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abstract: Plumage patterns ofmelanerpine (Melanerpes-Sphyrapicus)
woodpeckers are strikingly diverse. Understanding the evolution and
function of this diversity is challenging because of the difficulty of
quantifying plumage patterns. We use a three-dimensional space to
characterize the evolution of melanerpine achromatic plumage pat-
terns. The axes of the space are three pattern features (spatial fre-
quency, orientation, and contrast) quantified using two-dimensional
fast Fourier transformation of museum specimen images. Mapping
plumage in pattern space reveals differences in how species and sub-
clades occupy the space. To quantify these differences, we derive
two new measures of pattern: pattern diversity (diversity across plum-
age patches within a species) and pattern uniqueness (divergence of
patterns from those of other species). We estimate that the mela-
nerpine ancestor had mottled plumage and find that pattern traits
across patches and subclades evolve at different rates. We also find
that smaller species are more likely to display horizontal face pattern-
ing. We promote pattern spaces as powerful tools for investigating
animal pattern evolution.

Keywords: plumage pattern evolution, animal patterns, pattern mor-
phospace, Fourier analysis, melanerpine woodpecker,Melanerpes.

Introduction

Complex spatial patterns in animal integuments serve im-
portant functions in social signaling as well as predator
avoidance (Endler 1983; Ruxton et al. 2004). In birds, com-
plex plumage patterns, such as bars, streaks, and spots, are
created by the regulation ofmelanin deposition both within
and across feathers and are typically composed of black,
brown, and/or white plumage (Prum and Williamson
2002; Galván et al. 2017; Inaba and Chuong 2020). Because
of their multidimensional nature, plumage patterns are dif-
ficult to describe and quantify. A single metric cannot de-
scribe the difference between fine horizontal barring and
coarse spots, for example. For this reason, studies of plum-
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age pattern evolution have historically relied on qualita-
tive judgments by human observers to define and classify
patterns, potentially leading to biased results. Furthermore,
our ability to understand the evolution of plumage patterns
has been stymied by the lack of a quantitative theoretical
framework for analyzing complex spatial patterns (Rosen-
thal 2007; Stoddard and Osorio 2019).
To address this gap, a “pattern space” has been suggested

as a tool for studying animal patterns (Stoddard andOsorio
2019; Mason and Bowie 2020), analogous to color spaces
that are currently used to study animal coloration (Endler
and Mielke 2005; Stoddard and Prum 2008; Kemp et al.
2015; Renoult et al. 2015). In a pattern space, biologically
relevant pattern features, such as spatial frequency, orienta-
tion, and contrast, serve as axes in the multidimensional
space (Stoddard and Osorio 2019). Depending on the ques-
tion and the patterns being analyzed, the space may consist
of fewer or additional pattern dimensions. Pattern spaces
hold promise for advancing our understanding of the ecol-
ogy and evolution of animal patterns because they (1) can
be used to analyze pattern variation and evolution quanti-
tatively within an ecologically relevant framework, (2) en-
able development of novel metrics for analyzing animal
patterns, and (3) allow for detailed investigations of pat-
tern function.
The tools for building a pattern space have improved

significantly over the past century. To eliminate subjectivity
in pattern quantification, many researchers have adopted
computational methods to investigate aspects of animal pat-
terning (Godfrey et al. 1987;Westmoreland and Kiltie 1996;
Stevens and Cuthill 2006; Barbosa et al. 2008; Chiao et al.
2009; Stoddard and Stevens 2010; Endler 2012; Stevens
et al. 2014, 2017; Stoddard et al. 2014, 2016, 2016, 2019; Kang
et al. 2015; Troscianko and Stevens 2015; Marques et al.
2016; Troscianko et al. 2017, 2021; Belleghem et al. 2018;
Miller et al. 2019; Mason and Bowie 2020; van den Berg
et al. 2020; Beco et al. 2021; Mason et al. 2021; Nokelainen
Chicago. All rights reserved. Published by The University of Chicago Press for
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et al. 2021; Zhou et al. 2021). Recently, several toolboxes
for pattern analysis have been developed, such as themica-
Toolbox for ImageJ (Troscianko and Stevens 2015), the
patternize package for R (Belleghem et al. 2018), and
QCPA for ImageJ (van den Berg et al. 2020). Algorithms
used in these toolboxes are typically based onmethods that
decompose images in a way that resembles image process-
ing in early stages of spatial vision (Stoddard and Osorio
2019). Two-dimensional Fourier transformation, for ex-
ample, decomposes an image into its sine wave compo-
nents, from which pattern statistics, such as spatial fre-
quency, orientation, and contrast, can be extracted (Ballard
and Brown 1982). Neurobiological studies in a variety of
animal taxa, including birds, show that neurons in early vi-
sual areas of the brain are tuned to spatial frequency, orien-
tation, and contrast of a stimulus (Hubel and Wiesel 1959,
1968; Pettigrew and Konishi 1976; Porciatti et al. 1989; Lee
et al. 1997; Nieder and Wagner 2001; Mazer et al. 2002;
Gaffney and Hodos 2003; Liu and Pettigrew 2003; Ghim
and Hodos 2006; Baron et al. 2007; Van Hooser 2007; Ng
et al. 2010), providing biological grounding for using these
pattern attributes as axes in a perceptual pattern space
(Stoddard and Osorio 2019). Despite advances in computa-
tional methods for pattern quantification, few studies have
utilized a quantitatively derived pattern space alongside
phylogenetic comparative methods to provide insights into
avian plumage pattern evolution.
Here we apply a pattern space to the study of achro-

