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Abstract Biogeographic studies in Amazonia typically describe biodiversity across
interfluvia, rarely within them, where geographic variability in morphological traits might
be observed. We tested for intraspecific phenotypic variation in three bird species within
the Purus—Madeira interfluvium (Central Amazon) and whether phenotypes were corre-
lated with environmental heterogeneity or geographic distance among sites. We compared
coloration indexes derived from reflectance spectra and morphometrics of up to five adult
individuals of each sex among 11 sites within the interfluvium and contrasted them with
proxies for geographic distance and environmental variation (tree basal area and bird
community). Environmental heterogeneity was minimally spatially autocorrelated, and
there were no obvious geographical barriers to dispersal in the study region. The null
hypothesis was that we would see either no phenotypic variation or random variation that
was not explained by the tested variables. Half of the cases analyzed showed intraspecific
morphological variation. Coloration varied more frequently than morphometrics, and color
was better explained by environmental heterogeneity, particularly in males, whereas
brightness also varied with geographic distance. Geographic distance explained the only
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case of variation in morphometrics. Our results indicate that coloration, particularly plu-
mage brightness, is more labile than morphometric traits and that plumage color might be
under stronger effects of local adaptation than brightness, which also seems to be under
effects of neutral drift and gene flow among populations. Higher frequencies of association
between male coloration and the environment suggest a role of non-arbitrary mechanisms
of sexual selection on the expression of male phenotypes, whereas arbitrary intersexual
selection might explain the randomly distributed variation that is not explained by envi-
ronmental heterogeneity or geographic distance. We revealed intraspecific phenotypic
variation in a spatial extent usually not considered in biogeographic studies in the Amazon
and demonstrate that both local adaptation and neutral drift are important to explain
intraspecific trait diversification at this geographical scale.

Keywords Arbitrary preferences - Coloration - Neotropics - Phenotypic
variation - Suboscines - Sensory drive

Introduction

Morphological traits may vary among geographic localities within a species range as a
result of adaptation to local environments (Mayr 1947; Cadena et al. 2011) or neutral drift
(Lee et al. 2016), which are not mutually exclusive and may act together on phenotypic
traits (Sun et al. 2013; Engen and Sether 2016). Nevertheless, because genetic drift is
usually considered a null hypothesis in evolutionary biology, its relative importance in
modeling intraspecific phenotypic variation remains poorly understood. Thus, results from
studies that have considered geographical and environmental variables encourage future
studies in understanding the origins of biological diversity to consider the relative
importance of these components, as this is still an intensive debate in evolutionary ecology
(Wang and Summers 2010).

In adaptive evolution, the variation observed in phenotypic characters generally reflects
the degree of environmental variation experienced by different populations of the same
species at different sites (Amézquita et al. 2009). As postulated by the Hypothesis of
Environmental Gradients (Endler 1977), biotic or abiotic environmental differences may
be sufficient to lead to divergence among populations, and may lead subsequently to
speciation by parapatry, in a process later described as ecological speciation among either
sympatric, parapatric or allopatric populations (Schluter 2009). Under such circumstances,
environmental heterogeneity may be an important factor in generating phenotypic diversity
(Calsbeek et al. 2007; Price 2008).

In general, phenotypes reflect the ecology of the species bearing them in terms of the
different habitats used and the different strategies deployed to exploit available resources
(MacArthur and Pianka 1966; Levin 1992). The composition of predator species in local
assemblages, for example, may exert selective pressures on populations of prey species and
therefore their phenotypes (Hoagstrom and Berry 2008). For instance, changes in the local
composition of predator species explain variation in aposematic coloration in frogs (Sid-
diqi et al. 2004; Hegna et al. 2012). Similarly, intraspecific phenotypic variation may occur
because of local selection to changes in the degree of competition for resources (Goldberg
and Lande 2006). Through competitive release, a species may extend its foraging area in
the absence of competitors, leading to changes in phenotypic traits as the species adapts to
newly available biotic environments (Endler 1977; Grant and Grant 1993, 2000; Hsu et al.
2014).
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Sexual selection is a common cause of phenotypic variation among populations or sister
taxa (Endler and Houde 1995; Safran and McGraw 2004; Uy et al. 2008). Some mecha-
nisms of sexual selection by female choice thus predict a closer relationship between the
variation in phenotypes and the environment (review in Prum 1997). Among those, the
hypothesis of sensory drive postulates that the production and transmission of signals used
in intersexual communication evolve in response to environmental conditions during
signaling, reducing the cost to find mates (Endler 1992; Endler and Mclellan 1988; Endler
and Basolo 1998). This process has been evoked to explain color evolution in birds (e.g.,
Endler 1993; Endler and Théry 1996; Gomez and Théry 2004; but see Ancides and Prum
2008; review in Hill and McGraw 2006). Hence, the emergence of new social characters
with positive effects to the sensory receptors may accumulate in populations in a relatively
short period of time (Endler and Théry 1996). If there is low gene flow or some variation in
inter-sexual preferences among populations, this variation may lead to geographic varia-
tion in phenotypic traits and, ultimately, to speciation (Seddon et al. 2008; Seehausen et al.
2008; Maan and Seehausen 2011).

Under expectations of a pure neutral mechanism, on the other hand, populations may
exhibit intraspecific variation even in the absence of selective forces due to the effects of
random genetic drift alone. Thus, random neutral genetic recombination accumulates
through time, and allelic frequencies will vary among localities; in addition, because of
higher gene flow among geographically closer localities, more distant populations will be
isolated by distance (Wright 1943). Consequently, there will be subtle changes among
neighboring populations and increasing differentiation as they get farther apart. Finally, the
evolution of phenotypic traits may obey arbitrary mating preferences, which become
genetically correlated even in the absence of deterministic mechanisms of mate choice,
such as honest signals or environmental drivers acting on sensorial systems (Fisher 1930;
Kirkpatrick and Ryan 1991; Prum 2012). Therefore, in the absence of direct selection on
female preferences, Fisherian selection should result in differentiation in secondary sexual
traits and lead to polymorphisms among populations (review in Andersson 1994). Thus, the
geographic distribution of such polymorphisms may be clinal or spatially random among
populations.

