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R. S. MARCONDES AND R. T. BRUMFIELD

of Natural Science; the remaining 20% are from 10 other collec-

tions (Table S1). These specimens include representatives of 367

out of 407 (90%) terminal taxa in the monochromatic clade, and

219 out of 253 (87%) terminal taxa in the dichromatic clade. Taxa

for which we were unable to obtain reflectance data were pruned

from the phylogeny and excluded from all subsequent analyses.

All measurements were taken with an Ocean Optics

USB2000 spectrophotometer coupled with a bifurcating optical

fiber probe to an Ocean Optics PX-2 pulsed xenon light source.

The probe tip was fitted with a modified black rubber stopper to

exclude ambient light. The measurement angle was 90 degrees

and the distance from the tip of the probe to the surface of the

specimen was 12 mm.

Following the recommendation by Dalrymple et al. (2015),

we aimed to measure four males and four females of each species.

However, because we were often unable to locate enough spec-

imens in acceptable condition, the mean number of specimens

measured was 4.8 for each species in the monochromatic clade,

and 2.9 females and 3.2 males for each species in the dichromatic

clade. We sought to measure specimens with plumage in optimal

condition. Considering that feathers start to show significant

changes in relation to life color approximately 50 years after

collection (Armenta et al. 2008), we strived to avoid specimens

collected prior to 1965.

We measured reflectance from seven plumage patches:

crown, back, rump, dorsal surface of the tail, belly, breast, and

throat. We took three to five replicate readings from each patch

in each specimen, moving the probe slightly between replicates.

We acknowledge that these seven patches may not capture the full

complexity of color exhibited by birds in our study system, but

they encapsulate enough variation for our purposes because (1)

many, if not most, birds in this group are colored quite homoge-

nously, often entirely in essentially the same color; (2) distinctly

colored patches not measured by us tend to be small or con-

cealed; and (3) our objective is to understand the evolution of

overall brightness in broad plumage regions (ventral and dorsal),

not brightness of particular patches.

We processed reflectance data in the R package pavo (Maia

et al. 2013a). After importing the data into R, we used the pavo

function procspec to correct artifactual negative reflectance val-

ues and to smooth spectra using a smoothing parameter between

0.2 and 0.4. Then, we averaged replicate spectra taken from each

plumage patch to obtain one mean spectrum per patch per spec-

imen. From those mean spectra, we calculated brightness as the

mean percentage reflectance across all wavelengths (variable B2

in pavo), and then averaged it across individuals to obtain one

mean value per patch per species in the monochromatic clade and

one mean value per patch per sex per species in the dichromatic

clade. All brightness values were arcsin-transformed at this stage.

We divided plumage patches into a dorsal (crown, back,

rump, and tail) and a ventral set (throat, breast, and belly), and

ran phylogenetic principal component analysis (pPCA, Revell

2009) on mean species brightness in each set. We used the func-

tion phyl.pca in phytools (Revell 2012), assumed a lambda model

for the correlation structure of the data, and used the covariance

matrix. To facilitate biological interpretability, in our main analy-

ses, we retained only the first phylogenetic principal component

(pPC1), because all traits always loaded onto that component in

the same direction. We present analyses on minor principal com-

ponents as Supplementary Results. When trait loadings into pPC1

were negative, we inverted the signal of pPC1, so that greater val-

ues always represent brighter colors, as in the natural brightness

scale.

All subsequent analyses were replicated on three datasets

(monochromatic clade, males of the dichromatic clade, and fe-

males of the dichromatic clade) and on two variables from each

dataset (dorsal pPC1 and ventral pPC1, hereafter referred to as

dorsal brightness and ventral brightness). Because completely

discarding the possibility of cryptic sexual dichromatism in our

“monochromatic” clade remains to some extent an untested as-

sumption, we also ran analyses on each sex of that clade sepa-

rately, which we present as part of the Supplementary Result.

We included within-species variation, or measurement er-

ror (Ives et al. 2007), in all downstream model-fitting analyses,

except for the bounded Brownian Motion model (see below).

We used a custom R function written by Jonathan Drury (avail-

able at http://github.com/jonathanpdrury/pPC.predict) to project

individual-level data onto phylogenetic principal components cal-

culated from species-level data, and then calculated measurement

error as the standard error of the mean of the individual-level

principal components for each species. For species for which we

measured only one specimen, we assigned the mean standard error

of all species in their dataset, following Claramunt et al. (2012).

The visual system of birds differs from that of humans in

many ways, for example, in that birds have four types of cones

in their retinas instead of three (Gill 2007). Therefore, recent

studies of bird color have used reflectance data to model color

as seen by birds themselves, instead of relying on human vision

or on raw reflectance spectra (Stoddard and Prum 2008, 2011;

Maia and White 2018). However, for two reasons, we did not

use visual models. First, because we are interested in selective

pressures arising from both intra (e.g., mating) as well as inter-

specific (e.g., predation) interactions, we wanted to avoid making

assumptions about the various visual systems of the multitude of

animal species that birds may potentially interact with. Second,

most visual models are designed to represent chromatic variation

(e.g., red vs. green, blue vs. yellow etc.), and they do not account

well for achromatic (brightness) variation (Vorobyev et al. 1998;
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Stoddard and Prum 2011), which is the main axis of variation in

our dataset.

