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Abstract

Hybrid zones are often characterized by narrow, coincident clines for diverse traits,
suggesting that little introgression occurs across them. However, this pattern may result
from a bias in focussing on traits that are diagnostic of parental populations. Such choice
of highly differentiated traits may cause us to overlook differential introgression in
nondiagnostic traits and to distort our perception of hybrid zones. We tested this
hypothesis in an avian hybrid zone by comparing cline structure in two sets of molecular
markers: isozyme and restriction fragment length polymorphism markers chosen for
differentiation between parental forms, and microsatellite markers chosen for polymor-
phism. Two cline-fitting methods showed that cline centre positions of microsatellite
alleles were more variable than those of isozyme and restriction fragment length
polymorphism markers, and several were significantly shifted from those of the
diagnostic markers. Cline widths of microsatellite alleles were also variable and two-
to eightfold wider than those of the diagnostic markers. These patterns are consistent
with the idea that markers chosen for differentiation are more likely to be under
purifying selection, and studies focussed on these markers will underestimate overall
introgression across hybrid zones. Our results suggest that neutral and positively
selected alleles may introgress freely across many hybrid zones without altering
perceived boundaries between hybridizing forms.
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Introduction

Hybrid zones have long been considered important are-
nas for the study of speciation (Endler 1977; Barton &
Hewitt 1985; Harrison 1990; Arnold 1997). The per-
ceived evolutionary significance of hybrid zones is,
however, likely to be influenced by the methods chosen
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to characterize them. For example, our attention is often
drawn to cases of hybridization between dramatically
differentiated organisms because the hybrids are strik-
ingly distinct from the parental forms. This tendency
may have led to an overrepresentation, among well-
studied hybrid zones, of those that are narrow, tempo-
rally stable and characterized by strong selection
against hybrids. This bias could contribute to a common
view of hybrid zones as ‘black holes” where new alleles
go in but do not come out (e.g. Gill et al. 1993).
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Furthermore, many stable, well-studied hybrid zones
are characterized by steep, concordant and coincident
clines for diverse traits, suggesting limited introgression
across them (Moore 1977; Barton & Hewitt 1985; Arnold
1997). The uniformity of these clines, however, may be
influenced by the tendency of investigators to focus on
diagnostic genetic markers; those fixed for alternate
alleles in the parental forms. Such diagnostic markers
are useful for identifying hybrids but will typically rep-
resent a biased subset of genetic loci with high Fgr. This
subset is more likely to be under purifying selection
that opposes introgression than randomly selected loci;
thus, they will tend to show steep and coincident clines
across a hybrid zone (Sattler & Braun 2000; Brumfield
et al. 2001). Because hybridizing organisms are gener-
ally closely related (e.g. Harrison & Arnold 1982; Rob-
bins et al. 1986; Latta & Mitton 1999; Payseur et al.
2004; Mebert 2008), and their genetic incompatibilities
are likely to be limited, diagnostic markers typically
represent only a small fraction of the genome. To gain
an unbiased view of genetic structure and introgression
across a hybrid zone, one should sample representative
markers from the entire genome (Rieseberg et al. 2002;
Teeter et al. 2008).

One approach to assess the impact of this potential
sampling bias is to use a control set of marker loci
chosen without regard to their degree of differentia-
tion between hybridizing forms. Such markers are
more likely to be neutral themselves and to represent
a random sample of the genome with respect to link-
age to loci under selection. Introgression rates of neu-
tral markers vary according to their physical linkage
with selected genes (e.g. Rieseberg et al. 1999; Via &
West 2008). In stable hybrid zones, therefore, a con-
tinuum in the degree of differentiation is expected
among neutral loci, while selected loci would tend to
represent the upper range of differentiation (Bierne
et al. 2003).

To assess the impact of diagnostic markers on esti-
mates of introgression, we investigated a hybrid zone
between two closely related manakins (Manacus vitelli-
nus and Manacus candei) in western Panama. These
birds are strikingly different in their secondary sexual
traits, but hybridize frequently at the range interface,
producing highly variable individuals that are interme-
diate in colour, morphology and genetics (Parsons et al.
1993; Brumfield et al. 2001). The hybrid zone features
clines for male plumage colour that are shifted about
50 km west of the steep, coincident clines for most
molecular and morphometric markers. The differential
introgression of male plumage colour traits in these sex-
ually dimorphic, polygynous, lek-mating birds is likely
a result of sexual selection (McDonald et al. 2001; Stein
& Uy 2006).
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Four isozyme and three restriction fragment length
polymorphism (RFLP) markers used by Brumfield et al.
(2001) were chosen based on their differentiation
between parental populations. Four of these markers
were diagnostic, whereas three were nondiagnostic
(polymorphic in one or both parental forms). Six mark-
ers were characterized by steep, coincident clines,
whereas the seventh, the only marker that was not fixed
in either parental form, showed a much broader cline.
The authors suggested that introgression across the
hybrid zone is not uniform throughout the genome and
that the diagnostic markers exhibiting narrow clines
may be under selection that inhibits introgression.

Here, we test this hypothesis of Brumfield et al.
(2001) by comparing clines of their loci with those of
13 microsatellite loci chosen for polymorphism alone.
Although the exact processes of microsatellite evolution
are uncertain, microsatellites are often regarded as neu-
tral markers (Charlesworth et al. 1994; Schlotterer 2000).
Therefore, the microsatellite loci are less likely to be
under purifying selection and should compose a less
biased sample than the genetic loci used by Brumfield
et al. (2001). We predict that, on average, the micro-
satellite loci will reveal a wider range of differential
introgression across the Manacus hybrid zone than diag-
nostic markers, with clines that are broader in width
and more variable in position. The overarching goals of
this study are to assess whether marker choice affects
estimation of genome-wide allelic introgression across
hybrid zones and, by extension, to examine how marker
choice influences our perceptions on genetic connected-
ness of hybridizing forms and evolutionary roles of
hybrid zones.