In Amazonia, most studies focus on the distribution of biodiversity across extensive
interfluvial areas. Classical biogeographic studies have addressed diversification processes
acting on groups of closely related taxa among the so-called “areas of endemism” (Endler
1982; Haffer 1997; Patton and da Silva 1998; Ribas et al. 2012). However, studies have
seldom evaluated patterns and mechanisms underlying taxonomic or phenotypic variation
within interfluvia (e.g., Naka et al. 2012; Fernandes et al. 2013; Weir et al. 2015). Hence,
much speculation still occurs regarding the determinants of intraspecific geographic
variation (Wang and Summers 2010). Some of the hypotheses proposed to explain the
origin of biodiversity in this region are based on adaptive mechanisms (Endler 1977),
neutral mechanisms (Wallace 1858; Cracraft 1985; Ribas et al. 2012), or both (Haffer
1969; Bates 2001), and might be effective within interfluvia. Naka et al. (2012), for
example, found phenotypic and phylogenetic breaks in the absence of current geographic
barriers for sister taxa replacing each other along continuous forest within the Rio Branco
and Rio Negro interfluvium, highlighting the value of studies focusing on the magnitude
and the nature of variation in biological data among populations within interfluvia in this
region. Another recent study found that acoustic signals of a nurse frog species (Allobates
sp.) responded to a gradient of forest structure along a 600 km transect within the Purus—
Madeira Interfluvium, highlighting that environmental heterogeneity over a subtle gradient
can influence phenotypic variation in central Amazonia (Faria 2014).
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The selected taxa are suboscines, which are good models for studies addressing ques-
tions in evolutionary biology and, specifically, the roles of ecology, sexual selection and
neutral drift on their evolution. High diversity in suboscines in addition to details of their
signaling behavior make this group ideal for field-based observational and experimental
studies of signal evolution (Tobias et al. 2012). For our study, they are particularly well
suited because they (1) occur throughout the study region; (2) are sexually dimorphic and
therefore likely subjected to sexual selection; (3) are understory birds and likely not good
dispersers; and (4) are subject of ongoing phylogeographic studies and, as such, are good
candidates for future research relating to their genetic data. Furthermore, (5) variation in
their breeding system and levels of sexual dichromatism among the three species (W.
poecilinotus being the least and L. coronata the most dichromatic) suggest varying degrees
of sexual selection, with greater variation in coloration in polygynous than monogamous
taxa (Uy et al. 2008; Safran et al. 2012; Seddon et al. 2013). This implies different roles of
the environment for phenotypic diversification, favoring signal conspicuousness through
sexual selection or crypsis through natural selection (Endler 1991, 1993; Maan and See-
hausen 2011). Finally, multiple characters are suitable for addressing the roles of alter-
native mechanisms of trait evolution (Dayrat 2005; Padial et al. 2010), owing to its
differences in lability and because different traits are likely subjected to different evolu-
tionary mechanisms. For instance, morphometric traits might be generally more con-
strained than coloration (Safran and McGraw 2004; Martin and Mendelson 2014), which
might be better explained by environmental heterogeneity than morphometrics.

Here, we focus on three Amazonian suboscine passerines to address patterns of
intraspecific phenotypic variation in coloration and morphometrics within the Purus—
Madeira interfluvium by testing two non-exclusive alternative hypotheses addressing the
roles of deterministic and stochastic mechanisms in phenotypic differentiation. Specifi-
cally, for each species, we test the hypotheses that (1) intraspecific phenotypic variation
results from adaptation to local environments, and thus any observed phenotypic variation
is explained by environmental heterogeneity among localities or that (2) phenotypic
variation results from neutral genetic drift and isolation by distance and is explained by the
geographical distance among localities. Thus, our null expectations were either of no
phenotypic variation in the study region or of random variation not explained by the tested
variables (Table 1). The high biological heterogeneity found in the Purus—Madeira inter-
fluvium, combined with a low spatial autocorrelation of environmental data (Menger
2011), makes the region suitable for testing hypotheses regarding the relative importance
of environmental and geographical factors in producing phenotypic diversity on fine
geographical and taxonomic scales.

The species selected for the study were the white-throated antbird (Gymnopithys salvini;
Thamnophilidae), the scale-backed antbird (Willisornis poecilinotus; Thamnophilidae),
and the blue-crowned manakin (Lepidothrix coronata; Pipridae). G. salvini and W. poe-
cilinotus are facultative ant-followers (Willis 1968) and monogamic species. Both are
sexually dichromatic (G. salvini males are mostly gray, white and black, and females are
reddish brown and black; W. poecilinotus males are brownish black and white, and females
are similar with more brown patches). Although previous studies showed intraspecific
morphological variation in plumage coloration for these species (Hellmayr 1929; Isler and
Whitney 2011; Kirwan and Green 2011), there have been no previous quantitative
assessments of phenotypic variation in coloration in these species. G. salvini is restricted to
the Inambari Area of Endemism (Willis 1968; Cracraft 1985), whereas W. poecilinotus is
found in the Amazon of Bolivia, Brazil, Colombia, Ecuador, French Guiana, Guyana, Peru,
Suriname, and Venezuela (Sick 1997; Zimmer and Isler 2003). On the other hand, L.
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Table 1 Ecological and evolutionary implications of predicted results (marked in gray) according to
alternative scenarios of genetic variation among localities (marked in white, not evaluated in this study)

Phenotypic Environmental Geographic Genetic Evolutionary
variation  heterogeneity distance variation mechanism
Yes Yes No Yes Adaptation
(Selection)
Yes Yes No No Adaptation
(Plasticity)
Yes No Yes Yes Genetic drift
Yes Yes Yes Yes Adaptation and
Genetic drift
Yes No No No Stochasticity
No No No Yes Stabilizing
selection
No NA NA No Unknown

