and inter-montane valleys that extend
from Cajamarca, Peru, to Catamarca, Argentina, and
Copiapo, Chile. South of Catamarca, the Andes nar-
row, lose their mean elevation and gradually transition
to lower elevation peaks of the southern Andes of
Patagonia. As a result, most wetlands and grasslands
that are suitable for waterfowl in the central Andes
occur at elevations >3000 m, whereas most waterfowl
habitat in the southern Andes occurs at elevations
<1500 m.

We collected crested ducks throughout their range in
the Andes from southern Argentina to northern
Peru. Eighty specimens were collected, including
49 L. s. alticola from high-elevation sites in Peru, Bolivia
and northwestern Argentina (3338-4611 m) and 23
L. s. specularioides from low-elevation sites in Patagonia
and the Falkland Islands (0-934 m). Eight additional
L. s. alticola specimens were collected from five inter-
mediate elevation sites in Mendoza, Argentina (1522-
2552 m, Fig. 1, Table S1, Supporting information). Each
individual was identified to subspecies using previously
published analyses of plumage and morphology (Bulga-
rella et al. 2007).

DNA sequencing

We sequenced the three adult haemoglobin genes (o,
o®, and p*) and compared them to seven reference loci
located on different chromosomal linkage groups in the
chicken genome (Hillier et al. 2004). The complete cod-
ing regions of the o and B* haemoglobin subunits (677
and 1581 bp, respectively) and the 5" end of the oP sub-
unit (435 bp spanning exon 1, intron 1 and part of exon
2) were amplified using PCR and sequenced using stan-
dard protocols described by McCracken et al. (2009b).
The mtDNA control region was sequenced using the
overlapping primer pairs L78-H774 and L736-H1252 or
H1530 (Sorenson & Fleischer 1996; Sorenson et al. 1999;
McCracken & Sorenson 2005). Six intron sequences,
ranging from 246 to 353 bp in length, were also
sequenced, and those included ornithine decarboxylase
intron 5 (ODC1), o enolase intron 8 (ENO1), B fibrino-
gen intron 7 (FGB), N-methyl-p-aspartate-1-glutamate
receptor intron 11 (GRIN1), phosphoenolpyruvate carb-
oxykinase intron 9 (PCK1) and lamin A intron 3
(LMNA). Primers for each locus were developed specif-
ically for ducks, and all intron loci were chosen blind to
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Fig. 1 Geographic distribution and sampling locations of
crested ducks in this study. The range for crested duck
includes the coastal and inland habitats delimited by the con-
tour line.

levels of polymorphism (McCracken & Sorenson 2005;
McCracken et al. 2009b, 2010).

Sequences from opposite strands were reconciled and
verified for accuracy using Sequencher v.4.7 (Gene
Codes, Ann Arbor, MI, USA). Double peaks indicating
the presence of two alleles were coded with IUPAC
degeneracy codes and treated as polymorphisms. Indels
were resolved by comparing forward and reverse
strands, using the unambiguous 5" end of one strand to
edit the ambiguous 3’ end of the other strand to deter-
mine the length of the indel (Peters et al. 2007). Gaps
resulting in shifted peaks in the chromatograms were
coded as a fifth character state.

The gametic phases of sequences that were heterozy-
gous at two or more nucleotide positions were deter-
mined using PHASE v.2.1.1 (Stephens et al. 2001). PHASE
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uses a Bayesian method to infer haplotypes from dip-
loid genotypic data while incorporating recombination
and the decay of linkage disequilibrium with distance.
We first analysed the diploid consensus sequences of
each individual using the default software values fol-
lowed by 1000 burn-in and 1000 sampling iterations.
The rHAsE algorithm was run five times from different
starting points, and the results with the best overall
goodness of fit were selected. For individuals with low
allele pair probabilities (<80%), we designed allele-
specific primers to selectively amplify one allele. The
resulting haploid allele sequence was then subtracted
from the consensus sequence to obtain the gametic
phase of the second allele. Each data set was analysed
five more times using PHASE with the newly resolved
alleles defined as ‘known’ alleles. PHASE analyses and
allele-specific priming were performed for the complete
o and o haemoglobin sequences and each of the six
autosomal introns. For the BA subunit, we inferred the
gametic phase of a 596-bp segment spanning intron 1,
exon 2 and part of intron 2 that had no detectable
recombination as determined using the four-gamete test
(Hudson & Kaplan 1985). Overall, the gametic phases
of 97.9% (n =705 of the 720 individual autosomal
sequences were identified experimentally or with >95%
posterior probability. All sequences were aligned by eye
using SEAL v.2.0al1 (Rambaut 2007).

Analyses of population differentiation

To determine whether lowland and highland popula-
tions of crested ducks are genetically differentiated, we
compared ®gr between L. s. specularioides and L. s. alti-
cola for each locus. Fgr for each nonsynonymous (amino
acid) polymorphism in the o, o and pA haemoglobin
subunits was also calculated. Additionally, we tested
Hardy-Weinberg equilibrium to determine whether
there was a significant excess or deficit of heterozygotes
for any given locus, which might be interpreted as
divergent selection acting on alleles that were overrep-
resented in one or the other population. All estimates of
linkage disequilibrium, Fsy and ®sr were performed
using the Tamura & Nei (1993) nucleotide substitution
model in ARLEQUIN v.3.01 (Excoffier et al. 2005). Allelic
richness standardized to the smallest sample size
(n = 46 alleles) was calculated using the software RAR-
EFAC (Petit et al. 1998) and then compared between
highland and lowland populations using a paired t-test.
The eight individuals from Mendoza (the area of over-
lap between the two subspecies; Bulgarella et al. 2007)
were excluded from these analyses. Allelic networks for
each locus included the Mendoza specimens and were
calculated using the median-joining algorithm in NET-
WORK v.4.1 (Bandelt ef al. 1999).
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We also used STRUCTURE v.2.2 (Pritchard et al. 2000) to
examine population differentiation. STRUCTURE uses a
Bayesian method to assign individuals to populations
by maximizing Hardy-Weinberg equilibrium and mini-
mizing linkage disequilibrium. We performed two
STRUCTURE analyses; the first included only the six auto-
somal introns, and the second included the six introns
plus the o°, o*, and B* haemoglobin genes (nine loci in
total, mtDNA was not included in the analysis; see
below). The eight individuals from Mendoza were
included in this analysis, and no a priori information
describing specimen locality was provided. We used
the admixture model with independent allele frequen-
cies, 10 000 generations of burn-in and 20 000 genera-
tions of sampling. The optimum number of crested
duck populations was identified using the Ak method
(Evanno et al. 2005). To determine the number of popu-
lations (k), we estimated In Pr(X|k) for k=2 to k =5.
Using the value of k with the highest In Pr(X|k), we
assigned individuals to the inferred populations.