Materials and methods

Samples

The 213 samples used in this study are described in
Brumfield ef al. (2001, 2003) and in Supplementary
Table S1. Blood or other tissues were collected from
187 individuals comprising 10 locations along a transect
spanning the Manacus vitellinus— Manacus candei hybrid
zone in western Bocas del Toro, Panama (Fig. 1). To
serve as reference populations of the parental species,
samples of vitellinus and candei were examined from
250 km east and 140 km west of the hybrid zone,
respectively. Sample size per locality ranged from 4 to
26, with a mean of 17.8 (Table 1).

Laboratory methods

We collected allele size data from 13 microsatellite loci,
including loci AC2, AC5, AC7, AC8, AC10, AC12, AC13
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and TCA1 from Brumfield (1999), Man3, Man6, Man7
and Man8 from Shorey et al. (2000) and LTMRS from
McDonald & Potts (1994). Primer sequences and poly-
merase chain reaction conditions are available from
those sources. Data for nine loci from three sites (popu-
lations 2—4) were available from Brumfield (1999). DNA
was isolated by the standard proteinase K/phenol-chlo-
roform extraction and ethanol precipitation. Individual
samples were amplified with fluorescently labelled
primers (HEX, FAM, TET) and sized on ABI 373A or
3100 automated sequencers (Applied Biosystems, Foster
City, CA). Chromatograms were analysed using Gene-
Scan v.3.1 and Genotyper v.2.5 (Applied Biosystems).
Genotypes for all loci were assigned to all individuals,
except for one locus (Man8) from one individual in
population 12.

Analyses of genetic variation

Tests of Hardy-Weinberg (HW) expectations were per-
formed with Genepop (Raymond & Rousset 1995), using
the method of Guo & Thompson (1992). Expected het-
erozygosity was calculated according to Nei (1978) using
Genetic Data Analysis (GDA, Lewis & Zaykin 1999).
Allelic richness and Fjs were calculated using FSTAT
v.2.9.3.2 (Goudet 1995). We tested significance of Fig
values by randomizing alleles among individuals within
populations, with sequential Bonferroni correction for
multiple tests (Holm 1979). Pairwise estimates of the
coancestry coefficient 0 (Weir 1996) and the coancestry
distance, d =-1In (1 - 0) (Reynolds et al. 1983), were
calculated using GDA. The coancestry distance does not
assume equal rates of divergence across populations or

constant rates for loci, which is appropriate when drift
is responsible for differentiation.

Cline analysis

We analysed cline structure for the seven genetic mar-
ker loci of Brumfield et al. (2001) and for all microsatel-
lite alleles that met the following criteria: (i) allele
frequency showed a clinal change, which is necessary
for demonstrating introgression; (ii) There was a mini-
mum difference of 0.25 between the highest and lowest
frequencies. Choosing such alleles would likely exclude
most alleles that vary in frequency only by sampling
error and/or random variation owing to environmental
fluctuations; (iii) when two alleles at a locus appeared
correlated (i.e. when they were clearly not independent
from each other), only one was analysed. Initially, 17
alleles from 11 loci were chosen for analysis. Cline
shape parameters were estimated by fitting curves to
allele frequency data using two methods.

Stepped cline model

We used a likelihood cline modelling approach that is
described by Szymura & Barton (1986, 1991) and imple-
mented in Analyse (Barton & Baird 1999), following
Brumfield et al. (2001). The model consists of three sepa-
rate sections of curves; a cline centre section fitted by a
sigmoid curve and two tailing sections fitted by expo-
nential curves. For each cline, goodness-of-fit tests were
performed to identify a stepped cline model (SCM) that
best described the data with the fewest number of
parameters [Models I, II, IIl and the goodness-of-fit tests
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Table 1 Summary of expected heterozygosity (Hg), allelic richness (AR) and inbreeding coefficient (Fis) for 13 microsatellite loci in
12 populations across the hybrid zone transect