An association between phenotypic variation and environmental heterogeneity may suggest a role of local
adaptation on the expression of these phenotypes, but we may not distinguish between alternative mecha-
nisms (selection or plasticity). Phenotypic variation more closely related to geographic distance than
environmental heterogeneity may indicate that phenotypic variation results from neutral mechanisms such
as genetic drift. Environmental and geographical effects may also be combined. Variation might alterna-
tively be random in space or not correspond to environmental variation, suggesting either incipient evo-
lutionary processes or stochastic mechanisms of differentiation other than drift alone. Lastly, in cases of no
phenotypic variation among populations (e.g., greater variation within than among localities) stabilizing
selection might be reducing phenotypic variation through selection against extreme phenotypes or that we
may not claim which evolutionary mechanisms are shaping phenotypes (other evolutionary mechanisms
such as e.g., historical factors extrinsic to the studied interfluvium or through secondary contacts between
outside populations)

coronata is a frugivorous species with a polygynous lekking system, in which multiple
males display in mating territories to attract females (Sick 1997; Durédes 2009). It is a
widespread Manakin species distributed throughout much of western Amazonia, the Andes
foothills and Central America, exhibiting considerable geographic variation in male plu-
mage coloration (from entirely black bodied to green and intermediate forms) across its
range (Hellmayr 1929; Cheviron et al. 2005; Ancides et al. 2009).

Materials and methods
Study area

We conducted the study along the middle and lower regions of the interfluvium formed by
the Purus and Madeira rivers, in the Central Brazilian Amazon (Fig. 1). The Purus—
Madeira interfluvium is intersected by the BR-319 highway, which connects the Brazilian
states of Amazonas and Rondonia and has been closed to regular vehicles since 1998
(Fearnside and Graga 2009). On a regional scale, lowland dense rain forest covers the
northern Purus—Madeira interfluvium, while a transition towards open lowland rainforest
dominated by palm trees occurs in the southern region, likely related to rainfall seasonality
(IBGE 1997). Generally speaking, these physionomies are considered upland Terra Firme
forests.
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Fig. 1 Map of the study area in the Purus—Madeira interfluvium with the 11 sampling localities (PPBio
modules, red dots in the left panel) and schematic figure of the PPBio module (adapted from Marciente
2012) which shows uniform distribution of the plots along two parallels trails of 5 km of length and 1 km of
width (lower right panel)

Geographic variations in forest structure have already been reported in previous studies
for this region with a much lower basal area, lower canopy heights and lower mean wood
densities in the seasonally flooded forests from the north compared to the central and
southern sites (Cintra et al. 2013). Intensity of the rainy season varies strongly throughout
the interfluvial area, declining from 2800 to 2100 mm annual precipitation with increasing
rainfall seasonality. The soil texture of the Purus—Madeira interfluvium is mostly char-
acterized by plinthosols with a predominance of silt and varying smaller percentages of
sand and clay (Cintra et al. 2013). This environmental variation has been summarized into
13 environmental units (or ecoregions) based on 21 environmental variables including
hydrology, landform, vegetation and soil (Ximenes 2008). Despite these ecoregions
accurately represent the coarse environmental heterogeneity of the interfluvium, they do
not characterize the finer-scale environmental variation within the studied transect (i.e., the
variation within each of the aforementioned ecoregions), which has been conducted by
other studies that evaluated local environmental and biological variation in the region,
including in situ measures of the floristic composition of trees (Souza 2012), palms (Emilio
et al. 2013) and herbs (Moulatlet et al. 2014); bird assemblages (Menger 2011); forest
structure (Schietti et al. 2016) and soil chemical and physical properties (Martins et al.
2014).

Sampling design

We carried out fieldwork for the study in 11 localities (or study sites) in the Purus—Madeira
interfluvium, which has established lodging infrastructure along and perpendicular to the
BR-319 highway (Fig. 1, Table 2) belonging to the Brazilian Research Program on Bio-
diversity—PPBio (http://www.ppbio.inpa.gov.br) and created by the Brazilian Ministry of
Science, Technology and Innovation (MCTI). The 11 study sites are distributed on average
60 km apart from each other along BR-319, totaling ca. 600 km of linear extension. Each
site consists of two parallel trails 5 km in length, separated by 1 km and connected by
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Table 2 Sample sizes for each species and sex measured at each locality in Amazonas state (AM) within
the Purus—Madeira interfluvium

Locality Municipality/AM  Latitude Longitude G. salvini W. poecilinotus L. coronata

Male Female Male Female Male Female

MO1 Careiro da Varzea 3°21'S  59°50'W 4 3 1 0 1 2
MO02 Careiro 3°41'S 60°19'W 5 5 5 4 6 5
MO03 Careiro 4°07'S 60°43'W 4 3 4 4 1 3
M04 Borba 4°23'S 60°56'W 7 3 6 3 0 0
MO05 Beruri 4°35'S 61°15'W 5 1 5 4 0 2
MO06 Manicoré 4°59'S 61°32'W 7 3 2 4 0 0
MO7 Beruri 5°15'S 61°57W 2 5 3 3 3 4
MO8 Manicoré 5°38'S 62°11'W 5 3 6 2 4 1
M09 Tapaua 5°56'S 62°30'W 2 3 6 2 0 1
M10 Humaita 6°33'S 62°56'W 4 4 4 3 1 4
Mil1 Humaita 7°12'S 63°07'W 4 1 2 0 1 8
Total 49 34 44 29 17 30

perpendicular secondary trails located at 0 m, 3 km and 5 km (Fig. 1). Each 5 km-long
trail contains six plots every 1 km consisting of a central line 250 m in length that follows
the isocline to minimize environmental variation within the set of trails of the study site,
according to RAPELD methods (Magnusson et al. 2005), where the environmental data
described above were measured.