matic plumage patterns in the melanerpine (Melanerpes-
Sphyrapicus) woodpeckers (25 species), a diverse group
of woodpeckers inhabiting North, Central, and South
America, to characterize and reconstruct the phylogenetic
history of plumage pattern evolution in this clade.We chose
the melanerpine woodpeckers because they exhibit diverse
plumage patterns (fig. 1), including barring, streaking, mot-
tling, and high-contrast “blocky” patterns, as well as uni-
form, unpatterned plumage (hereafter referred to as “solid”
plumage). Here, “barring” refers to striped plumage oriented
transverse to the anterior-posterior (A-P) body axis, while
“streaking” refers to markings that are oriented parallel to
the A-P axis (Riegner 2008). We use the term “mottling”
to refer to irregularly shaped spots with no clear orientation.
Melanerpine woodpeckers also possess diverse ecologies,
behaviors, and life histories. While some melanerpine spe-
cies could be considered “typical” woodpeckers that scale
tree bark to find insects while a mate forages nearby, others
include the highly social, cooperatively breeding acorn wood-
pecker (Melanerpes formicivorus), which caches acorns in
the open oaklands of California (Winkler and Christie
2015); the omnivorous, solitary Guadeloupe woodpecker
(M. herminieri), which inhabits island forests (Winkler
et al. 2018); cactus-dwelling frugivores, such as the white-
fronted woodpecker (M. cactorum; Winkler et al. 2013)
andGila woodpecker (M. uropygialis; Winkler and Christie
2013); and the sapsuckers (Sphyrapicus spp.), which pri-
marily consume tree phloem and are migratory, an uncom-
mon trait among woodpeckers (Short 1982).
The melanerpine species can be subdivided into five

monophyletic subclades (fig. S1; figs. S1–S4 are available
online), to which we will refer using the names in Navarro-
Sigüenza et al. (2017): (1) members of the “Centurus” sub-
clade span the entire geographic range of the melanerpine
clade, possess vastly different body sizes, and all exhibit dor-
sal barring; (2) the “Tripsurus” subclade primarily consists
of small-bodied species with minimal barring that inhabit
tropical areas (with the exception ofM. hypopolius; see be-
low); (3) the “typical Melanerpes” subclade is a highly di-
verse group in terms of body size, geographic range, for-
aging and social behaviors, and plumage pattern; (4) the
Hispaniolan woodpecker (M. striatus), a colonial, large-
bodied species with yellow-green and black dorsal barring,
comprises a monotypic lineage; and (5) members of the
genus Sphyrapicus, the small-bodied, migratory sapsuckers,
all of which have some degree of mottled plumage and are
restricted to temperate regions in North America, comprise
a final subclade. Recent phylogenetic studies of the mela-
nerpine woodpeckers are mostly in agreement about the rela-
tionships both within and among these subclades (Navarro-
Sigüenza et al. 2017; Shakya et al. 2017).
To explore the evolution and diversity of melanerpine

woodpecker plumage patterns, we use two-dimensional fast
Fourier transformation (2D FFT) to quantify three pattern
features (spatial frequency, pattern orientation, and contrast)
from standardized, calibrated museum specimen images.
Next, we project these features into a three-dimensional
space and derive two new measures of pattern: pattern di-
versity, which represents the extent to which achromatic
pattern features differ across plumage patches, and pattern
uniqueness, which represents the extent to which a species’
achromatic pattern features differ in comparison to other
melanerpines. We also use species’ relative locations in pat-
tern space to derive a measure of plumage pattern variation
within melanerpine subclades. We then map measures of
pattern (spatial frequency, orientation, contrast, pattern di-
versity, and pattern uniqueness) onto a molecular phylog-
eny (Shakya et al. 2017) to examine phylogenetic trends
in the evolution of plumage pattern and reconstruct an es-
timate of the ancestral melanerpine plumage. Finally, we
employ phylogenetic generalized least squares (PGLS) re-
gression to test for possible adaptive functions of achro-
matic plumage patterns in the melanerpine woodpeckers.
Methods

A detailed description of the methods is provided in the
supplemental PDF.
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Image Data Collection

We studied the achromatic plumage patterns of 25 species
in themelanerpine woodpecker generaMelanerpes (22 spe-
cies) and Sphyrapicus (3 species). We selected this clade be-
cause of its diversity in complex plumage patterns and the
availability of a recent, well-supported phylogeny (Shakya
et al. 2017). We photographed museum specimens using
an ultraviolet-sensitive digital Nikon D7000 camera with
a Nikkor 105-mm lens, following published procedures
(Stevens et al. 2007; Troscianko and Stevens 2015). In most
cases, wewere able to photographfive adultmale specimens
per species from collections at the Academy of Natural
Sciences of Drexel University (ANSDU) and the American
Museum of Natural History (AMNH). See the supplemen-
tal PDF for details and table D1 in the Dryad Digital Re-
pository (https://doi.org/10.5061/dryad.2rbnzs7qq; Carlson
and Stoddard 2023) for a list of all specimens used.
Avian Visual Modeling

Because the evolution of visual signals is influenced by re-
ceivers’ perception, we used visualmodeling to approximate
how woodpecker plumage patches would be perceived by
the main receivers of these signals, which we assumed to be
birds. See the supplemental PDF for details.
Patch Selection