Locus (# alleles) AC2 (18) AC5 (15) AC7 (3) AC8 (7) AC10 (9) AC12 (18)
Distance
Population N (km) HE AR FIS HE AR FIS HE AR FIS HE AR FIS HE AR FIS HE AR F]s
1 6 0.00 074 415 -0.14 094 6.56 -0.07 0.41 198 -0.25 0.68 296 0.02 0.83 4.47 0.00 0.79 4.22 -0.06
2 22 138.25 0.61 277 033 0.89 569 0.03 036 190 025 059 277 -0.08 045 2.56 -0.12 0.65 3.23 -0.12
3 20 151.75 045 246 022 0.79 455 -0.15 043 196 0.07 061 272 0.18 0.70 349 0.14 0.69 3.41 -0.32
4 20 159.50 0.68 3.07 013 0.85 5.05 0.00 043 196 0.07 0.68 3.34 0.12 0.53 3.10 -0.04 0.61 2.76 0.09
5 21 18225 0.69 340 -0.03 0.81 447 -0.05 043 212 0.12 0.66 3.22 0.13 0.37 228 -0.17 0.60 2.75 0.05
6 4 18825 0.75 4.00 -0.41 0.75 4.00 -041 025 2.00 0.00 0.61 3.00 0.20 0.82 4.00 0.10 0.86 500 0.14
7 12 198.50 0.79 450 0.05 072 3.60 020 039 194 0.15 0.77 3.69 -0.09 0.67 3.52 0.00 0.72 3.60 0.08
8 22 20125 0.74 3.86 0.02 0.65 3.36 —-0.26 0.27 1.78 -0.17 0.70 3.39 -0.25 0.58 3.31 0.14 0.53 3.18 -0.04
9 26 210.00 090 575 0.06 0.84 4.81 -0.01 0.50 257 0.01 0.79 430 0.03 0.74 393 0.22 090 576 0.02
10 20 230.75 0.72 421 0.03 0.71 3.82 0.16 054 255 -022 0.73 345 0.11 0.70 3.37 0.00 0.77 4.09 -0.04
11 20 319.50 0.81 455 0.14 0.81 435 -0.05 047 247 -0.06 0.77 3.81 -0.04 0.64 3.07 -0.01 0.85 496 0.06
12 20t 569.50 0.75 443 0.07 085 4.88 0.12 0.61 268 0.02 0.62 3.26 -0.04 0.67 3.17 -0.20 0.86 520 0.13
All 213 0.83 0.85 0.45 0.76 0.75 0.85
AC13 (12) TCAT1 (10) LTMRS (6) Man3 (13) Man6 (11) Man? (21) Mans8 (13) All
Hge AR Fs Hg AR Fs Hg AR Fs Hg AR Fs Hg AR Fs Hg AR Fs Hg AR Fgs Fg
0.62 2.89 021 0.00 1.00 NA 056 324 -0.21 0.71 3.56 -0.19 0.70 3.33 0.05 0.76 3.63 -0.36 0.77 3.80 -0.33 -0.11
0.68 321 -0.08 0.09 136 -0.01 0.68 331 0.14 0.78 426 0.25 0.69 3.46 -0.05 0.85 500 -0.07 0.75 3.78 -0.16 0.02
0.66 3.04 0.01 040 263 -0.14 0.64 3.18 -0.10 0.77 4.01 0.09 0.63 3.08 -0.12 0.82 470 0.09 0.77 4.17 -0.10 -0.01
073 347 0.11 0.10 140 -0.01 0.64 298 -0.26 0.81 443 0.20 0.66 3.33 0.02 0.85 490 0.06 082 456 -0.11 0.03
0.72 3.62 0.14 030 2.05 020 0.74 3.58 -0.03 0.82 4.50 -0.11 0.72 3.53 -0.06 0.87 519 0.01 0.82 4.58 -0.04 0.00
0.82 4.00 -0.26 0.71 3.00 033 0.61 3.00 0.20 0.86 500 -0.20 0.68 3.00 0.29 093 6.00 -0.09 0.75 4.00 0.37 0.02
0.73 3.78 -0.03 0.65 3.23 024 077 3.89 025 083 479 0.10 072 3.69 -0.16 0.89 558 0.17 088 527 0.06 0.08
0.75 4.03 -0.09 0.52 2.51 0.14 0.70 345 -0.10 0.83 4.80 0.02 0.77 391 0.06 0.87 517 -0.05 0.84 4.87 0.14 -0.03
0.87 526 -0.06 0.74 3.85 -0.04 059 2.67 -0.11 0.84 4.81 -0.05 0.86 510 -0.03 092 621 0.00 087 532 0.12 0.01
0.83 465 0.10 0.79 4.26 0.12 0.64 283 -0.17 0.86 516 0.13 0.86 522 -0.04 092 6.11 -0.09 0.89 562 0.16 0.03
0.89 543 0.10 0.65 3.42 -024 057 267 -0.05 086 512 0.07 0.85 5.07 0.06 092 6.07 0.07 091 589 0.07 0.02
0.81 4.66 0.08 0.61 293 0.19 050 256 -0.10 0.89 553 -0.01 0.84 5.03 -0.14 091 581 -0.05 0.87 535 -0.03 0.01
0.81 0.54 0.68 0.86 0.81 0.90 0.88

tFor locus Man8, N for population 12 was 19.

are described in Brumfield ef al. (2001)]. Model parame-
ters were estimated by searching the parameter space for
the maximum likelihood (ML) model, using the Metro-
polis-Hastings algorithm implemented in Analyse. Three
thousand iterations were run from 10 different starting
points for each model. The test statistic was calculated as
twice the absolute difference in log-likelihood between
the models under comparison. Significance (x = 0.05)
was determined by comparison to the chi-squared distri-
bution, with degrees of freedom equivalent to the differ-
ence in number of parameters between models.

Effective sample sizes that take into account ML esti-
mates of Fig and Fgr (the standardized variance of allele
frequency fluctuations between sites around the fitted
cline, Szymura & Barton 1986, 1991) were calculated for
each sample at each locus (Phillips et al. 2004). Fis is
used to correct effective sample sizes in cases where

© 2009 Blackwell Publishing Ltd

there are deficiencies of heterozygotes. Reduced variance
as a result of relatedness among individuals in a sample
or random drift (Fsy) also reduces effective sample sizes.
If these factors are not taken into account, the cline-
fitting algorithms overweigh large samples and inflate
confidence in the inference. Because numbers of alleles
per locus vary among populations, suggesting hetero-
geneity in effective population size (or relatedness), like-
lihood-based Fsr was calculated with two models, using
either one global Fsr value for all populations or two
separate Fgr values for two groups of populations. We
selected an Fsr model for each allele using the goodness-
of-fit test mentioned before. Because Brumfield et al.
(2001) used observed sample sizes, we repeated their
cline analyses using effective sample sizes.

Cline parameters were estimated with the best-fit
model for each locus by running 30 000 iterations of the
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Metropolis-Hastings algorithm with five different start-
ing points. We checked the validity of the fitted model
by comparing repeat runs, which should always con-
verge to the same global optimum (Barton & Baird
1999). For two alleles (loci AC2 and LTMRS), five
Metropolis-Hastings searches failed to converge on a
single ML value. This suggests that there is insufficient
data to make sensible parameter estimates, and these
alleles were not considered further.

Support limits (SL) for each parameter estimate were
determined by projecting the volume of the explored
parameter space that lies within two log-likelihood
units of the optimum onto the plane of a given parame-
ter, which are approximately equivalent to 95% confi-
dence intervals (CI). In all cases, these estimates of SL
were made by the examination of model parameters
generated by making 20 000 random parameter changes
with the best-fit model as a starting point for all param-
eters. For three of the seven loci from Brumfield et al.
(2001) and six of the fifteen microsatellite loci, Metropo-
lis-Hastings searches did not stay around the optimum,
and 2-20 repeats of 20 000 iterations of Metropolis-Has-
tings resampling routines were necessary to produce
enough samples that lie within two log-likelihood units
of the optimum. In addition, Metropolis-Hastings
search parameters (initial temperature and step size)
were lowered to prevent the sampling system from
wandering to states far from the optimum. Significance
of differences between parameter estimates from differ-
ent markers was determined from the SL; when SL of
two parameter estimates were not overlapped, the
difference was regarded as statistically significant.