Data collection

Coloration and morphometric data were taken from adult specimens of each sex captured
in the field between October and November 2012 and July and October 2013 (Table 2). At
each RAPELD/PPBio site, 10 mist nets (12 x 2.5 m) were set up in four randomly
selected plots (a total of 40 nets per site), open between 6 am and noon, for two con-
secutive days. For the three focal species, we collected up to five adult individuals of each
sex at each site, totaling 195 individuals, which were prepared as voucher specimens
(skins) and deposited at the bird collection of the Instituto Nacional de Pesquisas da
Amazonia (INPA). Age and sex were first assessed through inspection of definitive plu-
mage patterns (coloration for males and formative plumage for females, Ryder and Duraes
2005; Johnson et al. 2011) and were confirmed during skin preparation through verification
of gonads, skull ossification and bursa. When captures at a study site exceeded five adult
individuals of each sex for a species, a screening procedure was performed to age and sex
birds as described above, and feathers were removed from each body patch for which
coloration would be measured (see details below). Birds were then banded with standard
metallic bands from CEMAVE (National Research Center for Conservation of Wild Birds)
and released. FHTA took all measurements in the field and prepared skins and feathers for
reflectance analyses.
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Color analysis

We obtained color spectra from all feathers collected during fieldwork (i.e., from collected
specimens or from feathers of released individuals) and from specimens belonging to the
bird collections at Instituto Nacional de Pesquisas da Amazonia (INPA) and Museu
Paraense Emilio Goeldi (MPEG) collected at the study plots. We used an Ocean Optics
USB-2000 UV-VIS spectrophotometer connected to a cosine corrected probe (R400-2
UV-VIS) and a PX2 pulsed Xenon light source to measure spectra on nine plumage
patches (i.e., a plumage region irrespective to presenting distinct coloration patterns from
adjacent regions): crown, neck, chest, belly, back, rump, remiges, greater wing coverts and
rectrices. Individuals of G. salvini and W. poecilinotus have patches within male rectrices
(white and brown bars in males and females, respectively, of G. salvini and white spots in
W. poecilinotus), and thus measurements from these spots were also included for each
species. As the primary objectives of this study do not include comparisons among species,
such inclusions do not invalidate the results. Each measurement recorded was the average
of ten individual readings of the same point in a plumage patch using an integration time of
20 ms and a zero boxcar correction. For G. salvini and W. poecilinotus, we analyzed
spectra between 300 and 700 nm, corresponding to the visual range commonly associated
with birds, including the ultra-violet region (Cuthill 2006; Mullen and Pohland 2007). For
L. coronata, we analyzed the spectra between 400 and 700 nm corresponding to the range
of maximum visual sensitivity associated with the family Pipridae, which are typically
sensitive to the violet region (Odeen and Hastad 2013). The same investigator (FHTA)
measured all color spectra (figure S1).

We visualized and manipulated spectral data in Avicol (Gémez 2006) and derived color
metrics using PAVO (Maia et al. 2013a) implemented in (R Development Core Team
2013). We estimated the coloration pattern of each bird species for each of the 11 study
sites using 9 metrics to describe color parameters corresponding to hue (the peak location
of the color spectrum), saturation (the color purity) and one metric that describes brightness
(the intensity of a color spectra) (table S1), for all analyzed patches. We included the
colorimetric variables of each plumage area into two PCAs for each species and sex
separately. The first PCA was intended to reduce multidimensionality of the group of
variables related to hue and saturation, whereas the second analysis included only the
variable for absolute brilliance.

In the first PCA, we analyzed metrics for each of the color patches (9 or 10 patches),
generating matrices with 81 (for L. coronata) or 90 colorimetric variables (for G. salvini
and W. poecilinotus) in total. Because PCA analyses with numerous variables can generate
many axes, each explaining only a small portion of the observed variation, we applied a
scaling procedure to select variables, initially including 81 or 90 variables in the PCA,
from which we selected the 10 variables most associated with the first two axes (at least
25% of the explained variation). Then, we inserted these ten variables into a second PCA
and used the first two axes of greatest variation in color, which explained between 75 and
95% of the cumulative variation in the datasets for each species and sex as the dependent
variable in the statistical analyses described below. Spots in the crown of G. salvini males
were very dark with a percentage average brightness below 2%. These were therefore
excluded from the analysis of hue and saturation and were used only in the analysis of
brightness.

Because we are estimating variation in visual signals whose perception relies on specific
properties of visual systems, it is important to consider thresholds of discrimination among
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signals produced at the compared sampling localities. Therefore, to account for discrim-
inatory power of the coloration patterns quantified here, we calculated, for each patch,
average pairwise perceptual distances (DS) in a tetrachromatic color space including all
individuals per locality to estimate DS values among localities, according to the Vorobyev
and Osorio (1998) receptor noise visual model. DS is expressed in terms of just noticeable
differences (jnds), and values larger than 2 jnds are considered to represent significant
color discrimination (see Vorobyev and Osorio 1998; Vorobyev et al. 2001). In addition to
DS, we also estimated DL, which refers to differences in brightness among stimuli, cal-
culated from the signal at receptors sensitive to large wavelengths (Siddiqi et al. 2004).
Both DS and DL were estimated proportional to one jnd in PAVO (Maia et al. 2013a). For
a given patch, we first estimated pairwise coloration distances (DS and DL) for each pair of
individuals from two different localities (i.e., one individual from each locality) and then
averaged this result to represent the average pairwise distance between any two localities,
and repeated this for all locality pairs. Finally, we averaged DS and DL values among pairs
for each pairwise comparison among localities. Thus, our DS and DL values represent
distances in coloration averaged among patches.