Coalescent analyses

We compared the three haemoglobin genes to the six
autosomal intron loci using a two-population isolation-
with-migration (IM, Hey & Nielsen 2004) analysis that
allows for both divergence and gene flow. We estimated
indices of effective population size (© = 4N,u), gene-
flow rates (M), time since population divergence (t) and
TMRCA (time since the most recent common ancestor)
for each locus. The software IM implements a Bayesian
MCMC method to fit the data to a coalescent model.
We estimated six population parameters scaled to the
neutral mutation rate, u: ©®y (4N,u for highland crested
ducks), ©; (4N,u for lowland crested ducks), ©®,4 (4N,u
for the ancestral population at the time of divergence), t
(Tu, where T is the time since divergence in years
before the present), M; (m;/u, where m is the rate of
immigration into the lowlands from the highlands) and
My (mp/p, the rate of immigration into the highlands
from the lowlands). The eight individuals collected
from Mendoza were excluded from this analysis (see
Results below).

Isolation-with-migration assumes that the loci are
selectively neutral with no intralocus recombination.
Therefore, we tested for recombination within each
nuclear locus using a four-gamete test in DNAsp v.4.10
(Rozas et al. 2003) and included sequence data from the
largest independently segregating block consistent with
no recombination. For the haemoglobin genes, we
included the longest fragment consistent with no
recombination that included all of the nonsynonymous
amino acid replacements that we observed: o haemo-
globin subunit positions 108441, o® haemoglobin

subunit positions 1-204 and B~ subunit positions 140-
735. GRIN1 and LMNA were truncated to the 5"-end
positions 1-239 and positions 1-195, respectively. The
remaining nuclear loci had no detectable recombination,
and therefore, the full sequences were included in the
analysis. Additionally, we verified the results of the
four-gamete tests with an independent estimate of the
overall recombination rate (v = p/p; where p is the per-
site recombination rate and p is the per-site mutation
rate) for each locus using the software LAMARC v.2.1
(Kuhner 2006). The upper and lower limits for r were
set to 0 and 10, respectively. A recombination rate of
one means that recombination is equally likely to occur
as mutation, whereas a recombination rate of zero
means that no recombination was detectable.

For mtDNA, which is haploid and maternally inher-
ited, we defined the inheritance scalar to be 0.25 and
used the HKY (Hasegawa ef al. 1985) model of muta-
tion. For nuclear loci, we defined the scalar to be 1.0
because they are biparentally inherited, and we used an
infinite-site model of substitution. IM was first run with
wide priors to set appropriate upper bounds for each
parameter. These runs were then repeated using uni-
form priors that encompassed the full posterior distri-
bution of each parameter from the preliminary runs
and were therefore assumed to be uninformative. How-
ever, estimates of  sometimes contained distinct peaks,
but the tails were flat and did not approach zero. In
these cases, we defined an upper bound based on preli-
minary runs by assuming that time since divergence
could not be older than TMRCA (Peters et al. 2007).
Averaging the posterior distribution of TMRCA for the
six nuclear introns, we used the upper 90% highest
posterior density (HPD) of TMRCA as the upper bound
for t (upper bound = 0.85). The priors encompassed the
full posterior distributions of all other parameters. We
repeated runs with a burn-in of at least 200 000 steps.
To assess convergence, we monitored autocorrelations
and effective sample sizes (ESS) for each parameter
throughout the run (Hey & Nielsen 2004). The run was
continued until the smallest ESS was at least 100 (see
Hey 2005). We ran the analysis a second time with a
different random number seed to be sure that different
runs converged on the same parameter estimates. All
runs included 10 heated chains using a geometric heat-
ing scheme. Finally, to obtain an accurate estimate of
TMRCA, we analysed each intron locus independently,
because IM calculates a mutation rate scalar based on
differences among loci for ©. Therefore, IM will assume
that a locus with a high level of polymorphisms has a
higher substitution rate than lower diversity loci.

To convert IM parameter estimates to biologically
informative values, estimates of generation time (G) and
mutation rate (u per locus) are necessary. We used the
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control region mutation rate calibrated by Peters et al.
(2005) of 4.8 x 107® substitutions/site/year (s/s/y) for
the mtDNA and calibrated rates for the three globin
and the six intron loci based on the goose—duck split
(see Peters et al. 2007, 2008). The mean genetic distance
between the snow goose (Anser caerulescens) sequence
and crested duck was divided by the mid-point of the
Oligocene (2 x 30.5 myr). The geometric mean of substi-
tution rates averaged for the six introns was
2.72 x 107? substitutions/site/year.

Simulated data sets

We simulated genetic data under a drift-migration
model of selective neutrality using the software Mms
(Hudson 2002). Using the parameter estimates from IM
for the six autosomal introns, we defined a population
model that included empirical differences in the popu-
lation size parameters (O and ©;) and gene-flow rates
(M and Mjy) between the lowlands and highlands, con-
ditioned on the data. To account for uncertainty in the
exact values of those parameters, we randomly sampled
values from the posterior distributions of each parame-
ter for 1000 replicates. The © values in MS were scaled
to the per-locus substitution rates, calculated by multi-
plying IM’s © by the ratio of the locus-specific length (I)
to the geometric mean of the length of the introns used
in IM. We also incorporated heterogeneous substitution
rates by comparing uncorrected sequence divergence
between crested ducks and snow geese (d; see above)
and calculating relative substitution rates among loci,
defined as d; (sequence divergence for locus i) divided
by the geometric mean of d for all loci. Locus-specific

values of ® were multiplied by the relative substitution
rate. Locus-specific recombination rates (p) were incor-
porated, where p =0 xrx (I -1), ® and r are LAM-
ARC’s estimates of 4N,u and recombination rate,
respectively. Uncertainty in p was incorporated by ran-
domly sampling values for each replicate from the pos-
terior distributions estimated in the LAMARC analysis.
We simulated 1000 data sets, with each data set con-
taining the same number of sequences as the empirical
data. We then calculated the distribution of pairwise
Pgr values expected under selective neutrality and com-
pared that distribution to empirical values of ®gr for
each locus.