From each specimen image, we selected a square patch
within the following 12 plumage regions (five dorsal, five
ventral, and two lateral) in MATLAB (dorsal view: cap
[1.1 cm# 1.1 cm], nape [2.3 cm# 2.3 cm], upper back/
mantle [2.8 cm# 2.8 cm], middle back/wings [3.4 cm#
3.4 cm], and lower back/wings [2.3 cm#2.3 cm]; ventral
view: chin [1.1 cm#1.1 cm], throat [1.4 cm#1.4 cm], chest
[2.3 cm#2.3 cm], belly [2.3 cm#2.3 cm], and vent [2.3 cm#
2.3 cm]; lateral view: face [3.0 cm# 3.0 cm] and wing
[1.8 cm#1.8 cm]). See figure S2 for an example.
Pattern Quantification

For each plumage patch, we extracted three pattern fea-
tures: contrast, spatial frequency, and orientation. Figure 2
is a visualization of the methods we used to extract these
features. See the supplemental PDF for details.
We combined z-transformed mean spatial frequency,

orientation, and contrast to produce a three-dimensional
pattern morphospace in which we plotted species averages
for each of the 12 plumage patches. For each species, we
measured pattern diversity by computing themean pairwise
Euclidean distance between all 12 plumage patches from
that species in pattern space. To calculate a species’ pattern
uniqueness, we used a patch-by-patch approach: for each
of the 12 patches, we computed the mean Euclidean distance
of that species’ patch (e.g., the face patch) from the same
patch in the remaining 24 species. We then calculated over-
all uniqueness of each species’ plumage by taking the mean
of these 12 values. Tomeasure pattern variation within each
melanerpine subclade, we computed the mean Euclidean
distance between analogous patches for the species in each
subclade. We refer to this measure as the variation index,
similar to the V-index proposed by Marcondes and Brumfield
(2020). See the supplemental PDF for more details.
Trait Mapping, Evolutionary Modeling, and
Evolutionary Rate Comparisons

For our evolutionary analyses, we used the phylogenetic
consensus tree from Shakya et al. (2017) pruned to the
melanerpine woodpecker species. To explore how ach-
romatic pattern traits evolve across this phylogeny, we
fitted seven different evolutionary models (Brownian mo-
tion, Ornstein-Uhlenbeck, early burst, Pagel’s d, Pagel’s l,
trend, and white noise) for spatial frequency, orientation,
and contrast for three plumage patches of interest (the
upper back, chest, and face), as well as for pattern diver-
sity and uniqueness (which encompass all patches), using
the function fitContinuous in the R package GEIGER (Har-
mon et al. 2008). We chose to compare evolutionary rates
across these patches because these patches are hypothe-
sized to be used in different ecological and behavioral con-
texts, and therefore their evolution is likely to show dif-
ferent trends.
To compare rates of pattern orientation evolution across

plumage patches, we used the compare.multi.evol.rates func-
tion in the R package geomorph (Adams et al. 2021; Baken
et al. 2021). We applied this function to pattern orientation
in the upper back, chest, and face and compared each rate
ratio (upper back to chest, upper back to face, chest to face)
with those obtained from 1,000 simulated trees to deter-
mine significance of the differences in rates.
We also tested for evolutionary rate (j2) differences in

spatial frequency, orientation, and contrast in the “typical
Melanerpes” subclade relative to the rest of the tree using
a similar function, compare.evol.rates in the R package geo-
morph (Adams et al. 2021; Baken et al. 2021). We chose
the “typical Melanerpes” subclade for this comparison be-
cause of its notable diversity in both plumage and ecol-
ogy. See the supplemental PDF for more details.
Ancestral State Estimation

We applied the function ace in the R package ape
(Paradis and Schliep 2019) in combination with the tree
transformation function (lambdaTree) in the R package

https://doi.org/10.5061/dryad.2rbnzs7qq


Figure 1: Adult male plumages of Melanerpes and Sphyrapicus woodpeckers. A, Golden-fronted woodpecker, Melanerpes aurifrons (by
Outriggr [2006–2009], CC BY-SA 3.0/cropped). B, White-fronted woodpecker, Melanerpes cactorum (by Karina Diarte, CC BY-NC-SA
2.0/cropped). C, White woodpecker, Melanerpes candidus (by Cláudio Timm, CC BY-NC-SA 2.0/cropped). D, Red-bellied woodpecker,
Melanerpes carolinus (by TheGreenHeron, CC BY-NC 2.0/cropped). E, Golden-naped woodpecker, Melanerpes chrysauchen (q Daniel
Martinez, ML142698991/cropped). F, Golden-cheeked woodpecker, Melanerpes chrysogenys (q Nigel Voaden, ML46659301/cropped).
G, Yellow-tufted woodpecker, Melanerpes cruentatus (q Phillip Edwards, ML204878711/cropped). H, Red-headed woodpecker, Melanerpes
erythrocephalus (by jerryoldenettel, CC BY-NC-SA 2.0/cropped). I, Yellow-fronted woodpecker, Melanerpes flavifrons (by Cláudio Timm,
CC BY-NC-SA 2.0/cropped). J, Acorn woodpecker, Melanerpes formicivorus (by jerryoldenettel, CC BY-NC-SA 2.0). K, Guadeloupe wood-
pecker, Melanerpes herminieri (by thoba69, CC BY-NC-SA 2.0/cropped). L, Hoffman’s woodpecker, Melanerpes hoffmannii (by Muchaxo,
CC BY-NC-ND 2.0/cropped). M, Gray-breasted woodpecker, Melanerpes hypopolius (by Sergey Yeliseev, CC BY-NC-ND 2.0/cropped).
N, Lewis’s woodpecker, Melanerpes lewis (by wackybadger, CC BY-SA 2.0/cropped). O, Puerto Rican woodpecker, Melanerpes portoricensis (by
Drriss & Marrionn, CC BY-NC-SA 2.0/cropped). P, Black-cheeked woodpecker, Melanerpes pucherani (by felixú, CC BY-SA 2.0/cropped).
Q, Yucatan woodpecker, Melanerpes pygmaeus (q Angel Fernando Castillo Cime, ML196772131/cropped). R, Jamaican woodpecker,
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GEIGER (Harmon et al. 2008) to estimate the ancestral
states for spatial frequency, orientation, and contrast for
each of the 12 plumage patches using maximum likeli-
hood (Felsenstein 1973; Schluter et al. 1997).
Ecological Data Collection