Monotonic smoothing splines and parametric bootstrap

Cline shape parameters were also estimated by fitting
smoothing splines (SS; Schluter 1988) to allele fre-
quency. Statistical comparisons of cline parameters
among markers were made with a parametric bootstrap
method (Efron & Tibshirani 1993). This approach can
exploit the binomial model of sampling gene frequen-
cies (Schluter 1988), but has the advantage of flexibility
in not being constrained by a fixed underlying func-
tional form.

Owing to the strong monotonic pattern of many of
our markers and a prior expectation that a smooth
monotonic function best describes many clines (Endler
1977; Barton & Hewitt 1985), we chose the smoothing
parameter to minimize smoothing that guaranteed
monotonicity of the logit-transformed frequency values
weighted by the inverse of the estimated logit vari-
ances. The fitted SS were then transformed back to a
cline of estimated allele frequencies. Using the esti-
mated SS curve, the cline centre was calculated as the

location ~where the estimated allele frequency
P = (Pmax + Pmin)/2, and the cline width as 1/maximum
slope.

Two hundred parametric bootstrap samples of each
marker were generated using a binomial model with
probability of success being the spline-estimated gene
frequency at each location. Then, the resulting bootstrap
samples were logit transformed, and fitted by SS
weighted by the inverse of the estimated logit vari-
ances. On each of the 200 resulting curves, we esti-
mated sample cline centres and widths. The
distribution of these 200 cline centres and widths model
the variability in shape among the bootstrap samples.
Pairwise statistical significance (P-values) of the differ-
ence in the cline parameter estimates between markers
were calculated as the percentage of the difference val-
ues that occur beyond zero using 200 paired bootstrap
cline parameter estimates from the two markers under
comparison. In other words, if most of the difference
values are positive, the P-value is the percentage of the
difference values that are less than zero. If most of the
difference values are negative, the P-value is the per-
centage of the difference values that are greater than
zero. A significance level («) of 0.05 was applied for all
comparisons.

Approximate marginal probability density of cline
parameters

Using Metropolis-Hastings and bootstrap resampling
routines respectively, we collected 20 000 values for
each parameter per allele in SCM analysis and 200 val-
ues in SS analysis. To illustrate probability distributions
of cline shape parameter values, we calculated approxi-
mate marginal densities from the resampled parameter
values using the program Locfit (Loader 1996) imple-
mented in R (http://www.r-project.org/). Locfit esti-
mates density using local likelihood fitting (Tibshirani
1984; Tibshirani & Hastie 1987), where the log-link
function log[f(x)] is modelled by local polynomials. The
procedure is applicable when an additive Gaussian
model is inappropriate as an error structure, as is the
case with posterior probability distributions.

Results

Analyses of genetic variation and population structure

All 13 microsatellite loci were polymorphic, with 3-21
alleles per locus, and values of expected heterozygosity
(Hg) ranging from 0.45 to 0.90 (Table 1). Hg was gener-
ally higher in the eastern (Manacus vitellinus) end of the
transect (populations 10-12) than the western (Manacus
candei) end (populations 1-3). Populations 10-12 also

© 2009 Blackwell Publishing Ltd
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had more alleles at 10 of 13 loci than populations 1-3,
and their allelic richness was on average 1.3 times
higher. After sequential Bonferroni corrections, no mi-
crosatellite locus showed significant deviation from HW
expectations in any populations based on the exact HW
tests or the tests using alternative hypotheses of hetero-
zygote deficiency or excess (Rousset & Raymond 1995).
Also, pairwise allelic combinations were in linkage
equilibrium at all microsatellite loci. The isozyme and
RFLP loci also met HW expectations, and individuals in
population 9 showed a wide range of genetic and mor-
phological intermediacy (Brumfield et al. 2001).
Together, these observations demonstrate that hybrid-
ization and backcrossing are common in this system.

To explore patterns of differentiation in microsatellites
vs. traditional loci used in Brumfield et al. (2001), we
compared the pairwise coancestry coefficient 0 esti-
mated from the two data sets (Supplementary Table S2).
Within either side of the hybrid zone (among popula-
tions 1-8 or populations 10-12), 0 for the isozyme and
RFLP markers was essentially zero (mean: —0.01, range:
—0.03-0.05), whereas microsatellite 0 was consistently
larger (mean: 0.04, range: —0.01-0.08). In contrast, the
reverse was true between populations across the hybrid
zone; 0 for isozyme and RFLP markers (mean: 0.60,
range: 0.52-0.72) was much larger than that for microsat-
ellites (mean: 0.14, range: 0.10-0.18). Trees constructed
by Unweighted Pair Group Method with Arithmetic
(UPGMA) with coancestry distances illustrate the differ-
ence between the two marker sets (Fig. 2). These obser-
vations are consistent with the hypothesis that the
isozyme and RFLP markers chosen for differentiation
compose a biased sample of the genome and overesti-
mate differentiation between hybridizing taxa.

Cline analyses

Our reanalyses of the isozyme and RFLP clines con-
firmed the findings of Brumfield et al. (2001) that SCM

A.Microsatellite loci

was best-fit with Model II for most loci, A5 required the
more parameterized Model III and the less parameter-
ized Model I was sufficient for Ada (Tables 2 and 3). In
general, clines estimated with the modified SCM were
very similar to those found by Brumfield et al. (2001)
but produced broader SL on parameter estimates
(Fig. 3 and Tables 2, 3) because estimated effective
sample sizes were smaller than the observed sample
sizes used in the original analyses. In contrast, clines
estimated with the SS method consistently had greater
cline widths, more widely shifted cline centres and
wider CIL

Two microsatellite loci (AC7 and Man8) had no
alleles that exhibited pronounced clinal variation across
the transect. Each of the remaining 11 loci showed clinal
variation in one to four alleles. The 15 microsatellite
alleles analysed in detail (see ‘Materials and methods’
for the criteria of marker choice) consist of one or two
alleles from each of 11 loci (Fig. 4). None of the micro-
satellite alleles required the most parameterized SCM
(Model III). Model I produced the best fit for 12 alleles,
and Model II for 3 alleles (Tables 2 and 3). SS parame-
ter estimates were similar to SCM estimates in some
cases (e.g. Man6-196 and ACS8-137; Fig. 4), but again
the SS method tended to estimate greater cline widths,
more variable cline centres and wider CI (Fig. 4 and
Tables 2, 3).