Morphometric analyses

We took the following morphometric measurements from individuals of each focal spe-
cies: bill length (from the bill tip to the nasal-frontal hinge), bill height (at the proximate
edge of the nostrils), bill width (at the proximate edge of the nostrils), tarsus length (from
the tibio-tarsus joint to the distal end of the tarso-metatarsus), wing length (from the carpal
joint to the tip of the longest primary feather), and tail length (from the uropygium to the
tip of the central rectrices). We measured beak length, height and width and tarsus length
using a 0.1 mm-unit dial caliper and wing length and tail length using a 1 mm-unit flat
ruler. All morphometrics measurements were taken by the same researcher (FHTA). We
tested whether morphometric variation among individuals was significantly larger than the
measurement error following recommendations in Harris and Smith (2009). For this, we
conducted a one-way Analysis of Variance (ANOVA) for each morphometric character of
each species to assess the significance of morphometric variation among individuals in
relation to measurement error, for a total of 12 ANOVA tests (see Sokal and Rohlf 1995).
We included individuals as a random factor and repeated measures of the morphometric
character nested within individuals. The ANOVA tests were all significant, indicating that
the variation within individuals was lower than that among individuals (L. coronata:
Df = 34, F value = 6.3-6.7; P < 0.05; W. poecilinotus: Df = 64, F value = 3.8-9.8,
P < 0.05; G. salvini: Df = 57, F value = 5.1-7.7, P < 0.05). Thus, any observed variation
in further tests should not be attributed to measurement error.

We reduced the multidimensionality of the morphometric variables using PCA for all
individuals within species and tested the significance of sexual dimorphism for each
species with ANOVA tests. Because morphometrics were sexually monomorphic for all
species, we analyzed the morphometric dataset with all individuals together and used the
first two axes of greatest variation in variable response in the statistical analyses described
below.

We also assessed the degree of correspondence between color, brightness and mor-
phometrics through cross-correlations between the scores of the first two PCA axes of
color, brightness and morphometrics variables for each species and sex separately. As the
data were normally distributed, we applied a parametric correlation test. We used a Pearson
Correlation and the Cross-correlation method (Ranta et al. 1998). Because the only
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significant cross-correlations were between color and morphometric datasets of females for
both G. salvini and W. poecilinotus (r = 0.69, P = 0.026 and r = — 0.66, P = 0.05;
respectively), we ran statistical analyses for all datasets separately.

Phenotypic variation

We ran ANOVA tests for color, brightness and morphometrics data for each species across
study sites to evaluate the extent of phenotypic variation along the studied transect. We
considered the significance of the test to determine whether there was significant geo-
graphic variation (i.e., whether inter-population variation was greater than intra-population
variation).

We calculated means and standard deviations of color and morphometric data for each
species in each site as well to evaluate the extent of phenotypic variation along the studied
transect. We considered non-overlapping 95% confidence intervals as significant geo-
graphic variation.

Predictor variables

To characterize the environmental variation among the 11 study sites along the Purus—
Madeira interfluvium, we used three environmental variables previously measured at the
same transects where the birds were captured for the present study. The database used is
available in the PPBio data repository (see metadata: http://ppbio.inpa.gov.br). The envi-
ronmental variables tested replace a set of local environmental factors and represent dif-
ferences present across the sampling localities (study sites). We used the following
environmental variables: (1) density of the ten most abundant palm species in the Purus—
Madeira interfluvium; (2) palm and tree basal area (m2 ha_l) and density (n ha_l) of plants
with diameter above 10 cm and (3) species composition in the assemblage of avian species.

We used the latitudinal geographic coordinates for each site to represent geographic
distances among study sites since the difference between latitudes of two locations results
in the geographical distance between them. Next, we reduced the dimensionality of each of
the compounded variables (1—density of palm trees and 3—bird community) separately
and tested the cross-correlation among the four environmental variables described above.
Thus, as basal area of trees was correlated with the variable density of palm trees
(r = 0.83, p < 0.01), we chose to keep only the variables bird community and palm and
tree basal area in subsequent analyses because we believe that these variables are more
directly associated with the biology of the studied species. Bird community may indicate
interactions between species and can promote divergence of eco-morphological traits and
sexual signals such as coloration, besides indicating environmental differences, whereas
tree basal area can represent obstruction to movement in the forest and may thus affect
morphometric traits associated with flight performance and could affect visual commu-
nication and, as such, bird coloration.

Finally, we tested for the level of spatial autocorrelation in the study region. We used a
correlation test between palm and tree basal area and latitude, and considered the findings
from Menger (2011), which had already indicated low spatial autocorrelation between bird
community and geographic distance along the Purus—Madeira interfluvium. We found a
poor correlation between palm and tree basal area with latitude (r = — 0.18, p = 0.84).
Such a result further strengthens the evidence for low spatial autocorrelation along the
study region.
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Relationship between phenotypes and the environment and geography

We built generalized linear models (GLM) to assess whether the phenotype of the bird
species studied varies along the Purus—Madeira interfluvium and how this is related to
environmental heterogeneity or geographic distance among the study sites. Using this, we
related the first two PCA axes for phenotypic variables (color, brightness or morphomet-
rics) with environmental variables and geographic distances among study sites. All vari-
ables were Z-transformed to avoid bias from the variable values themselves in the results.
Altogether, we generated three groups of models: one for color metrics (hue and satura-
tion), one for brightness and one for morphometrics, with models generated for each
explanatory variable (environmental and geographical) and all possible combinations,
totaling seven models in addition to the null model (a constant model). Subsequently, we
used the Akaike Information Criterion (Akaike 1973), corrected for the effect of small
sample sizes and number of parameters (AICc; Burnham and Anderson 2002), for choosing
the most parsimonious models (i.e., those that “best” explain the phenotypic variation).
We consider model sets with the lowest relative AICc value (i.e., DAICc = 0) the best,
and models with a DAICc < 2 equally plausible (Burnham and Anderson 2002). We also
estimated Akaike weights (wi), which correspond to the proportion of support received by
a model relative to the total support of all models and the model evidence ratio (ER) to
estimate how likely the best model is compared to the constant (no-effect or null) model.
We performed all statistical analyses using R 3.0.3 (R Development Core Team 2013).