Results

Population differentiation

We found strong evidence of population differentiation
between highland and lowland populations of crested
ducks. ®gr values for the six introns, three globins and
mtDNA ranged from 0.02 to 0.87 and were significantly
different between populations for eight of the ten loci
(Table 1).

Most intron alleles, including the most common hapl-
otypes, were shared between subspecies (Fig. 2B). ®gr
values for the six autosomal introns varied from a mini-
mum of 0.02 in GRIN1 to a maximum of 0.44 in ODC1.
An average of 4.4 different alleles was expected per
locus in a random sample of 46 alleles (ARye) from the
highlands compared to 3.8 different alleles from the low-
lands, but allelic richness did not differ between the
highlands and the lowlands among intron loci (paired

Table 1 Population genetic parameters estimates for ten loci from lowland and highland populations of crested ducks

Length Chromosomal No. of Allelic Recombination
Loci (bp) location® allelest richness AR¥ rate (p/p) o
oP-Haemoglobin (HBA1) 465 14 6/9 3.9/8 0.70 0.33
o*-Haemoglobin (HBA2) 677 14 12/14 8.6/13 1.07 0.23
BA—Haemoglobin (HBB) 596 1 9/4 6.3/3 0 0.87
a-Enolase intron 8 (ENO1) 314 21 5/6 3.2/5 0 0.21
B Fibrinogen intron 7 (FGB) 246 4 2/2 0.7/1 0 0.13
N-Methyl-p-aspartate-1-glutamate 335 9 11/11 8.5/10 2.77 0.02
receptor intron 11 (GRIN1)
Lamin A intron 3 (LMNA) 280 1 15/6 10.1/5 1.10 0.10
Ornithine decarboxylase intron 353 4/2 2.7/1 0 0.44
5 (ODC1)
Phosphoenolpyruvate carboxykinase 345 20 2/2 1/1 0 0.03
intron 9 (PCK1)
mtDNA control region (mtDNA) 980 MT 17/9 10.6/8 — 0.85

*Based on the chicken genome (Hillier et al. 2004).

*Highland populations are shown in bold text. The individuals from Mendoza were excluded in all the calculations.

§Statistically significant ®dgr values are in bold (P < 0.001).
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t-test, t =051, d.f. =5, P =0.63; Table 1; differences
among all 10 loci also were not significant; t = 0.06,
d.f. =9, P =0.95). No linkage disequilibrium was found
between the six reference loci, confirming that these loci
are likely unlinked (Ps > 0.99).

Using the six introns, the sTRUCTURE analysis with the
maximum likelihood (InL = -2189.0) and greatest value
of Ak was for k =2 populations. Excluding the eight
Mendoza specimens, the mean posterior probabilities of
assignment to the highland population (>3000 m) for
L. s. alticola was 0.86 = 0.18 and varied from 0.19 to
0.98. For L. s. specularioides, the mean posterior proba-
bility of assignment to the lowland population was
0.93 + 0.06 and ranged from 0.77 to 0.99 (Fig. 3A). The
eight individuals collected at 15222552 m of elevation

@ % d

Fig. 2 Unrooted networks showing the
relationships between (A) mtDNA hapl-
otypes, (B) the six introns and (C) the
three haemoglobin subunits. HBAI,
HBA2 and HBB alleles possessing
amino acids that occurred at high fre-
quency in the highlands are shown with
highlighted circles. The areas of the cir-
cles are proportional to the number of
alleles found. The eight specimens from
Mendoza were included in the networks
(n = 80).

< Falkand Islands

LMNA

L. s. alticola

L. s. alticola - Mendoza
L. s. specularioides
putative ancestral haplotype

—— nucleotide substitution

e‘ % HBA1

Meto10

and between 32.8 and 35.8°S in the province of Men-
doza (shown in grey in Fig. 3) exhibited the full range
of posterior probabilities to be assigned to the highland
population (0.05-0.97).

Haemoglobin gene differentiation

The ®sp for the B* haemoglobin subunit (0.87) was
higher than for any other locus, and the ®gr values for
o™ (0.23) and o (0.33) haemoglobins were higher than
all intron loci, except ODC1 (Table 1). Four nonsynony-
mous amino acid substitutions were found in the three
adult haemoglobin gene sequences. Two amino acid
polymorphisms occurred in the o® subunit (Thr/Ala-
a5 and Ala/Thr-0*8), one was in the o subunit
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mates for the 80 individuals in the study, for (A) the six auto-
somal introns, (B) the six autosomal introns and the three
haemoglobin loci combined.

(Met/Thr-0”10), and one was in the B* subunit
(Asp/Glu-p*94, Fig. 4). All four exhibited significant
genotype frequency differences between lowland and
highland populations (Fig. 4). Pairwise Fgr values for
these four nonsynonymous polymorphisms were 0.47,
0.07, 0.61 and 1.00, respectively.

The highland subspecies L. s. alticola exhibited high
levels of heterozygosity on the o subunit. Excluding
Mendoza, 55% (n = 27) were heterozygous for Thr/Ala-
a5, whereas 31% (1 = 15) were homozygous for Thr-
OLA5, and 14% (n = 7) were homozygous for Ala-o®5. In
contrast, only one L. s. specularioides was heterozygous
for Thr/Ala-0”5; all others were homozygous for Ala-
o5, Ala-0*8 was found in eleven L. s. alticola individ-
uals collected in the highlands; all other individuals
from both the lowlands and the highlands were homo-
zygous for Thr-o”8. Finally, the Thr-o*5 and Ala-08
alleles did not occur on the same haplotype groups but
were 1.5-2.2% divergent (uncorrected) in crested ducks
and probably evolved from divergent ancestral
sequences (Fig. 2; Table 2). Based on a previous study
of haemoglobin polymorphism including most of the
world’s waterfowl species, Thr-05 and Ala-0*8 were
both determined to be derived, whereas Ala-o*5 and
Thr-o”8 are the ancestral amino acid residues found in
other lowland species (McCracken et al. 2009¢).