For body mass data, we used average male body mass for
each species (Dunning 2008). To quantify all other ecolog-
ical data, we scored written data from species descriptions
fromHandbook of the Birds of theWorld Alive. See the sup-
plemental PDF and table D2 in the Dryad Digital Reposi-
tory (https://doi.org/10.5061/dryad.2rbnzs7qq; Carlson and
Stoddard 2023) for details.
Testing for Ecological Correlates of Plumage Pattern

To test for drivers of plumage pattern, we ran PGLS multi-
ple linear regression models with pattern metrics as out-
come variables and ecological factors as predictor variables.
See the supplemental PDF for details.
Results

Species’ Plumage Patterns in Pattern Space

To visualize where types of plumage patterns fall in pat-
tern morphospace, we created plots of individual plum-
age patches. Figure 3 shows pattern space plots from the
upper-back patch for all species, with points representing
species averages. The three-dimensional morphospace is
shown as two two-dimensional graphs to better visualize
variation along the axes. The letters inside circles represent
species (fig. 1), and circle color represents the melanerpine
subclade to which each species belongs (fig. S1). Species
averages for each pattern trait (spatial frequency, orien-
tation, and contrast) for all 12 plumage patches, as well
as species averages for pattern diversity and uniqueness,
are included in table D3 in the Dryad Digital Repository
(https://doi.org/10.5061/dryad.2rbnzs7qq; Carlson and Stod-
dard 2023).
This morphospace clearly captures pattern variation,

demonstrating the effectiveness of 2D FFT at quantifying
plumage patterns: upper-back patch images cluster together
based on visual similarity, with barred-back species, streaked-
back species, and solid-back species each forming rela-
tively isolated clusters (fig. 3). Mottled-back species tend
to group with the streaked-back species, although the ori-
entation values of the mottled-back species fall closer to
zero (fig. 3A). Most of the barred-back species occupy
the right-hand corner of both plots, corresponding to high
spatial frequency (i.e., fine patterning), high contrast, and
horizontal orientation (fig. 3). In comparison, streaked-
back species have lower spatial frequencies, similar levels
of contrast, and vertically oriented patterning (fig. 3). Fi-
nally, solid-backed species occupy the lower left-hand cor-
ner of both plots, corresponding to low spatial frequencies,
low contrast, and orientation values that are closer to zero
(fig. 3). The orientation values of solid patches fall below
zero (i.e., more vertical) because of the primarily vertical
orientation of feathers that are visible in the specimen
images.
To visualize how plumage pattern varies between spe-

cies, we created species-specific pattern space plots repre-
senting all 12 plumage patches. Three example species are
shown in figure 4.
The species-specific pattern space plots show substan-

tial pattern variation among plumages of melanerpine wood-
peckers. The point cloud of the acorn woodpecker, Mela-
nerpes formicivorus (fig. 4A), a species with bold, blocky
plumage patches and fine ventral streaking, occupies areas
of the pattern space corresponding to both vertical and
horizontal orientation information, low and high spatial
frequency, and low and high contrast. The point cloud of
the Guadeloupe woodpecker,M. herminieri (fig. 4B), a spe-
cies with primarily solid plumage, is restricted to areas of
the space corresponding to lower spatial frequencies, very
low contrast, and a smaller range of pattern orientations.
It should be noted that, although this species appears to
be unpatterned, specular reflections from the texture of
the feather barbs and rachises register as patterns in the
2D FFT analysis, and therefore the ranges of spatial fre-
quency and orientation are wider than one might expect.
The point cloud of the red-bellied woodpecker,M. carolinus
(fig. 4C), a species with black and white dorsal barring,
extends into areas in pattern space corresponding to high
spatial frequency and high horizontal pattern information
because of the fine transverse barring in the dorsal plum-
age, while its solid ventral plumage is represented by points
in the region of pattern space corresponding to low spatial
frequency, low contrast, and less horizontally oriented
patterning.
Melanerpes radiolatus (by nickathanas, CC BY-NC-SA 2.0/cropped). S, Red-crowned woodpecker,Melanerpes rubricapillus (by Martingloor,
CC BY-SA 4.0/cropped). T, Hispaniolan woodpecker, Melanerpes striatus (q Dubi Shapiro, ML205133391/square background added). U, West
Indian woodpecker, Melanerpes superciliaris (q Dubi Shapiro, ML205135651/cropped). V, Gila woodpecker, Melanerpes uropygialis (by MPF,
CC BY-SA 2.0/cropped). W, Red-breasted sapsucker, Sphyrapicus ruber (by Michael Gabelmann, CC BY-NC 2.0/cropped). X, Williamson’s
sapsucker, Sphyrapicus thyroideus (by K Schneider, CC BY-NC 2.0/cropped). Y, Yellow-bellied sapsucker, Sphyrapicus varius (by Howcheng,
CC BY-SA 2.0/cropped). Images E–G, Q, T, and U provided by the Macaulay Library at the Cornell Lab of Ornithology. All other images
licensed by Creative Commons.
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To visualize variation in pattern diversity across the
clade, we mapped pattern diversity values onto the mela-
nerpine phylogenetic tree (fig. 5D, filled circles). Acorn
woodpecker (M. formicivorus) had the highest pattern di-
versity, while Guadeloupe woodpecker (M. herminieri)
had the lowest. Pattern space plots and images for both
of these species are shown in figure 4. Members of the
subclade “Centurus,” the barred-back subclade, all have
moderately high levels of pattern diversity owing to vastly
different plumage on the dorsum (fine barring) versus the
venter (primarily solid; fig. 5D). The subclade referred to
as “typical Melanerpes” shows a great degree of variation
in terms of pattern diversity (fig. 5D), containing species
with very low pattern diversity (e.g., M. herminieri and
M. portoricensis) as well as some with very high pattern di-
versity (e.g., M. formicivorus). The “typical Melanerpes”
members red-headed woodpecker (M. erythrocephalus) and
white woodpecker (M. candidus) also have high levels of
pattern diversity, despite a lack of barring, streaking, or other
fine patterning (figs. 1, 5D). These species achieve a high
level of pattern diversity with vast spans in the contrast and
orientation dimensions.
We plotted pattern uniqueness values onto the phylog-