Results
Phenotypic variation among sites

Approximately half of the cases analyzed (each species for both sexes and all characters)
showed intraspecific morphological variation (Table 3, p < 0.05, F > 2.62 for all signif-
icant comparisons). Considering that the percentage of significant comparisons approaches
50% (9/15 comparisons were significant, or 60%), we applied the BH method of correction
(Benjamini—-Hochberg, which is the default FDR in the statistical package R) to control for
false positives (Benjamini and Hochberg 1995) in R. After applying this method, all our
comparisons remained significant.

Coloration (color and brightness) varied relatively more among localities than mor-
phometrics for the three studied species: males and females of G. salvini showed variation
only in color and brightness, whereas in W. poecilinotus males presented variation in color
and brightness but females presented variation only in brightness, and this was the only
species presenting variation in morphometrics. Males of L. coronata, on the other hand,
showed variation only in plumage color but not in brightness among localities (Figs. 2 and
3), whereas females did not show variation in coloration (color or brightness).

In general, differences in coloration were more discernable for birds (taking into
account the threshold of 2.0 jnds) as geographic distance among populations increased,
with a few cases of variation in coloration not discernable for birds between neighboring
populations. For Thamnophlids, most statistically significant differences in coloration
between localities farther apart were above the threshold of bird visual discrimination (DS
and DL values > 2.0 jnds for color and brightness, respectively), whereas some of the
statistically significant comparisons between neighboring localities were below the
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Table 3 Geographic variation in color, brightness and morphometrics of the studied taxa based on
ANOVA results and effects of geographic distance and environmental heterogeneity based on the GLM
models; Yes = p < 0.05; DS > 2.0 jnds for color/brightness comparisons; F > 2.62; 2 < df < 5; BC) Bird
community; BA) Palm and tree basal area. Morphometric data for males and females were analyzed together

Species Effect Male Female Male + Female
Color Brightness Color Brightness Morphometrics
G. salvini Variation Yes Yes Yes Yes No
Geographic distance No Yes No Yes NA
Environmental Yes (BA Yes (BC) No No NA
heterogeneity and BC)
W. poecilinotus Variation Yes Yes No Yes Yes
Geographic distance No Yes NA Yes Yes
Environmental No Yes (BC) NA Yes (BA) No
heterogeneity
L. coronata Variation Yes No No No No
Geographic distance Yes NA NA NA NA
Environmental Yes (BA NA NA NA NA
heterogeneity and BC)

All color/brightness comparisons considered significant take into consideration the threshold of 2.0 jnds

threshold of bird visual discrimination. For males of L. coronata, most pairwise compar-
isons among localities were above 2.0 jnds for DS values, although differences in col-
oration were frequently small between nearby localities.

For all three species, the coloration metrics that varied the most among localities were
those describing the saturation of a plumage patch (S1 variable, tables S1 and S2) at
different wavelengths (UV, violet, green, blue, etc.). Morphometrics varied only in beak
width and tail length in W. poecilinotus. Variation among localities was not significant for
any other trait (Table 3 and Figs. 2, 3 and 4).

Color, brightness and morphometrics varied independently among localities. For
example, morphometric characters of G. salvini differed between sites 7 and 9, while
brightness and saturation did not vary between them, though they varied among other study
sites. Males of L. coronata in definitive plumage showed one phenotypic break in plumage
color along the studied transect between study sites 3 and 7 (Fig. 2), so that males in the
northern part of the interfluvium were mostly black (sites 1 and 2), while those in the
extreme south were mostly green (sites 10 and 11).

Effects of environment and geographic location on coloration

We found effects of geographic distance and environment in explaining differences in
coloration across populations (Tables 3, S3 and S4). Environmental variables explained the
greatest variation in color (particularly in males) and geographic distance on brightness. In
females, brightness was the only metric affected by the tested predictor variables and was
explained only by geographic distance. We more frequently observed effects of tree basal
area on color variation, whereas bird community explained variation in color and bright-
ness. Lastly, environment and geographic distance did not explain two of the eight cases of
variation in coloration among populations.
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Fig. 2 Geographic variation in saturation in a Gymnopithys salvini, b Willisornis poecilinotus and
¢ Lepidothrix coronata among localities within the Purus—Madeira interfluvium (M1-11). Boxes around the
median represent the standard deviation, and bars above boxes represent the 95% confidence intervals. See
Appendix S1 in Supplementary Material and table S2 for interpretation of PCA scores

Patterns of variation in color and brightness were different among species, and between
sexes. In males of G. salvini, variation in color (saturation metrics) was better explained by
both bird community and palm and tree basal area (GLM, wi = 0.35); the relationship was
negative for bird community and positive for palm and tree basal area (Table 3 and S3;
Fig. 5). However, variation in brightness among study sites in males of G. salvini was best
explained by bird community and geographical distance among sites (GLM, wi = 0.30)
(Tables 3 and S4). Geographic variation in color in females of G. salvini (metrics of
saturation) was explained neither by geographical distance nor by environmental variation,
and the null model (i.e., no variation or random variation not explained by tested variables)
explained the observed data (GLM, wi = 0.40) (Tables 3 and S3). The variation in
brightness in females of G. salvini was better explained by geographic distance, and this
relationship was negative (GLM, i = 0.29) (Tables 3 and S4, Fig. 6). In male W. poe-
cilinotus, the null model best explained color variation among sites (GLM, wi = 0.30)
(Tables 3 and S3). A model combining the effects of the bird community and geographic
distance best explained the variation in brightness in this species (GLM, wi = 0.43), and
their effects were negative in both cases (Tables 3 and S4, Fig. 6). In female W. poe-
cilinotus, the variation in brightness was most closely related to palm and tree basal area
and geographical distance (GLM, oi = 0.30), and the relationships were both positive
(Tables 3 and S4, Fig. 6). Finally, variation in color (hue and saturation) in L. coronata
males was best explained by a full additive model combining the effects of all explanatory
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Fig. 3 Geographic variation in brightness in a G. salvini, b W. poecilinotus and ¢ L. coronata among
localities. Boxes around the median represent the standard deviation, and bars above boxes represent the
95% confidence intervals. See Appendix S1 in Supplementary Material and table S2 for interpretation of
PCA scores

variables (bird community, palm and tree basal area and latitude) (GLM, wi = 0.73)
(Tables 3 and S3; Fig. 5).