Highland crested duck also exhibited high levels of
heterozygosity on the o subunit. Excluding Mendoza,
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subunits: Thr/Ala-05, Thr/Ala-0"8, Met/Thr-o”10 and
Asp/Glu-$"94.

39% (n=19) were heterozygous for Met/Thr-0"10,
whereas 49% (n = 24) were homozygous for Met-o"10,
and 12% (n = 6) were homozygous for Thr-o°10. All
L. s. specularioides were homozygous for Thr-0”10
(Fig. 4, Table 2); no Met-0P10 alleles were found in the
lowland population.
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Table 2 Haemoglobin genotypes observed in 80 crested ducks

HBA2 HBA2 HBA1 HBB

5 8 10 94 Highlands Mendoza Lowlands
Thr/Thr Thr/Thr Met/Met Gluw/Glu 3 — —
Thr/Thr Thr/Thr Met/Thr Glu/Glu 6 — —
Thr/Thr Thr/Thr Thr/Thr Glu/Glu 6 — —
Thr/Ala Thr/Ala Met/Met Glu/Glu 2 — —
Thr/Ala Thr/Ala Met/Thr Glu/Glu 5 — —
Thr/Ala Thr/Thr Met/Met Glu/Glu 13 — —
Thr/Ala Thr/Thr Met/Thr Glu/Glu 7 — —
Ala/Ala Thr/Ala Met/Met Glu/Glu 3 — —
Ala/Ala Thr/Ala Met/Thr Glu/Glu 1 — —
Ala/Ala Thr/Thr Met/Met Glu/Glu 3 — —
Thr/Thr Thr/Thr Met/Thr Asp/Asp — 1 —
Thr/Thr Thr/Thr Thr/Thr Glu/Asp — 1 —
Thr/Thr Thr/Thr Thr/Thr Asp/Asp — 1 —
Thr/Ala Thr/Thr Thr/Thr Glu/Glu — 1 —
Ala/Ala Thr/Thr Thr/Thr Glu/Glu — 1 —
Thr/Ala Thr/Thr Met/Thr Glu/Asp — 2 —
Ala/Ala Thr/Thr Thr/Thr Glu/Asp — 1 —
Ala/Ala Thr/Thr Thr/Thr Asp/Asp — — 22
Thr/Ala Thr/Thr Thr/Thr Asp/Asp — — 1
Total number of individuals (1) 49 8 23

Highland alleles are shown in bold.

For the BA subunit, highland and lowland crested
ducks collected outside Mendoza were fixed for oppo-
site genotypes, Glu-p*94 or Asp-B94, respectively
(Fig. 4, Table 2). Within Mendoza, four of the eight
individuals were heterozygous for Asp/Glu-$"94, and
two each were homozygous for Glu-B94 and Asp-
BA94, respectively (Table 2). Glu-p”94 is the derived
genotype, and Asp-p*94 is the ancestral genotype
found in other waterfowl species (McCracken et al.
2009¢).

The three haemoglobin genes thus exhibited two dis-
tinctly different patterns; 100% of highland crested
ducks were homozygous for Glu—BA94, whereas for the
two o-globins, highland individuals were heterozygous
for Thr/Ala-0*5 (55%) or Met/Thr-o"10 (39%). In con-
trast, the same three derived alleles (Thr-a*5, Met-o°10
and Glu-B”94) were rare or absent in the lowland popu-
lation.

Of the 81 possible combinations of alleles for each of
the four amino acid substitutions found in the three
adult globin subunits, 19 distinct genotypes were found.
In the highlands, every individual’s genotype contained
at least two of the derived amino acid polymorphisms,
with most individuals having at least three. In the low-
lands, all but one individual possessed the ancestral
genotype shared with other lowland waterfowl species
(Table 2). Only in Mendoza did we find unique combi-

nations of genotypes that were not sampled in either of
the other two habitats (Table 2). Seven different unique
genotypes were observed in eight individuals in this
region, and it was the only place in which Asp/Glu-
B“94 heterozygotes occurred. Thus, the highest level of
heterozygosity was found in the Mendoza subsample.

When haemoglobins were added to the STRUCTURE
analysis including the six introns, population assign-
ment probabilities improved notably (Fig. 3B). Exclud-
ing Mendoza, the mean probability of assigning
L. s. alticola to the highland population was 0.99 + 0.02
(range: 0.86-0.99), and the mean probability of assigning
L. s. specularioides to the lowland population was
0.98 + 0.03 (range: 0.83-0.99). Thus, all individuals were
correctly assigned to subspecies (as determined using
morphological characters; Bulgarella et al. 2007) with
high probability. This result was not an artefact of
including more loci in the analysis, because the same
results were observed as with the six introns alone
when we randomly resampled three intron loci for a
total of nine loci. The eight individuals collected at
intermediate elevation in Mendoza (shown in grey in
Fig. 3), as in the introns-only analysis, showed interme-
diate posterior probabilities compared to the other indi-
viduals (range: 0.09-0.98), consistent with a transition
zone occurring over short geographic and elevational
distances in southern Mendoza.
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Finally, we tested Hardy-Weinberg (HW) equilibrium
for the amino acid polymorphisms in the three haemo-
globin genes. When highland and lowland populations
were tested separately, all populations were found to be
in HW equilibrium (Ps > 0.05). However, when highland
and lowland populations were pooled, all HW tests were
highly significant. More homozygotes and fewer hetero-
zygotes were observed than expected for all three haemo-
globin loci (Ps < 0.05). No linkage disequilibrium was
observed between the o*- and otD-globin genes, which
are separated by 2.2 kb in the Muscovy duck (Niessing
et al. 1982). The average per cent amino acid sequence
identity between o”* and the 5~o” sequence was 58.6%.

MtDNA differentiation

The mtDNA control region (Pgr = 0.85) yielded two
reciprocally monophyletic clades corresponding to the
lowland subspecies (L. s. specularioides) and the high-
land subspecies (L. s. alticola; Fig. 2A). All eight speci-
mens collected in Mendoza, Argentina, possessed the
highland L. s. alticola haplotypes. The three L. s. specu-
larioides from the Falkland Islands possessed a unique
haplotype that was three base pairs divergent and
grouped with, but was not shared with, L. s. speculario-
ides individuals from Argentina (Fig. 2A).