eny to visualize how this trait is distributed across the tree
(fig. 5D, open circles). White woodpecker (M. candidus),
acorn woodpecker (M. formicivorus), and Lewis’s wood-
pecker (M. lewis) ranked as the three most unique species
of the melanerpine woodpeckers, which aligns with a visual
assessment (fig. 1).
To visualize how phylogenetic subclades within the

melanerpine woodpeckers differ in their occupation of pat-
tern space, we plotted convex hulls from the points repre-
senting the plumage patches of all of the species within a
subclade in a single three-dimensional pattern space plot
(fig. 5A). Two-dimensional plots of the same data are
shown in figure 5B and 5C for ease of visualization. Convex
hull colors represent the five subclades denoted in figure 5D.
There is significant overlap in the subclade convex hull
volumes, but some subclades extend beyond the area of
overlap. For example, the convex hull representing the
“Centurus” subclade (magenta), whose species all exhibit
dorsal barring, extends farthest into the area of pattern
space representing high spatial frequency (i.e., fine pattern-
ing) and horizontal orientation values.
Figure 5E–5L depicts the extent to which the convex

hulls of each species (shown in a different shade of the
subclade color) overlap each other; the outline represents
the convex hull of the entire subclade. Results of our quan-
titative analysis of within-subclade variation revealed that
the “typical Melanerpes” subclade (fig. 5I, 5J) had the
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Figure 3: Pattern space plots for the upper-back (mantle) plumage patch. Plots are shown in two dimensions for visualization. Points rep-
resent species averages. Spatial frequency (x-axis in both plots) is measured as the spectral centroid of the amplitude spectrum for that patch.
For orientation (A), positive values represent more horizontal patterning, while negative values represent more vertical patterning. Contrast
(B) is measured as the standard deviation of the pixel values in the acuity-adjusted, double-cone plumage patch image. Thumbnails of an
example specimen from each species are offset above and to the right of each point. Letters within circles refer to species; see figure 1. Colors
of circles refer to subclades within Melanerpes-Sphyrapicus; see figure 5D.



A) acorn woodpecker (Melanerpes formicivorus)
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Figure 4: Diversity of pattern space occupancy illustrated by three example melanerpine species. A, Acorn woodpecker (Melanerpes
formicivorus). B, Guadeloupe woodpecker (Melanerpes herminieri). C, Red-bellied woodpecker (Melanerpes carolinus). All points represent
species averages; pattern metrics are z-transformed. Red points represent locations of the example species’ 12 plumage patches in pattern
space; gray points represent the remaining 24 species’ plumage patch locations. Convex hulls of the example species (light red) and all spe-
cies (light gray) are shown for comparison. Diamonds represent lateral patches, triangles represent ventral patches, and circles represent
dorsal patches. Positive orientation values represent more horizontal patterning, while negative values represent more vertical patterning.
Examples of the upper-back, chest, and face patches for each species are shown above the two-dimensional pattern space plots. Eyes have
been occluded in the face patches (see the supplemental PDF for details). Woodpecker photo credits: A, Acorn woodpecker, M. formicivorus
(by jerryoldenettel, CC BY-NC-SA 2.0). B, Guadeloupe woodpecker,M. herminieri (by thoba69, CC BY-NC-SA 2.0/cropped). C, Red-bellied
woodpecker, M. carolinus (by TheGreenHeron, CC BY-NC 2.0/cropped).
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highest variation index (2.44) of the four subclades, which
is in line with a qualitative visual assessment of this sub-
clade: each species displays a truly unique plumage pattern
(figs. 1, 5D). “Tripsurus” had the second-highest variation
index (1.88), reflecting a relatively diverse group includ-
ing barred-back, streak-backed, and solid-backed species
(figs. 1, 5D). The “Centurus” subclade had a variation in-
dex of 1.45, reflecting less variation than the previous two
subclades but more variation than themottled Sphyrapicus
subclade, which had a variation index of 1.37. A visual
assessment of “Centurus” and Sphyrapicus (figs. 1, 5D)
confirms that these subclades display less plumage pattern
heterogeneity across species than the “typical Melanerpes”
and “Tripsurus” subclades.We note that the extent of con-
vex hull overlap has also been used to quantify plum-
age variation within taxonomic clades (Marcondes and
Brumfield 2020). For comparison, we computed within-
subclade variation using convex hull overlap and found
that the results showed the same pattern as the Euclidean
distance–based measure. We also note that some of the
variation within each subclade may be due to the number
of species in each subclade (e.g., Sphyrapicus has the small-
est variation as well as the smallest number of species), but
it is not possible to determine the extent to which subclade
size is affecting these measures with a sample size of only
four subclades.
Evolution of Plumage Patterns