Effects of environment and geographic location on morphometrics

Because we found variation in morphometrics among locations only in W. poecilinotus, we
tested the relationship between morphometrics and environmental heterogeneity and/or
geographical distance (latitude) only for this species and found that morphometric varia-
tion in W. poecilinotus was best explained by geographical distance (GLM, oi = 0.52)
(Tables 3 and SS5; Fig. 7).

Discussion

Our findings indicate that morphological traits of the three studied species vary along the
Purus—Madeira. The relevance of the observed variation for the visual systems of the
studied species indicates that most of the differences within variable plumage traits (color
and brightness) would be perceived as different by birds from different localities, partic-
ularly more distant localities. Thus, our results show differences in plumage coloration that
are not only statistically significant but also biologically meaningful. The variation in color
that could be perceived by the human eye differed from the variation modeled considering
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Fig. 4 Geographic variation in
morphometrics in a G. salvini,
b W. poecilinotus and ¢ L.
coronata among localities. Boxes
around the median represent the
standard deviation, and bars
above boxes represent the 95%
confidence intervals. See
Appendix S2 in Supplementary
Material and table S2 for
interpretation of PCA scores
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the visual systems of the studied birds. L. coronata males in definitive plumage in the
northern part of the interfluvium are predominantly black, those in the extreme south are
green and central populations present a plumage color intermediate between black and
green, which is suggestive of clinal variation for males of L. coronata along the study
region, despite the more abrupt break observed in our analysis.

The lack of male samples in definitive plumage for sites 4-6 may have prevented us
from obtaining a more gradual change between sites 3 and 7. Thus, our results indicate
subtler changes between sites 1 and 3 and between sites 7 and 11 (Fig. 2). Although the
geographic variation in male plumage of L. coronata across its range has been previously
documented (Cheviron et al. 2005; Ancides et al. 2009), this is the first quantitative
assessment of such variation. It is also the first study to suggest a phenotypic break in male
plumage color among populations of this species within an interfluvium where there is no
obvious influence of rivers or other barriers to gene flow, indicating the effect of other
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mechanisms in driving the observed colorations. The suggestive clinal variation pointed to
by our data is nevertheless intriguing, given the relatively reduced geographic extant of our
study, as it indicates that these populations are at least partially isolated by distance,
suggesting that alternative mechanisms, such as secondary contact between populations
that diverged outside the interfluvium should be considered.

According to our results, environmental heterogeneity and stochastic factors explain
equally well the morphological variation among populations of the studied species within
the Purus—Madeira interfluvium. While color was better explained by environmental
heterogeneity, plumage brightness within thamnophilids also varied with geographic dis-
tance, which alone explained the only case of variation in morphometrics. These results
indicate that coloration, particularly plumage brightness, is more labile than morphometric
traits and that plumage color might be driven mostly by adaptation to local environments,
whereas plumage brightness is also under the effects of neutral drift in the absence of
strong barriers to gene flow among populations. In both cases, accumulated differences
were expressed as phenotypic divergence (e.g., Wang and Shaffer 2008). The results by
Naka et al. (2012) also implied roles of both natural selection and neutral drift in the
phenotypic and phylogenetic diversification among Amazonian birds from the Rio Branco—
Negro interfluvium. These results, along with ours, provide compelling evidence that
environmental heterogeneity and geographical distances within an interfluvium can be
enough to influence the diversification of phenotypes among Amazonian birds and may,
therefore, have further implications for taxonomic diversification, affecting, e.g., specia-
tion rates through the origin or reinforcement of reproductive isolation (Uy et al. 2008;
Wang and Summers 2010; Maia et al. 2013b).

Higher frequencies of association between male coloration and the environment suggest
roles of natural and sexual selection on the expression of these phenotypes. Tree basal area
frequently affected color traits, suggesting its role in the transmission and perception of the
studied visual signals. This finding further indicates that color variation among the studied
populations might be mediated by natural selection for crypsis and sexual selection for
conspicuity through the sensory drive mechanism, which has previously been invoked in
the context of the evolution of plumage coloration in birds (Gomez and Théry 2004; Heindl
and Winkler 2003a, b; Uy and Endler 2004; but see Ancides and Prum 2008). The variation
in palm and tree basal area along the Purus—Madeira interfluvium may therefore have led to
variation in light environments available to birds and, as such, affected the diversification
of plumage coloration among the studied populations in order to favor detection or con-
cealment in their habitats.

Body plumages of L. coronata males varied from greener to bluer-black as the scores of
the first axis of the color PCA increased (see Appendix S1 in Supplementary Material).
Because green plumages are brighter than blueish-black ones, variation in male body
plumages among the studied populations might result from adaptation for brightness
contrast to the darker and lighter environments, respectively, corroborating previous
findings on the role of brightness contrast in the evolution of plumage coloration in birds
(Marchetti 1993, but see McNaught and Owens 2002; Zahavi and Zahavi 1997). The
typical male blue-crown, however, contributed little to the variation in male plumage color
among populations of this species. While this might indicate strong stabilizing sexual
selection and developmental constraints associated with structural colors (Andersson
1999, 2000), it is important to consider that males may maximize the conspicuousness of
their blue-crowns behaviorally by selecting light environments or specific backgrounds to
display, similar to other species of manakins (Heindl and Winkler 2003b; Uy and Endler
2004; Uy and Stein 2007; Ancides and Prum 2008). Therefore, the lack of variability
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among populations in this trait might be due to the gain in conspicuousness through
individual microhabitat selection in local populations, thus reducing the advantages to
adapt to different habitat conditions among localities.