Cline centres

Taking all markers and both methods of analysis into
account, cline centre estimates spanned a relatively
wide range, from 92 to 256 km (Table 2). With few
exceptions, these estimates fall within the densely sam-
pled portion of the transect (138-231 km; Table 1), sug-
gesting that the population samples adequately covered
the main range of genetic transitions.

The four diagnostic isozyme and RFLP markers had
remarkably coincident cline centres that fell within

Fig. 2 UPGMA trees estimated using
coancestry distances based on two data

pop2

pop4 sets; (a) 13 microsatellite loci from this

pop5 study and (b) 4 isozyme and 3 restric-

pop3 tion fragment length polymorphism loci
B.Traditional loci pop6 pop10 from Brumfield et al. (2001). The nega-

1 pop7 pop11 tive distances were set to zero before

p0p2 pop8 pop12 constructing trees. Population 9 is
ngs pop1 located near the centre of the hybrid
EOEG zone and was excluded from the analy-
pop7 pop11 ses to elucidate comparisons within and
pop3 ﬂp0p12 between the two sides of the hybrid
pop4 ——0.05 changes Lpop1 0 zone.
pop8

© 2009 Blackwell Publishing Ltd
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Table 2 Estimates of cline centres using stepped cline model (SCM) and smoothing spline (SS) cline-fit for 15 microsatellite markers
and 7 genetic markers from Brumfield et al. (2001). Support limits for SCM estimates and 95% confidence intervals (CI) using

parametric bootstrap for SS estimates are shown

SCM SS
Support limits 95% CI
Model InL Cline centre (km)* Low High Cline centre (km)* Low High
Microsatellite markers
AC2-216 2 -2.4 205.2 198.4 211.3 195.3 159.3 216.4
AC5-213 1 -3.8 213.1 189.0 255.7 220.4 157.1 429.0
AC8-129 1 -4.9 218.4 202.7 254.4 238.4 186.3 378.7
AC8-137 1 -2.7 181.8 165.3 194.6 182.3 1422 203.4
AC10-282 2 -1.6 2024 201.3 209.9 216.4 197 .4 274.5
AC12-100 2 -2.1 209.6 204.8 230.3 227.4 170.2 279.5
AC13-161 1 -2.0 207.5 198.1 284.3 254.5 1322 358.8
AC13-162 1 -3.5 114.5 18.9 153.9 922 77.1 205.4
TCA1-202 1 -1.9 207.2 193.9 229.1 213.4 1923 342.7
TCA1-203 1 -53 190.6 176.2 207.3 181.3 134.2 263.6
LTMRS-143 1 -3.1 214.3 155.6 273.1 232.4 163.3 278.5
Man3-187 1 =27 197.8 177.5 202.2 178.3 104.2 206.4
Man6-196 1 -2.2 202.1 189.4 212.4 199.4 165.3 214.4
Man6-216 1 -3.8 220.8 210.6 240.0 222.4 210.4 292.7
Man7-174 1 -1.9 185.1 153.0 207.2 176.3 90.1 356.7
Diagnostic markers from Brumfield et al. (2001)
Ak-2 2 -25 208.8 205.8 212.7 221.4 214.4 229.4
A5 3 -1.0 208.5 202.3 210.4 223.4 214.4 231.4
mtDNA 2 -1.6 208.3 205.9 211.0 222.4 211.4 233.4
pSCN-3 2 -2.0 209.3 206.1 210.3 221.4 211.4 230.4
Nondiagnostic markers from Brumfield et al. (2001)
Ada 1 -3.4 169.2 249 232.2 170.3 120.2 320.7
Gsr 2 -1.9 210.0 200.9 257.6 256.5 176.2 391.7
Pgm-2 2 -2.3 206.5 201.4 210.0 224.4 196.3 261.5

tDistance from population 1.

1-2 km of each other and were estimated with narrow
SL or CI by either curve-fitting method (Table 2 and
Fig. 3). SS estimates of diagnostic cline centres were all
shifted about 13 km eastward from the SCM estimates.
This shift may have more to do with how the methods
fit the data rather than any biological significance (see
‘Discussion’). Because the two methods resulted in sub-
stantially different cline parameter estimates for some
alleles, our discussion hereafter will focus only on those
comparisons for which both methods agree on the sta-
tistical significance of the differences in estimates.

Both methods produced more variable cline centre
estimates for the three nondiagnostic isozyme and RFLP
markers (Table 2 and Fig. 3). For Ada, cline centre esti-
mates were shifted by about 40 (SCM) to 50 (SS) km
from the diagnostic cline centres. The SL and CI were
wider for the nondiagnostic markers (Table 2 and
Fig. 5¢,d), and none of their cline centres was signifi-
cantly shifted from those of the diagnostic markers
(Supplementary Table S3).

The 15 microsatellite alleles had even more variable
cline centre estimates with both methods, and several
were shifted by as much as 94-130 km from the diag-
nostic cline centres (Table 2). SL and CI for microsatel-
lites were again generally wider than those for the
diagnostic markers (Table 2 and Fig. 5a,b). Neverthe-
less, cline centres of three microsatellite alleles (AC8-
137, ACI13-162 and Man3-187) were significantly
displaced from all diagnostic cline centres as well as
centres of several other microsatellite and/or nondiag-
nostic clines by both methods (Supplementary
Table S3). All significant shifts of microsatellite cline
centres were westward into the range of candei (Fig. 5).