Coalescent analysis

Immigration  rates  between the highlands and the
lowlands. The joint estimated scaled gene-flow rate for
the six introns into the highlands (My =8.11; 90%
HPD,q; = 1.24-20.46) exceeded gene flow into the low-
lands (Mp =1.29; 90% HPD,g; = 0.01-15.11; Table 3,
Fig. 5), although confidence intervals overlapped
extensively. Following divergence, the joint estimate for

the six introns indicated that there were on average
approximately 2.6 migrants/generation (4N,m) into the
highlands from the lowlands, and effectively no migra-
tion into the lowlands from the highlands (4N,m = 0.3).

For the three globins, no migration was detected in
any direction (4Nm < 1), with the exception of the ol
haemoglobin gene, which showed a small (4N,m = 0.90)
but nonzero estimate of migration into the highland
population from the lowland population. In contrast to
the introns, the lower bound of the posterior probabili-
ties for the three globins overlapped zero in both direc-
tions (Table 3, Fig. 5). This same pattern also occurred
with mtDNA; no migration was detected in either
direction, and the lower bound of the posterior distribu-
tions overlapped zero (Table 3).

Effective population size (N,) and Theta (©) estimates. Based
on joint © estimates for the six introns, we calculated
an effective population size (N,) of approximately
93 000 highland crested ducks (90% HPD,q; = 44 000~
186 000 individuals) and 76 000 lowland crested ducks
(90% HPD,q4j = 29 000-183 000 individuals, Table 3).
The N, estimates for the highlands and lowlands were
thus overlapping, and our estimates assume that low-
land and highland crested ducks experienced similar
substitution rates. The ancestral N, was estimated to be
approximately 41 000 individuals (90% HPD,q4; = 500~
900 000 individuals), suggesting that both populations
have grown in size following divergence.

MtDNA estimates suggest a N, of approximately
30 300 highland crested ducks (90% HPD,q; = 16 000~
50 000 individuals) and 16 500 lowland crested ducks
(90% HPD,q4; = 7000-36 000 individuals) with an ances-
tral N, of 19 500 individuals (90% HPD,q4; = 58-101 000
individuals). Although estimates were broadly overlap-
ping, the mean © was greater in the highland popula-

Table 3 IM estimates for the population size parameter theta (© = 4N,x), immigration rates (M = m/u) and TMRCA (t = TMRCA/ 1)
for six introns, three haemoglobin genes and the mtDNA control region

M (m/ )
Locus Galticola especularioides eancestral M (m/,u)alticola specularioides TMRCA/# (8r) (TRMCA)
Six 0.32 (0.15-0.63) 0.26 (0.10-0.63) 0.14 (0.00-3.08)  8.11 (1.24-20.46)  1.29 (0.01-15.11) ENO1 2 363 460 (0.6890)
introns FBG 577 763 (0.2767)
LMNA 2 995 129 (0.6456)
GRINT1 2 271 997 (0.4069)
ODC1 598 683 (0.2658)
PCK1 1 715 825 (0.2550)
HBA1 0.05 (0.00-0.35) 0.79 (0.19-2.80) — 2.19 (0.01-20.74)  0.01 (0.01-7.41) 1969 545 (0.6038)
HBA2 0.29 (0.06-1.04) 0.63 (0.13-2.31) — 3.16 (0.18-17.11)  0.56 (0.01-8.06) 3 415 066 (0.8568)
HBB 0.81 (0.29-1.89) 0.57 (0.13-1.68) — 0.00 (0.00-0.55) 0.00 (0.00-0.82) 5 544 525 (2.5830)
mtDNA  18.31 (9.98-30.63)  9.98 (4.31-22.16) — 0.00 (0.00-0.18) 0.00 (0.00-0.34) 119 494 (5.6210)

The 90% upper and lower posterior parameter estimates are shown in parentheses.
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Fig. 5 Migration rates into the highlands (My) and into the lowlands (M,) for the six introns and the three haemoglobin loci, respec-

tively.

tion than the lowland for the six introns and for
mtDNA.

Time since divergence and TMRCA. The mean values for
TMRCA (t x u) ranged between 0.25 and 0.68 for the six
introns (Table 3, Fig. S1, Supporting information).
TMRCA values for the globins were on average sub-
stantially larger, with 0.60 for HBA1, 0.86 for HBA2 and
2.58 for HBB. The mean TMRCA values for HBA2 and
HBB thus exceeded the introns. MtDNA had the deep-
est TMRCA of all loci: 5.62 (Table 3). Converting the
estimated TMRCA to time in years based on the per-
locus substitution rates indicated that all three haemo-
globin loci had deeper coalescent times than any of the
introns (Fig. S1, Supporting information).

Based on the joint estimate for the six introns, time
since divergence between highland and lowland popu-
lations was estimated to be 285 000 years ago. Never-
theless, the lower and upper bound of the 90% HPD,g;
could not be estimated because the posterior distribu-
tion had a rising upper tail. Based on mtDNA, time
since divergence was approximately 108 500 years ago
(90% HPD,4; = 53 400-252 100).

Coalescent simulations. Despite incorporating uncertainty
in our inferences of population history, the observed
®gr value for the B2 haemoglobin subunit fell outside
the 95% confidence limit of the simulated data (Fig. 6).
In contrast, ®gr values for all six introns were within
the confidence limits, suggesting that inter-population
differences were consistent with the inferred population
history and neutral molecular evolution. ®sr values for
the o® and of haemoglobin subunits were both higher
than the mean of the simulated values, but fell within

0.9 1
0.8 1
0.7
0.6 1

@sr
([ ]

0.4 1

0.3
0.2 1
0.1
0.0 1 = = =

Q> N N el
& S V@e & S FF g v“f &\oe

J500800"

(S|

Fig. 6 Genetic differentiation between Lophonetta s. alticola and
L. s. specularioides observed at ten independent loci (filled cir-
cles) and simulated under selective neutrality and the inferred
isolation-with-migration model (box plots). The horizontal
dashes indicate the 95% confidence interval calculated from
the simulated data. Only HBB was more differentiated than
expected under neutrality (only 0.2% of simulated values of
®gr were greater than or equal to the observed value). How-
ever, for mtDNA, only 3.4% of the simulated values were
greater than or equal to the observed value.

the 95% confidence limits. Thus, we could not reject
neutral evolution for these subunits.