The associations between coloration and basal area of palms and trees among tham-
nophilids are also suggestive of selective advantages for conspicuousness, as in G. salvini
males, or crypsis, as in W. poecilinotus females. Plumages of G. salvini males from
populations inhabiting more closed forests were more reflective in the ultraviolet. Light
environments of closed forests are relatively poor in ultraviolet light (Endler 1990, 1993),
suggesting that color contrast between male plumages and their background habitats were
maximized among the studied populations in this species (e.g., Endler and Théry 1996;
McNaught and Owens 2002; Uy and Stein 2007). Likewise, males of this species with
darker plumages were sampled in more open habitats, and lighter plumages in darker
habitats, suggesting a role of brightness contrast in the observed variation in plumage
among the studied populations of this species (e.g., Marchetti 1993). In W. poecilinotus,
female plumages were darker within more closed habitats, whereas lighter plumages were
observed in more open forests, suggesting adaptation for crypsis or longer distance com-
munication in more open vegetation (Zahavi and Zahavi 1997).

Our results showed that changes in the composition of local bird communities are also
related to changes in coloration of male plumages in the three studied species. Bird
communities might suggest that biotic and abiotic environments change among locations,
which may result in different selective pressures acting on the conspicuity of visual signals.
Although we do not have direct measures for interactions among species (i.e., competition
or predation), species turnover might exert selective pressures acting on evolution of
plumage coloration into signal space, particularly on brightness, to, e.g., maximize long
distance detection (Marchetti 1993; Zahavi and Zahavi 1997) or enhance crypsis while
individuals are in movement or displaying for conspecifics (Endler 1991; Gotmark 1993).
Likewise, bird communities might reflect additional environmental variation not assessed
by our direct measures of habitat, which, nevertheless, suggests habitat effects on the
studied plumages.

A higher frequency of variation in coloration among populations of males than females,
in addition to more frequent relationships between coloration of male populations and
environmental heterogeneity, indicates that visual signals are more variable among males
than females in dichromatic species and that males respond to a greater variety of eco-
logical pressures (e.g., predator and competitor communities or adaptive mating prefer-
ences) than females. In dichromatic bird species, females are usually duller than males
(Peterson 1996; Owens and Hartley 1998; Badyaev and Hill 2003) and engage in nesting
activities and parental care either alone (in lek polygyny such as in L. coronata) or shared
with males (in monogamy such as in thamnophilids) and, as such, the lack of variation in
female coloration observed among populations in our study suggests that they are sub-
jected to strong stabilizing selection for crypsis. Correlated variation between male plu-
mages and the environment, on the other hand, suggests divergent selection driven by
adaptive female preferences favoring conspicuity (Endler and Basolo 1998) in L. coronata
and G. salvini, which might be counteracted by effects of biotic interactions, favoring
crypsis or other changes to improve male fitness in local communities. In fact, natural and
sexual selection interact and produce phenotypes of reduced adaptive value for males, such
as conspicuous displays that attract predators (Fisher 1930; Prum 2010, 2012). These
conclusions are supported by additional evidence that males are easier to detect from a
distance than females, even individuals with black and white plumage, which might seem
not to be sexually selected (Gotmark 1993; Lundberg and Alatalo 1992), as in W.
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poecilinotus from our study. In this species, variation in color was better explained by a
null model predicting that variation would not be explained by any tested alternatives, thus
corroborating predictions of the null model of sexual selection by arbitrary preferences
(Prum 2010, 2012), while variation in brightness indicated partial effects of both isolation
by distance (non-adaptive variation) and responses to local communities. Considering that
this species is the least dichromatic in our study, such findings are consistent with
expectations of weaker sexual selection acting on brightness in this species when compared
to the other two from our study.

The low variability of morphometric traits observed in our study might be explained by
the small number of species studied and by the intrinsic low variability of morphological
traits, which are usually maintained by ecological selection, when compared to sexually
selected traits (Seddon et al. 2013; Martin and Mendelson 2014). Nevertheless, it is
interesting that drift alone may cause variation in body size along a latitudinal gradient
within a species range (W. poecilinotus), which corroborates theoretical work suggesting
that incipient divergence between populations might result from random accumulation of
phenotypic differences and that adaptation to new ecological conditions (i.e., ecological
specialization) may evolve later within populations (see Schluter 2009) and could lead to
the split between ecologically divergent lineages (Schluter 1998, 2001; Price 2008). Thus,
the observed patterns of ecomorphological variation among species (e.g., Schulenberg
1983, on Amazonian species of Thamnomanes, Thamnophilidae) and the diversifying force
attributed to niche shifts acting on morphological divergence and reproductive isolation
(e.g., Ribeiro et al. 2014, on the non-Amazonian bird species Cercotrichas signata) might
be anticipated by pre-existing phenotypic variation arising by random drift if populations
are interconnected by relatively low levels of gene flow (see Wright 1931), as in those
isolated by distance. The absence of habitat effects on the morphometric variation
observed in our study might be due to a lack of specificity of biotic variables that could
account for the variation in morphometrics observed among populations of W.
poecilinotus.

In conclusion, our results show intraspecific phenotypic variation for the three studied
species within one interfluvium in the Amazon where, at least for birds, the presence of
barriers to gene flow is limited when compared to multiple interfluvial areas. Geographical
distances combined with the effects of environmental heterogeneity within the interfluvium
were enough to explain divergence among populations in the studied traits. While col-
oration was more labile than morphometrics, it was subjected mostly to the forces of both
ecological and sexual selection; yet, neutral drift partially explained variation in coloration,
particularly in brightness, and was the only mechanism underlying the observed variation
in morphometrics. However, our data do not support the notion that morphometric traits
are adapted to local environments, at least not among populations within a species. Fur-
thermore, different phenotypic traits within a given species and sex seem to respond
independently to different evolutionary mechanisms, being more variable and correlated
with environmental variables among males than females, suggesting stronger effects of
sexual selection acting on males. Finally, the intraspecific variation and mechanisms
discussed with respect to our data highlight possible evolutionary forces acting during
speciation.
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