Cline widths

Best estimates of cline widths ranged from 1.2 to
281.3 km (Table 3). Width estimates based on SS were
consistently larger than those based on SCM (21 of 22
cases), whereas SCM estimates exhibited a wider range
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Table 3 Estimates of cline widths using stepped cline model (SCM) and smoothing spline (SS) cline-fit for 15 microsatellite markers
and 7 genetic markers from Brumfield et al. (2001). Support limits for SCM estimates and 95% confidence intervals (CI) using para-

metric bootstrap for SS estimates are shown

SCM SS
Support limits 95% CI
Model InL Cline width (km) Low High Cline width (km) Low High
Microsatellite markers
AC2-216 2 -2.4 11.5 0.1 53.5 112.9 64.1 176.9
AC5-213 1 -3.8 82.8 36.3 407.1 192.3 75.4 376.7
AC8-129 1 -49 59.3 28.1 166.6 238.6 87.8 307.4
AC8-137 1 -2.7 65.4 29.5 128.2 107.2 53.0 162.1
AC10-282 2 -1.6 1.9 0.0 16.8 143.5 66.0 250.1
AC12-100 2 -2.1 3.3 0.0 39.0 144.6 71.0 241.8
AC13-161 1 -2.0 9.5 0.1 408.5 208.5 115.0 329.8
AC13-162 1 -3.5 228.5 118.4 527.9 139.3 79.7 173.9
TCA1-202 1 -1.9 40.1 12.9 177.6 98.5 63.7 262.4
TCA1-203 1 =53 83.9 51.3 173.6 2421 97.8 290.7
LTMR8-143 1 =3.1 281.3 119.1 715.0 167.3 117.3 300.5
Man3-187 1 2.7 21.7 10.0 81.1 88.2 50.5 165.6
Man6-196 1 -2.2 39.9 7.0 118.6 62.5 59.1 203.0
Man6-216 1 -3.8 44.9 224 100.9 60.8 38.6 276.1
Man7-174 1 -1.9 81.4 9.7 301.4 241.5 110.8 331.1
Diagnostic markers from Brumfield et al. (2001)
Ak-2 2 -2.5 9.0 0.2 22.8 49.1 41.2 98.3
A5 3 -1.0 10.8 1.1 19.3 77.3 46.8 110.7
mtDNA 2 -1.6 11.0 6.5 20.3 69.6 35.7 110.1
PSCN-3 2 -2.0 3.9 0.2 18.2 60.4 50.9 118.0
Nondiagnostic markers from Brumfield et al. (2001)
Ada 1 -3.4 247.2 68.6 1566.1 213.6 101.6 326.0
Gsr 2 -1.9 1.2 0.0 82.8 267.0 86.7 305.6
Pgm-2 2 -2.3 7.6 0.1 17.9 201.4 81.8 218.7

of cline widths from extremely narrow to extremely
wide (SCM range 1.2-281.3; SS range 49.1-267 km).

For the diagnostic markers, cline width estimates
made by either method were consistently among the
narrowest of the clines examined (Table 3 and Fig. 3).
However, there were marked differences between the
two methods in width estimates. SCM cline width esti-
mates for these four loci ranged from 3.9 to 11.0 km,
whereas SS estimates for the same four loci ranged
from 49.1 to 77.3 km. The difference between the meth-
ods may have to do with the model used to fit the data
and the inherent difficulty in estimating the maximum
slope of a curve when the transition is not strictly
monotonic, as well as our sampling methods (see ‘Dis-
cussion’). The biological significance of these results lies
in the fact that both methods consistently estimated nar-
row cline widths and tight SL and CI for the diagnostic
loci compared with the other classes of markers
(Table 3). The distributions of resampled cline widths
were very similar for all of the diagnostic loci, whether
derived from SCM or SS (Fig. 6c,d).
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The three nondiagnostic markers were more variable
in cline width (Table 3 and Fig. 3). Both analyses
showed that the width of Ada cline was significantly
broader than any diagnostic cline, with point estimates
of 2472 (SCM) and 213.6 (SS) km (Supplementary
Table S4 and Fig. 6¢c). However, the two methods fit
quite different curves to the Gsr and Pgm-2 data;
although the cline width estimate for neither marker
differed significantly from those of the diagnostic mark-
ers by SCM, SS estimated their widths significantly
wider than any of the diagnostic loci (Supplementary
Table S4 and Fig. 6d). Based on the visual inspection
of the cline fit to the data points, SS appeared to have
overestimated the cline widths with these markers.

Cline widths for microsatellite alleles were also vari-
able, ranging from 1.9 to 281.3 km for SCM estimates,
and from 60.8 to 242.1 km for SS analysis (Table 3 and
Fig. 4). The SCM estimates of microsatellite cline
widths averaged eightfold wider than those of the four
diagnostic markers (70.4 vs. 8.7 km). For SS estimates,
the difference in average width was more than twofold
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Diagnostic markers

Fig. 3 Fitted clines estimated from fre-
quencies of seven isozyme and restric-

tion fragment length polymorphism

alleles from Brumfield et al. (2001)
using stepped cline model (solid line)
and smoothing spline (dotted line)
methods. We defined two categories of
markers: diagnostic markers are fixed or

nearly fixed in both parental popula-
tions, and nondiagnostic markers are
polymorphic in either one or both
parental populations.
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(149.9 vs. 64.1 km). Five microsatellite clines (AC5-213,
ACS8-129, AC13-162, TCA1-203 and LTMRS8-143) were
significantly broader than any diagnostic cline by both
analyses (Supplementary Table S4 and Fig. 6a,b).

Discussion

Cline structure variation

In contrast to the markers chosen for differentiation by
Brumfield et al. (2001), polymorphic microsatellite
markers displayed clines that were broader in width
and more variable in position in the Manacus hybrid
zone. All the diagnostic loci were marked by narrow,
coincident clines, suggesting a strong barrier to intro-
gression for those loci. Yet, the wide range of microsat-
ellite cline widths indicates that introgression can occur
relatively freely for alleles at other loci. These results

0 100 200 300 400 500 600

are consistent with the idea that microsatellites that
evolve neutrally can diffuse across this hybrid zone,
whereas diagnostic markers are likely to be under
strong purifying selection opposing their introgression.
Other microsatellites did have narrow clines similar to
the diagnostic loci; introgression for those microsatel-
lites may be impeded by linkage to traits under purify-
ing selection. Furthermore, introgression was not
restricted to microsatellite loci; at least one nondiagnos-
tic isozyme cline (Ada) was found to be significantly
broader than the diagnostic clines by both cline-fitting
methods. This may also be caused by a lack of purify-
ing selection, as Ada was the only nondiagnostic locus
that was polymorphic in both parental populations.