HABITAT DATA AND ANCESTRAL STATE

RECONSTRUCTION

We used preferred habitats as a proxy for light environments. Fol-

lowing Endler’s (1993) classification of light environments, we

assigned each species to one of three habitat types: forest inte-

rior, nonforest, and intermediate. Forest interior corresponds to

Endler’s forest shade light environment and includes species that

occupy primarily the dimly lit middle and lower strata of any type

of temperate or tropical rainforests. The nonforest habitat cate-

gory, corresponding to Endler’s open light environment, includes

all species that inhabit scrub, savannas, grasslands, marshes,

beaches, and other open habitats. The intermediate habitat cate-

gory corresponds to Endler’s small gaps and woodland shade light

environments. We assigned it to species that inhabit the edges and

canopy of rainforests, which are more intensely sunlit than the

forest interior, as well as to species of any strata of Neotropical

dry forests, because trees in these forests lose all their leaves in

the dry season, creating a seasonally variable light environment.

We collated habitat data from Stotz et al. (1996), supplemented

by Del Hoyo et al. (2003) and Ridgely and Tudor (2009). In cases

where species were said to use more than one habitat type, we

considered only the one used most often.

To assign a habitat type to each node in our phylogenetic

trees, as required by the model-based analyses of brightness evo-

lution (see below), we performed ancestral character estimation

in a maximum-likelihood framework implemented in the func-

tion ace in the R package ape (Paradis et al. 2004), using an

all-rates-different model with unordered character states.

We recognize that our categorization of light environments

is crude and conservative. The light environments experienced

by birds in their natural habitats are probably much more fine

grained than our categories. For instance, among taxa assigned

to our “forest interior” category, there are species specialized

in such different microhabitats as bamboo stands, vine tangles,

and treefall gaps. In addition, some spend most of their time on

vegetation several meters above the ground, whereas others al-

most exclusively dwell on the forest floor (Del Hoyo et al. 2003).

These locales are likely to have subtly different light environ-

ments. Furthermore, even within their specialiazed microhabi-

tats, some birds are known to occupy light environments non-

randomly depending on the behavior they are performing, such

as demonstrated by Endler and Théry (1996) for lekking man-

akins. Nevertheless, we used crude light environment categories

because detailed and quantitative microhabitat data are unavail-

able for most bird species. In addition, attempting a finer scheme

based on qualitative information would entail making assump-

tions about limits between categories that would necessarily be

arbitrary and difficult to follow consistently, adding uncertainty

and error to our comparative analyses. In preliminary analyses,

we attempted a categorization into lower, middle, and upper forest

strata, but the reconstruction of those categories on the phylogeny

had a much poorer likelihood than that of the scheme with coarser

categories.

MODEL-BASED ANALYSES OF BRIGHTNESS

EVOLUTION

We used Brownian Motion (BM) and Ornstein–Uhlenbeck (OU)

models (Felsenstein 1985; Hansen 1997; Butler and King 2004;

Beaulieu et al. 2012) to examine how brightness macroevolution

differs across light environments, plumage regions, and lineages.

Under BM models, trait values evolve freely in any direction and

the rate of evolution is governed by a single parameter, sigma-

square. Under OU models, trait evolution is controlled by two

components: a nondirectional BM component and a directional

component under which trait values are pulled to an optimum

(parameter theta) at a rate proportional to a pull parameter alpha.

When alpha equals zero, OU reduces to BM.

In the R package OUwie (Beaulieu et al. 2012), we fit the

following models to each trait in each clade: (1) a simple Brow-

nian Motion model (BM1) with constant sigma-square across

the phylogeny, (2) a multiple-rate Brownian Motion (BMS), in

which sigma-square assumes a different value for each regime

(light environment) mapped on the phylogeny, (3) a simple OU

model (OU1) with a constant optimum, and (4) an OUM model, in

which the trait has a separate optimum (theta) for each light envi-

ronment. OUwie also implements more complex models in which

alpha and sigma-square can also vary across regimes (OUMV and

OUMVA), but we did not fit them because preliminary analyses

showed that our dataset lacks statistical power to properly opti-

mize the parameters in those models. Finally, because brightness,

being a proportion, has hard limits on the values it can assume

(0% reflectance and 100% reflectance), we also fit a Bounded

Brownian Motion model (BBM; Boucher and Démery 2016), in

which trait values can vary only within a pair of bounds, which

we set a priori. We assessed relative fit of all models using small

sample size-corrected Akaike information criteria (AICc).

We were interested in how model fit as well as parameter

estimates differed across body regions, light environments, sexes,

and clades (monochromatic or dichromatic). Greater support for

OUM and BMS models compared to BM1 and OU1 would indi-

cate that the direction or rate of brightness evolution, respectively,

depend on light environments, whereas support for BM1 and OU1

would indicate similar brightness evolution regardless of light en-

vironments. The optimum parameters of OUM models (theta) can

also indicate how the direction of evolution differs across light

environments. Lower optimum estimates in dark (forest) habitats

compared to bright (nonforest) would indicate evolution toward
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