Discussion

Contrasting differentiation patterns and gene flow

Analysis of multilocus genetic variation revealed a
significant pattern of genetic differentiation between
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lowland and highland populations of crested ducks.
The ®gr values for the six autosomal reference loci ran-
ged from 0.02 to 0.44, and these values were consistent
with the inferred model of population history and neu-
tral evolution. Historical migration rates based on the
joint estimate for the introns averaged 2.6 effective
migrants/generation into the highlands from the low-
lands, and the 90% confidence interval did not overlap
zero. By contrast, no migration was observed into the
lowland population from the highlands following popu-
lation divergence.

The ®gr values for the three haemoglobin genes were
generally greater (range 0.23-0.87), with the p* haemo-
globin gene showing the greatest differentiation of any
locus in our 10-locus study. Whereas the observed ®gr
values for HBA1 and HBA2 fell inside the 95% confi-
dence limit in our simulations, the value for HBB did
not, suggesting that this locus is not evolving neutrally.
It is possible that the polymorphisms observed in the
o~ and oP-globin are either selectively neutral, or the
effects of selection could not be differentiated from
background levels of population structure and linkage
disequilibrium. Moderate levels of geographic structure,
as those found in this study, can limit the detection of
differentially selected loci (Beaumont 2005; Nosil et al.
2008, 2009; Storz 2005). Nonetheless, coalescent analyses
for these three loci showed little evidence of allelic
migration between highland and lowland populations,
with the exception of the a* haemoglobin gene, which
showed a small (4Nm = 0.90) but nonzero estimate of
migration into the highland population from the low-
lands. Furthermore, both subunits generally had higher
values of ®gr (albeit nonsignificantly) than simulated
values.

Geographic analysis of gene flow thus documented a
strong pattern of haemoglobin differentiation in the dif-
ferent environments that crested ducks inhabit. The
mismatch in migration estimates between the globins
and the autosomal introns likely reflect the more
restricted movement of haemoglobin alleles along the
elevational gradient relative to the neutral nuclear
alleles. Four derived amino acid polymorphisms
occurred at high frequencies in the highland popula-
tion, whereas the lowland population generally lacked
these alleles and was predominantly fixed for the ances-
tral haemoglobin alleles; a single individual possessed
one Thr-o”5 allele (Table 2).

Significance of haemoglobin amino acid replacements

Of the four amino acid replacements found in crested
ducks, Glu-B"94 is potentially important in influencing
haemoglobin-O, affinity. Haemoglobins bind to alloste-
ric effectors, such as inositolpentaphosphate (IPP), in
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both oxy and deoxy forms, with a higher affinity in the
deoxy form (Rollema & Bauer 1979). Allosteric effectors
lower Hb-O, affinity by strengthening salt bridges that
favour the low-affinity T structure of haemoglobin
(Perutz 1983). The positively charged groove at the
entrance to the central cavity between the two B chains
is the phosphate-binding site, and IPP binds directly to
residues at B”1, 2, 82, 104, 135, 139, 143, 144 and 146
(Zhang et al. 1996; Wang et al. 2000; Liang et al.
2001a,b; Liu et al. 2001). The Glu-B~94 substitution lies
adjacent to this binding cavity and in close proximity to
IPP-binding sites at B"144 and p*146 (Liang et al.
2001a). In human haemoglobin, a salt bridge between
the imidazole ring of the N-terminal His-p*146 and
Asp-B*94 stabilizes the low-affinity deoxy structure and
decreases haemoglobin-O, affinity (Perutz 1970; Shih
et al. 1993). Bar-headed goose deoxy haemoglobin lacks
this salt bridge, which weakens the Bohr effect and
increases haemoglobin-O, affinity (Liang et al. 2001b).
The presence or absence of this salt bridge in crested
duck is yet unknown. However, McCracken et al.
(2009¢) found that high-altitude endemic populations of
puna teal (Anas puna) are also fixed for Glu-p*94,
whereas their lowland sibling species silver teal (Anas
versicolor) was fixed for Asp-BA94, the same ancestral
residue shared by lowland crested duck. Experiments
examining sensitivity of Hb-O, binding to IPP and CO,
would help determine the functional characteristics of
this amino acid substitution in crested duck.

In contrast to the B* subunit, which possessed only a
single amino acid replacement, two derived substitutions
were observed on the A helix of the o* subunit of
crested duck. Interestingly, highland populations of two
other divergent Andean waterfowl species also pos-
sessed derived amino acid substitutions in this same
structural domain of the HbA tetramer: Andean goose
(Chloephaga melanoptera; Ala-a™8) and cinnamon teal
(Anas  cyanoptera; Ser-0™9; McCracken et al. 2009c).
Amino acid residues o5, 8 and 9 each occupy external,
solvent-accessible positions in the HbA structure (McC-
racken et al. 2010), and this region of the protein is
known to undergo an important conformational change
during the transition from the deoxy to the oxy state
(Perutz 1990).

Finally, a novel fourth derived amino acid replace-
ment was observed in crested duck in the same struc-
tural o domain of the HbD tetramer: Met-6°10 (2”10
corresponds to 0”11 in HbD and HbA, respectively,
because of one amino acid difference in the length of
the oD and oA chain subunits). The Andean goose also
possesses a derived substitution in this region of the
HbD protein (Leu-0P9, McCracken et al. 2010). Thus,
the A helix of the o and aP-chains may be an impor-
tant region of the haemoglobin protein involved in
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hypoxia resistance, a hypothesis that warrants further
study. However, little physiological data are available
for these highland species, and blood- or Hb-O, affinity
as measured by p50 (the Pp, at which blood or haemo-
globin is half-saturated) have not been obtained for
crested ducks, so the effects of Thr-o*5, Ala-o*8, Met-
P10 and Glu-B"94 are yet to be determined.