In addition, at least three microsatellite clines centres
were significantly displaced from the diagnostic clines.
These markers may themselves be neutral but could be
linked to loci under positive selection. Under this

© 2009 Blackwell Publishing Ltd
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Fig. 4 Fitted clines estimated from frequencies of 15 microsatellite alleles using stepped cline model (SCM; solid line) and smoothing
spline (SS; dotted line) methods. The letters ¢ and w appear in the upper right corner of those panels where the cline centre (c) or
cline width (w) is significantly different from the four diagnostic markers of Brumfield ef al. (2001). The subscripts 1 and 2 indicate
significant differences by SCM analysis (1) or SS analysis (2). Dotted squares enclose alleles within the same locus.

scenario, the microsatellite cline centres would move
with the selected traits as they introgress across the
hybrid zone, but eventually stop when linkage between
the neutral marker and the selected loci breaks down
through recombination. Interestingly, all of the dis-
placed microsatellite clines have moved westward into
the range of Manacus candei. Male plumage colour clines
have also introgressed westward in this system, appar-
ently owing to positive sexual selection (McDonald
et al. 2001; Stein & Uy 2006), providing one possible
explanation for microsatellite cline movement.
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The different patterns of introgression between our
marker sets might be attributed to the fact that four of
the seven markers of Brumfield et al. (2001) were iso-
zyme loci; the selective status of enzymatic markers has
long been debated (Eanes 1999). For example, Riginos
et al. (2002) compared allele frequencies of allozyme and
nonallozyme loci among mussel populations, and found
that the allozyme loci were much more differentiated.
They presented the results as evidence of purifying
selection on allozyme loci. However, Bierne et al. (2003)
found no statistical difference in the range of differentia-
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microsatellite loci from this study and seven genetic markers from Brumfield et al. (2001). Microsatellite markers that differ signifi-
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tion between allozyme and nonallozyme markers, when
the data set was expanded to include more loci. Conse-
quently, Bierne et al. (2003) concluded that the original
markers consisted of a biased sample of allozyme loci
under strong selective pressure. The differences in intro-
gression between the Brumfield et al. (2001) markers
and the microsatellites are also likely to reflect the origi-
nal sampling bias for differentiated loci over and above
any systematic difference between marker types.

Alternatively, it might be supposed that broader
clinal structures of nondiagnostic alleles could be
formed from shared ancestral polymorphism either by
random variations or sampling errors or by disruptive
selection owing to environmental change. However,
such scenarios are unlikely to explain our observations
because there is no reason for many unlinked alleles
that are shared ancestrally to form generally coincident
clines of various widths in either of the scenarios.

Differential introgression across hybrid zones

Multi-locus studies have increasingly revealed patterns
of introgression that vary dramatically from locus to
locus (e.g. Rieseberg et al. 1999; Wilding et al. 2001;
Emelianov et al. 2004; Harr 2006; Carling & Brumfield
2008; Teeter et al. 2008). These studies suggest that
hybridizing taxa vary significantly in the proportion of
the genome that is subject to introgression. That propor-
tion may be near zero in the case of hybrid sterility,
intermediate in other cases (Rieseberg et al. 1999; Mart-
insen et al. 2001) or may include most of the genome
(e.g. Flanagan et al. 2004; Vallender et al. 2007).

The genomic scope of introgression may be affected
by degree of divergence, strength of selection and link-
age relationships. When two hybridizing forms are
genetically divergent, many incompatibilities may exist,
and selection against hybrids is likely to be strong.
Together with physical and epistatic linkage, selection
at many dispersed loci can result in a generalized bar-
rier to gene flow, effectively opposing introgression
throughout most or all of the genome (Barton &
Hewitt 1985). In such cases, diagnostic markers may
be sufficient to gain a sense of the prevalence of intro-
gression throughout the genome. However, many
natural hybrid zones involve closely related taxa with
fewer genetic incompatibilities. Hybridizing bird taxa,
in particular, typically show low levels of genetic
divergence, and low levels of hybrid dysfunction
(Avise 1994; Grant & Grant 1994; Price & Bouvier
2002). In these cases, the strength of purifying selection
is likely to vary among chromosomal regions depend-
ing on the number and distribution of loci under
selection and the degree of linkage among them
(Barton & Bengtsson 1986). Therefore, introgression
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may be unimpeded in some chromosomal regions, and
assessments by diagnostic markers alone are likely to
seriously underestimate average introgression genome-
wide in many hybrid zones.

The mode or mechanism of divergence may also be
important. Many avian hybrid zones are thought to
have originated through secondary contact (Price 2008).
In such cases, divergence has occurred in allopatry, and
much of it may be because of neutral genetic drift. Once
in contact, the gene pools of hybridizing forms will
tend to merge for all loci that are not under purifying
selection. This scenario contrasts with that of ecological
speciation, where much of the accumulated divergence
is because of direct selection for adaptive traits (e.g. Via
& West 2008).

The geographic extent of introgression may be
affected by dispersal potential, strength of selection, age
of hybrid contact and linkage. Birds are vagile organ-
isms, and thus, the potential for rapid and long distance
gene flow is ever-present. Alleles with even a slight
selective advantage will be able to quickly penetrate
most hybrid zone barriers (Barton 1979; Pidlek & Barton
1997). For a stable hybrid zone that may be hundreds
or thousands of generations old, globally advantageous
alleles initially confined to one form would have
crossed the hybrid zone long ago and may have swept
to fixation in the second form. This process would
quickly eliminate variation and make ongoing gene
flow more difficult to detect. However, it is possible for
neutral markers linked to the selected loci to hitchhike
until linkage breaks down and to leave observable shifts
of their cline centres.