Overall, evolutionarymodel comparison revealed that there
was no single best model for pattern evolution in the three
patches of interest (upper back, chest, and face), as mea-
sured by corrected Akaike information criterion (AICc; i.e.,
the model with the lowest AICc value was within 4 AICc
units of the next-best model); the same was true for pattern
diversity and pattern uniqueness. See table S1 (tables S1–
S7 are available online) for AICc values and maximum like-
lihood parameter estimates for all models tested.
Comparing rates of pattern evolution across patches

(fig. 6A) revealed that pattern orientation in the upper back
evolves more quickly than in the face (rate ratio p 9:06,
effect size (z) p 2:63, P p :001) and chest (rate ratio p
4:31, effect size (z) p 2:38, P p :001); rates of pattern ori-
entation evolution in the face and chest did not signifi-
cantly differ from one another (rate ratio p 2:10, effect
size (z) p 1:54, P p :07). Figure S3B shows pattern ori-
entation in the three focal patches mapped onto the mela-
nerpine phylogeny. Branch colors at the nodes of the tree
(fig. S3B) represent estimates of ancestral pattern trait states
calculated using Felsenstein’s rerooting algorithm (Felsen-
stein 1985) under a Brownian motion model of evolution.
In addition to comparing achromatic pattern evolution

between patches, we compared rates of phenotypic evo-
lution between the “typical Melanerpes” subclade and the
remaining species in the melanerpine clade (fig. 6B). Fig-
ure 6B shows that pattern orientation (rate ratio p 8:50,
effect size (z) p 2:28, P p :003) and contrast (rate ratio p
3:83, effect size (z) p 1:70, P p :04), but not spatial fre-
quency (rate ratio p 1:11, effect size (z) p 21:22, P p
:87), evolve at significantly different rates in the “typical
Melanerpes” compared with the rest of the tree. Figure S3C
shows the evolution of the three pattern metrics averaged
across the entire plumage (i.e., all 12 patches) of each spe-
cies. Branch colors at the nodes of the tree represent esti-
mates of ancestral pattern trait states calculated using Fel-
senstein’s rerooting algorithm (Felsenstein 1985) under
a Brownian motion model of evolution. This whole-body
analysis illustrates how the “gestalt” plumage patterns evolve
across the tree (fig. S3C).
Ancestral State Estimation

According to our estimates, the ancestor of the entire mela-
nerpine clade most likely had mottled, low-contrast dorsal
and lateral wing plumage, solid ventral plumage, and a face
with a broad eye stripe. See table S2 for ancestral state
estimates of spatial frequency, orientation, and contrast for
each of the 12 plumage patches. According to our estima-
tions, it seems unlikely that the ancestor of the melaner-
pine woodpeckers displayed fine dorsal barring, implying
that dorsal barring independently evolved in the “Centurus”
subclade and in the gray-backed woodpecker (M. hypo-
polius), black-cheeked woodpecker (M. pucherani), and
Hispaniolan woodpecker (M. striatus).
Ecological Correlates of Plumage Pattern

Results of the multiple linear regression models that we used
to test for relationships between ecological variables and pat-
tern features are shown in table S3. Of the 10 models we
tested, only the regression model with face orientation as
the outcome variable was significant (R2

pred p 0:70, F23, 16 p
6:82, P ! :001) after correcting for false discovery rate (Ben-
jamini and Hochberg 1995).Within this significant model,
we found that average male body mass was a significant
predictor of face orientation (bp 20:30,P !:01; table S4):
smaller species have more horizontally oriented facial pat-
terning. Sociality was close to significant with a small effect
size (b p 0:13, P p :05; table S4): social species trend to-
ward having more horizontally oriented facial patterning.
See table S5 for results of all PGLS analyses performed.
Discussion

In our analysis of plumage pattern evolution in the melaner-
pine woodpeckers, we have shown how applying quantitative
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pattern analysis tools to study visually complex traits allows
for a new understanding of how pattern evolves in a mul-
tidimensional pattern space. Results from our study pro-
vide insights into the evolutionary history of plumage
pattern in theMelanerpes-Sphyrapicus woodpeckers. In ad-
dition, we have used the concept of a pattern space to gen-
erate two new measures of pattern, pattern diversity and
pattern uniqueness, that can be used to quantify pattern
variation both within and across species, as well as among
subclades. Furthermore, we have demonstrated how pat-
tern analyses at different spatial scales—entire plumage,
plumage view (e.g., dorsal, ventral, or lateral), and plumage
patch—provide a holistic understanding of the evolution
and function of plumage patterns. Our quantitative mea-
surement of patterns, based on what we know about the
biology of visual pattern perception in animals, has allowed
us to explore relationships between plumage patterns and
ecological variables. The analytical framework and visual-
ization methods we have developed will foster future com-
parative research investigating the evolution and function
of complex spatial patterns in animals.
Biological Relevance of Pattern Space Axes