In sum, the general lack of evidence for gene flow for
haemoglobin alleles between highland and lowland
populations of crested ducks, as compared to the auto-
somal introns, and the biochemical properties of the
amino acid substitutions are consistent with the effects
of selection acting on these loci. Selection exerted by
hypoxia at high elevations has been shown to be a
strong determinant of haemoglobin haplotype frequen-
cies in mice (Snyder 1981; Snyder et al. 1988; Storz et al.
2007). This is also likely to be the case in crested ducks.
If highland haemoglobin alleles confer higher affinity
for oxygen or decreased sensitivity to allosteric effectors
such as IPP, then their effects are likely advantageous
in the highlands, and individuals that possess such
alleles would be expected to have higher fitness. None-
theless, it should be noted that our study spans an
extensive geographic scale and that the two main envi-
ronments sampled differ in many parameters besides
elevation, including differences in latitude, as well as
factors that covary with elevation (i.e. temperature, des-
iccation, increased radiation). While it is probably unli-
kely that changes in haemoglobin structure and
function relate to many of these variables, physiological
experiments are necessary to clarify whether haemoglo-
bin is a direct target of selection or the patterns we
observed result from selection on other linked genes or
traits that exhibit correlated responses to elevation.

Contrasting patterns of heterozygosity in the a- and f-
globin genes and in intermediate elevational
environments

One intriguing pattern we observed was the contrasting
levels of heterozygosity in the o and B-globin subunits.
The o subunits of highland individuals exhibited ele-
vated heterozygosity not seen in the lowland ducks,
whereas most highland individuals were homozygous
for the B subunit (all of them if we exclude Mendoza),
independently of their habitat. Numerous possible fac-
tors might contribute to these different patterns. A sim-
ple model of strong divergent selection favouring
different homozygous genotypes appears to be consis-
tent with the pattern observed for the p* subunit. If the
o® and o polymorphisms we observed confer resis-
tance to hypoxia, heterozygous individuals would be
expected to have a mixture of different Hb isoforms cir-
culating in their bloodstream with potentially different

O,-binding properties. Such variation in physiochemical
characteristics might enhance the flexibility of an organ-
ism living in a variable elevation environment.

Additionally intriguing was the observation that the
highest levels of o and/or B-globin heterozygosity were
in Mendoza. Considering the four amino acid replace-
ments, seven different unique haemoglobin genotypes
were found in eight crested ducks from Mendoza, and
these genotypes were not sampled elsewhere in either
the lowlands or the highlands (Table 2). Mendoza, for
example, was the only region where we sampled
crested ducks that were heterozygous for Asp/Glu-
B*94. The results of the STRUCTURE analyses further-
more indicated the presence of a steep cline in allele
frequencies in this region, whereby crested ducks sam-
pled at higher elevations (~2500 m) in the north of the
province of Mendoza were genotypically more similar
to the highland population (e.g. Altiplano), and those
sampled in the south of the province at lower eleva-
tions (~1500 m) were more genotypically similar to the
lowland population in Patagonia (Fig. 3). This pattern
was evident in both the sTRUCTURE analysis including the
six introns (Fig. 3A), and also in the analysis including
six introns plus three haemoglobin loci (Fig. 3B).

The two subspecies of crested ducks (Lophonetta
s. specularioides/alticola) intergrade morphologically in
this region (Bulgarella et al. 2007), where the Andes
abruptly lose their mean height. The population in
Mendoza thus exists in intermediate elevational habitats
that are bounded on either side by low- and high-
elevation habitats. The partial pressure of O, in suitable
habitat in this region may thus vary by as much as
20-25%, and waterfowl (especially crested ducks) are
abundant and common in this region. Crested ducks in
this region are furthermore known to descend season-
ally to lower elevations when snow accumulates in the
high cordillera (Young 2005). If individuals with such
polymorphisms possess a mixture of different haemo-
globin isoforms with different O,-binding properties, as
suggested by the high level of heterozygosity and pres-
ence of unique genotypes in this region, such individu-
als might have a dispersal advantage across mid-
elevation regions, or in a seasonally variable elevational
environment mediated by seasonal temperature changes
and snow cover.

Ecogeographic features of population structure

We found strikingly concordant similarities between
geographic variation in nuclear DNA and morphomet-
rics reported in Bulgarella et al. (2007). In that study,
crested ducks at higher elevations in the Andes (3000-
4600 m) had larger body sizes than those inhabiting the
coastal and inland lowlands of Patagonia. Consistent
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with those differences, we found reciprocally monophy-
letic lineages in mtDNA and diagnosable multilocus
genotypes between highland and lowland populations.
Furthermore, individuals from Mendoza were interme-
diate in size, and based on ten morphological measure-
ments and plumage, seven of the eight Mendoza
individuals were classified as L. s. alticola, and only
one individual (KGM 1221; collected at 2093 m in
southern Mendoza) was classified as L. s. specularioides
(Bulgarella et al. 2007). Likewise, multilocus data indi-
cated that Mendoza individuals carried a mix of high-
land and lowland genotypes (including individuals
with admixed ancestry), suggesting that the two mor-
photypes interbreed within that region. These concor-
dant results between mtDNA, nuclear DNA, and
morphology indicate that crested ducks comprise at
least two genetic populations, corresponding to subspe-
cies designations, but that some gene flow occurs
between them.

Coalescent analyses suggest that L. s. alticola and
L. s. specularioides have been diverging for a hundred
thousand years or more. At least two hypotheses can
explain this divergence: allopatric divergence or parap-
atric divergence with ecological specialization. Crested
ducks are continuously distributed from northern Peru
through Tierra del Fuego, where they are abundant in
both the arid puna grassland environment south to the
province of Mendoza, Argentina (~1500 m of eleva-
tion), and in the lowlands from Chubut, Argentina,
southwards throughout the Patagonian steppe
(0-950 m). However, their densities appear to substan-
tially decrease where the subspecies’ ranges are adja-
cent in the low-elevation Argentine provinces of
Neuquén and Rio Negro (<1500 m). For example, no
crested ducks were observed between Pino Hachado,
Neuquén, and Tecka, Chubut, despite intensive collect-
ing expeditions (Bulgarella & McCracken pers. obs.; see
also McCracken et al. 2009a,b,c, 2010). This region is
dominated by relict conifer Araucaria araucana forest
and widespread Nothofagus spp. forest that are mostly
unsuitable habitat for crested ducks. Thus, the two sub-
species are mostly allopatric, but a low level of contact
in the intervening habitat is likely.