All of the factors mentioned before suggest that both
the geographic extent of introgression and the propor-
tion of the genome that is free to introgress across avian
hybrid zones may be larger than is currently appreci-
ated. For example, Gay et al. (2008) recently described
another avian hybrid zone with remarkably wide and
heterogeneous clines. We believe that with thorough
consideration of taxon-specific characteristics in genetics
and life history, studies of introgression that specifically
target neutral markers will result in a deeper under-
standing of patterns of divergence, cryptic gene flow
and differential introgression.

SCM vs. SS methods

Both cline analysis methods detected significant differ-
ences in cline position and width for microsatellite
markers vs. diagnostic markers. Although both methods
assume monotonic clines, most alleles did not show
strictly monotonic frequency changes, and this led to
differences in how the methods fit clines to the data.
On average, the S5 method estimated wider clines that
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were shifted further away from the centre of the hybrid
zone than those estimated by the SCM method. The SS
method generally ‘smoothes out’ sudden changes in fre-
quency, and the monotonic constraint further flattens
the curve, especially when the allele frequency changes
are sharp at the cline centre (e.g. diagnostic markers),
and/or the end points do not show extreme frequencies
(e.g. Gsr and Pgm-2). Unlike the SS cline fitting, the
SCM method uses a model with three separate sections:
a cline centre section fitted by a sigmoid curve and two
tailing sections fitted by exponential curves. Therefore,
the SCM method is less likely to be influenced by the
end data points. Varying the amount of smoothing and
relaxing the assumption of monotonicity will result in
closer fit of SS curves to the raw data and may have
advantages in fitting curves to more complex clines
influenced by spatially varying environmental or demo-
graphic conditions (e.g. Man3-187). However, the ques-
tion of whether the relaxation of the assumption reflects
the true underlying structure of hybrid zones needs
further exploration.

Additionally, both methods are limited by the sample
size including the number of birds at each capture site
and the number of sites (populations), although the SCM
accounts for sampling errors and random variations
caused by environmental fluctuations (Szymura &
Barton 1986). For a given capture site, accuracy of allele
frequencies are based on the number of birds sampled.
These sample sizes varied from 2n = 8 to 52 (as they are
diploid), and random sampling variability for such small
sample sizes can make it difficult to accurately measure
the true allele frequency at a given site. Looking across
all 12 sites, effectively 2N = 426 observations of the
presence or absence of an allele were used in estimat-
ing the cline. Both likelihood and bootstrap sampling
approaches evaluate the sampling variability, which is
then quantified with SL and CI on the cline parameters.
To be conservative, we inferred a significant difference
in two clines only when indicated by both bootstrap
results and nonoverlapping SL. Greater sample sizes
would reduce SL and CI of cline parameter estimates
and yield greater power to declare a larger number of
clinal differences as significant (hence, they would lend
stronger support to our conclusions). Larger sample sizes
would also smooth the random variation in allele fre-
quencies and improve the estimates of the clines.

The centre of the Manacus hybrid zone appeared to
be a good example of hybrid swarm, where a large
variety of genotypes, with a wide range of fitness, are
produced. If hybrids have lower viability (i.e. higher
genetic incompatibility), purifying selection is typically
strongest at the centre of the hybrid zone, where many
incompatibility loci are heterozygous, and will become
progressively weaker at populations further away from

the centre, as hybrids backcross and become genetically
closer to the pure parental forms. These conditions can
cause allele frequencies to change rapidly and may cre-
ate nonmonotonic patterns in which allele frequencies
at the populations proximate to the hybrid zone centre
become more extreme than those in the parental popu-
lations (e.g. Gsr, Pgm-2, AC12-100 and TCA1-203).

Therefore, in hybrid zones between forms with
moderate to high compatibility, genetic markers may
tend to show cline structures that are not strictly mono-
tonic, except for those that are diagnostic (i.e. fixed in
parental forms) and likely to be under strong selection
across the transect. Despite the relatively complex cline
structures revealed in this study, the SCM method
appeared to have fitted the curves well at the central
parts of the clines and thus performed well on estimating
the cline parameters for most cases. In future studies,
however, it will be desirable to develop nonmonotonic
models and other cline-fitting methods that account for
the conditions such as hybrid swarm and varied levels of
selection across hybrid zones.

Conclusions

Hybrid zone studies have typically focussed on diag-
nostic or highly differentiated markers (e.g. Brumfield
et al. 2001; Payseur et al. 2004; Yanchukov et al. 2006;
Macholan et al. 2007). The uniformity of cline structures
in such markers has led to the conclusions that (i)
strong barriers to introgression exist in these hybrid
zones, and (ii) there is reproductive isolation between
the taxa (e.g. Johnson ef al. 1999; Helbig et al. 2002; de
Queiroz 2005). Our study showed that such conclusions
might have been artefacts caused by biased choices of
markers. Although we focussed on the markers whose
allele frequencies change in a clinal fashion, assess-
ments of differential introgression in markers that are
randomly sampled across the genome will be likely to
provide greater insight into the genetic and evolution-
ary complexity found in hybrid zones.

Selection against reproductive incompatibility in
hybrid swarms, even with moderately strong endoge-
nous selection on hybrids, may result in genome-wide
shifts in allele frequencies (Schilthuizen et al. 2001,
2004). In conjunction with recombination, this system
will generate a varied and continuously changing pool
of recombinants with a wide range of fitness. Thus,
hybridization may increase the potential for adaptive
trait combinations that can spread beyond the hybrid
zone (Lewontin & Birch 1966; Pialek & Barton 1997;
Barton 2001). Selective sweep of these adaptive traits,
together with neutral gene flow, provide a mechanism
to hold most species together (Rieseberg & Burke
2001a,b). In other cases, new trait combinations may
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lead to speciation or even rapid radiation (Arnold 1997;
Seehausen 2004; Grant et al. 2005; Baack & Rieseberg
2007; Mallet 2007). Therefore, not only are hybrid zones
actively involved in evolutionary processes (i.e. hybrid
zones are not dead ends), but hybridization may also
stimulate adaptive evolution and promote species cohe-
sion on the whole, while still allowing for geographic
differentiation between populations in response to spa-
tially varying ecological conditions.
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