Stoddard and Osorio (2019) provide an overview of biolog-
ical spatial vision and its similarities to the computational
approaches used to model visual processing. Spatial filter-
ing (i.e., breaking down a pattern into different spatial fre-
quencies) is likely to be a fundamental feature of animal spa-
tial vision, and there is strong evidence that many animals
are sensitive to variation in contrast and orientation. Like
color spaces, pattern spaces fall short of replicating the
visual experience of the animal receiver. Instead, pattern
spaces are intended to encode natural patterns in a simple
way that is informed by biologically realistic parameters.
The pattern attributes we selected—spatial frequency,

orientation, and contrast—as the axes for our woodpecker
plumage pattern space analysis are grounded in previous
work on visual perception of pattern in human and nonhu-
man animals, including birds. In several avian species (e.g.,
American kestrel [Falco sparverius], barn owl [Tyto alba],
Japanese quail [Coturnix japonica], pigeons [Columba
livia], European starling [Sturnus vulgaris], red-bellied
Figure 5: Pattern space occupancy of all 12 plumage patches from each of the 25 melanerpine species colored by subclade. A, Convex hulls
of each melanerpine subclade; colors refer to subclades in D. B, C, Same convex hulls plotted in two dimensions. D, Pattern diversity (filled
circles) and uniqueness (open circles) plotted on the melanerpine phylogenetic tree; colored bars to the right represent subclades (Navarro-
Sigüenza et al. 2017); values in scale bar and size of circles calculated as e(trait value) to emphasize interspecific differences. E–L, Convex hulls
representing pattern space occupancy of each species within each subclade; outline represents the convex hull of the entire subclade; each
species is shown in a different shade of the corresponding subclade color; monotypic subclade containing Melanerpes striatus not shown.
Phylogenetic tree (D) built from data from Shakya et al. (2017) and created using the dotTree function in the phytools R package (Revell
2012); species images (shown to approximate scale) reproduced with permission from Lynx Edicions.
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woodpecker [Melanerpes carolinus], and little owl [Athene
noctua]), neurons in the retina respond to changes in con-
trast as well as spatial frequency of patterns (Porciatti et al.
1989; Lee et al. 1997; Gaffney and Hodos 2003; Ghim and
Hodos 2006). In addition, neurons in an area of the avian
brain known as the visual “Wulst,” which possesses struc-
ture, connectivity, and function homologous to the pri-
mary visual cortex in mammals known as area V1 (Medina
and Reiner 2000), are sensitive to pattern orientation in
burrowing owls (Athene cunicularia), barn owls (T. alba),
and pigeons (C. livia; Pettigrew and Konishi 1976; Nieder
and Wagner 2001; Liu and Pettigrew 2003; Baron et al.
2007; Ng et al. 2010). Complementing these neurobiolog-
ical investigations are behavioral studies demonstrating that
birds also respond behaviorally to these pattern attributes.
For example, in nearly 30 different avian taxa, behavioral
studies have shown that birds respond to changes in the
spatial frequency and contrast of visual stimuli, and this sen-
sitivity varies greatly across species (Caves et al. 2018). Fur-
thermore, chicks (Gallus gallus) and pigeons (C. livia) can
be trained to respond differentially to patterns with differ-
ent orientations (Blough 1985; Blough and Franklin 1985;
Jones and Osorio 2004). Studies in other animal taxa, such
as mammals, also demonstrate sensitivity to spatial fre-
quency, orientation, and contrast (VanHooser 2007), sug-
gesting that these visual features play a fundamental role
in orienting, navigation, object recognition, and other ba-
sic visual/cognitive tasks.
We acknowledge that the metrics we derive from the

three-dimensional pattern space (pattern diversity and pat-
tern uniqueness) have not been tested for visual salience in
animals in the way that spatial frequency, orientation, and
contrast have been. However, we believe that these mea-
sures are worthwhile aspects of patterning to analyze in an
evolutionary framework, as they can potentially reveal in-
sights about constraints and/or nonsignaling functions of
pattern. We also note that these derived pattern measures
are dependent on the metrics chosen to serve as dimensions
of the pattern space, which will depend on the nature of the
patterns being analyzed and the research questions being
investigated. For example, removing the contrast dimen-
sion yields different results for pattern diversity, emphasiz-
ing qualitative differences in patterning (i.e., streaks vs. bar-
ring). See figure S4 for a comparison of three-dimensional
and two-dimensional pattern diversity plotted on the phylo-
genetic tree. Alternatively, adding luminance (brightness)
as a dimension could provide additional utility for testing
hypotheses about crypsis or signaling, as it would separate,
for example, solid-plumaged species with all white plumage
versus all black plumage.
Furthermore, we acknowledge that bymodeling pattern

traits as continuous traits, we are assuming that these traits
evolve incrementally, which may be an imperfect assump-
tion. For example, there is some evidence from other bird
taxa that barring patterns may be a plumage “syndrome”
controlled by a suite of genes that can easily be turned on
or off (Smith andNordskog 1963;Hollander 1968; Crawford
1990; Gluckman and Mundy 2016). However, it is also
clear from our study that spatial frequency and contrast
of barring patterns vary across a more or less continuous
spectrum (fig. 3). Finally, treating pattern traits categorically
requires subjective decision-making by human viewers,
which is something we wanted to avoid in our study. There
are some species (e.g., members of the genus Sphyrapicus)
with patterning that is somewhere in between spots, streaks,
and mottling, making these patterns difficult to categorize
qualitatively.
Pattern Variation in Pattern Space