Based on both morphology and nuclear DNA, the
samples collected in Mendoza clearly demonstrate that
the two subspecies intermix, at least at a narrow contact
zone centred around 2000 m of elevation. Furthermore,
coalescent analyses indicate that alleles move across this
region. More specifically, we detected significant evi-
dence of gene flow into the highlands from the low-
lands, despite excluding the Mendoza samples from the
analysis. Both of these observations indicate that the
Aracauria and Nothofagus forest likely does not present a
hard barrier for crested duck dispersal. Gene flow
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across this region could be facilitated through high-
elevation occupancy above the timberline during the
summer and in ice-free alpine lakes, or via the steppe
and precordillera, particularly during winter. So while
there are likely few or no crested ducks in the forest,
there is abundant puna-like habitat in the precordillera
and above the tree line in the talus slopes, making it
possible for the ducks to inhabit this region. Neverthe-
less, caution is required when interpreting these results
because coalescent analyses assume constant migration
rates following divergence. Contemporary gene flow
could be more restricted than historical gene flow (or
vice versa) because present-day distributions may not
reflect the past distributions or vegetational characteris-
tics of the region. Indeed, the subspecies probably
diverged prior to the last glacial maximum
(c. 18 000 BP) and perhaps prior to the last major inter-
glacial (c. 120 000 Bp), and these periods of major cli-
mate change probably had a large effect on crested
duck distributions, restricting gene flow between the
different habitats.

As an alternative to this neutral, allopatric model of
divergence, our data indicate that ecological specializa-
tion for different environments and adaptive divergence
might have led to population divergence. First, we
found evidence of restricted gene flow in the haemoglo-
bins relative to the putatively neutral introns. These dif-
ferences support the hypothesis that the haemoglobin
variants we observed are adapted to the subspecies’
respective environments (presumably to the partial
pressure of O,; see above for additional details) and
that selection restricts or prevents the introgression of
locally adapted alleles. Second, individuals in cooler
and drier environments tended to be larger in size
(Aldrich & James 1991; James 1991), and therefore, the
larger body size of the highland subspecies L. s. alticola
might be adaptive (Bulgarella et al. 2007). Although
there is strong evidence of small amounts of gene flow,
selection against hybrids could explain the overall
divergence between highland and lowland crested
ducks under a parapatric model of speciation.

Inferences of gene flow also differed between mtDNA
and nuclear introns—whereas nuclear genotypes (and
morphology) transitioned in the province of Mendoza,
all individuals from Mendoza harboured ‘highland’
mtDNA haplotypes. Therefore, mtDNA haplotypes
likely transitioned somewhere farther south in the prov-
inces of Neuquén or Rio Negro. Although the absence
of lowland” mtDNA in Mendoza could be explained by
our small sample size (n = 8), additional evidence sug-
gests higher rates of gene flow for nuclear introns than
for mtDNA. We obtained a nonzero estimate of migra-
tion from the lowlands to the highlands for the autoso-
mal introns, but no detectable migration in either
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direction for the maternally inherited mtDNA (the pos-
terior distributions of m peaked near zero). This differ-
ence between markers is consistent with male-biased
dispersal for crested ducks, which could explain why
we did not find ‘lowland’” haplotypes in Mendoza.
Female philopatry coupled with low population densi-
ties in the Araucaria and Nothofagus forest might limit
the dispersal of mtDNA haplotypes between regions. In
contrast, if males disperse greater distances, then
nuclear DNA might be more likely to move across this
soft barrier.

Waterfowl, in general, are unusual among birds in
that females show greater philopatry to natal and
breeding areas than do males (Rohwer & Anderson
1988), and sex-biased dispersal has frequently been
invoked as a possible explanation for low levels of
mtDNA haplotype sharing among geographic regions
(Scribner et al. 2001; Kulikova et al. 2005; Peters &
Omland 2007; Sonsthagen et al. 2009). However, this
paradigm is largely based on observations of Northern
Hemisphere waterfowl, but Southern Hemisphere
waterfowl, and crested ducks in particular, differ in a
number of life history characteristics. Whereas most
Northern waterfowl are migratory, crested ducks are
resident (Phillips 1922-1926; Delacour 1954) or only par-
tially migratory (Young 2005). Additionally, ducklings
have been observed year-round (Breucker et al. 1989),
and both sexes provide parental care for prolonged
periods (Buitron & Nuechterlein 1989). Likewise, histo-
logical analysis has shown that male crested ducks pos-
sess fully developed germinal epithelium during all
seasons (Breucker et al. 1989). Therefore, male dispersal
might be more constrained in crested ducks than for
Northern Hemisphere ducks. Genetic data may be par-
ticularly informative about dispersal patterns in crested
ducks because little data on demographics and move-
ments are currently available.

Conclusion

This study demonstrates that haemoglobin variants,
especially the B*-globin subunit, in crested ducks inhab-
iting lowland and highland environments are inconsis-
tent with neutral evolution. Using a comparative
framework, McCracken et al. (2009a) found evidence of
parallel evolution in other species of Andean waterfowl
that also supported this conclusion. However, crested
ducks inhabiting the different environments are mor-
phologically and genetically differentiated, and there-
fore, neutral genetic drift might have resulted in the
observed haemoglobin differentiation. A complex model
of population history that included gene flow and time
since divergence demonstrated that the B“-globin sub-
unit deviated significantly from expected patterns

despite incorporating uncertainty in the inferred popula-
tion-level parameters. In contrast to the $** haemoglobin,
male-biased dispersal has likely played a role restricting
gene flow in mtDNA between subspecies, which exhib-
ited reciprocally monophyletic lineages. Furthermore,
geographic structuring of genetic variation is expected
to occur, on average, more rapidly for mitochondrial
than for nuclear markers. This study exemplifies the
need to incorporate and account for population history
when using population genetics for testing the neutrality
of candidate loci. In addition, the framework that we
present is applicable to any species with populations
inhabiting different ecological environments.
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Data accessibility

GenBank accession numbers GQ271065-GQ271144, GQ271804—
GQ271883, GQ268964-GQ269043, GQ269044-GQ269123,
GQ269124-GQ269203,  GQ269204-GQ269283,  GQ269284—
GQ269363, HMO063481-HMO063503, JN833791-JN833847,
JN833848-JN833927,  JN833928-JN834007. See  Table S2
(Supporting information) for detailed accession number infor-
mation relating loci with specimens.
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Table S1 Locality and specimen information for the 80 crested
duck included in this study.

Table S2 GenBank accession numbers for each locus and indi-
vidual crested duck in this study.

Fig. S1 TMRCA (t x u) estimates rescaled to the locus-specific
mutation rate (i), expressed in years before the present (8p).
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