The distribution of the melanerpine woodpecker plumage
patterns in morphospace (figs. 3, 5) indicates influences
of phylogenetic andmechanistic constraint, as well as func-
tional adaptation, on pattern evolution. Species occupying
similar areas of pattern space tend to be closely related, such
as the barred-back “Centurus” species (in magenta, figs. 3,
5D) and the mottled Sphyrapicus sapsuckers (in dark blue,
figs. 3, 5D), suggesting that plumage pattern exhibits some
degree of phylogenetic constraint. However, our ancestral
state estimates imply multiple independent origins for some
traits, such as dorsal barring, across the melanerpine tree
(e.g., in gray-breasted woodpecker [M. hypopolius], His-
paniolan woodpecker [M. striatus], and black-cheeked
woodpecker [M. pucherani]; fig. 5D). Dorsal barring may
therefore be an evolutionarily labile trait that can evolve
relatively quickly. Support for this idea comes from work
in waterfowl (Anseriformes) and game birds (Galliformes),
showing that barring can evolve directly from uniform
plumage without requiring a transitional pattern phase
(Gluckman and Mundy 2016). In addition, genetic stud-
ies have shown that a single mutation can lead to the ap-
pearance of barring in Muscovy ducks (Cairina moschata;
Hollander 1968) and uniformly colored chickens (Gallus
domesticus; Smith and Nordskog 1963; Crawford 1990).
Furthermore, unlike its male counterpart, the female Wil-
liamson’s sapsucker (Sphyrapicus thyroideus) displays ex-
tensive dorsal barring, resulting in an uncanny resemblance
to species in the “Centurus” subclade and providing further
evidence for high lability in the dorsal barring trait. Females
of the closest relatives of S. thyroideus, yellow-bellied sap-
sucker (S. varius) and red-breasted sapsucker (S. ruber),
lack dorsal barring, suggesting that barring is more likely
to have appeared as a novel trait in female S. thyroideus
instead of being lost in the male. While we did not analyze
female plumage in the current study, future work should
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explore how female melanerpine woodpeckers evolved to
occupy the plumage pattern morphospace relative to males.
Plotting melanerpine subclades in pattern space reveals

significant overlap among subclades (fig. 5A–5C) owing
to common plumage patterns found across the melaner-
pine tree. For example, dorsal barring appears in nearly ev-
ery subclade, as does solid chest plumage (fig. 5D). How-
ever, we do find differences in the extent of species overlap
within subclades: species in the “typical Melanerpes” sub-
clade (fig. 5D) display the most variation in plumage pat-
tern (fig. 5I, 5J) as measured by both convex hull overlap
and Euclidean distances, and they possess different rates
of pattern evolution in terms of contrast (higher rate of
phenotypic evolution) and horizontal pattern orientation
(lower rate of phenotypic evolution; fig. 6B). This group
also contains the three most unique melanerpine species
asmeasured by our pattern uniquenessmetric: white wood-
pecker (M. candidus), acorn woodpecker (M. formicivorus),
and Lewis’s woodpecker (M. lewis; fig. 5D). Despite its nick-
name, the “typical Melanerpes” subclade includes species
with atypical behaviors among melanerpines. For example,
white-fronted woodpecker (M. cactorum) and acorn wood-
pecker (M. formicivorus) are both cooperative breeders, and
the latter builds enormous acorn granaries in trees (Winkler
et al. 2013; Winkler and Christie 2015). Red-headed wood-
pecker (M. erythrocephalus) and Lewis’s woodpecker (M.
lewis) rely heavily on fly catching for food; the former is
the only woodpecker species known to conceal its food
caches with bark, while the latter is partially migratory, an
unusual behavior for woodpeckers in general (Frei et al.
2020; Vierling et al. 2020). White woodpecker (M. candidus)
is different in that it primarily consumes fruit (Winkler et al.
2020). These atypical behaviors may have led to changes in
rates of pattern evolution via mechanisms such as signaling
needs in a cooperative breeding system or changes in preda-
tion pressure due to evolutionary innovations in foraging.
Ecological Correlates of Plumage Patterning

Our finding that smaller melanerpine species are more
likely than larger species to have horizontally oriented pat-
terning on the face (table S4) suggests that crypsis may be
a selective pressure on woodpecker plumage patterns. Be-
cause smaller-bodied birds are typically at a greater risk of
predation (Götmark and Post 1996) as well as aggression
(Leighton et al. 2018) from larger-bodied species, smaller
species may be under greater selective pressure than larger
species to avoid being detected. Most of the horizontally
oriented patterning that we observe in the melanerpines
consists of either an elongated darkmarking that completely
encompasses the eye or a marking whose border intersects
the eye (see fig. 1 for views of the face). These types of
markings, often called “eye stripes,” have been shown to
serve a predator-avoidance function in fish (Kjernsmo
et al. 2016). In birds, eye stripes have been shown to ob-
scure detection of the eye in human vision experiments,
with the effect being strongest when the eye is on the edge
of the marking (Gavish and Gavish 1981). Given these
findings, eye stripe prevalence in smaller melanerpine spe-
cies may be an adaptation to avoid detection by predators
and/or larger competitors. Alternatively, the relationship
between eye stripe and body size may be driven by devel-
opmental constraints rather than selection, since surface
area and shape influence pattern development (Murray
1981; Murray et al. 1990; Price and Pavelka 1996; Riegner
2008). These studies predict the opposite of what we found,
however: smaller surface areas can support less pattern-
ing than larger surface areas, and therefore the smallest
animals and/or smallest body parts tend to be solid instead
of patterned (Murray 1981, 1988; Murray et al. 1990; Price
2006; Riegner 2008). In our study, larger species tend to
have solid faces, and therefore our findings are more in line
with an adaptive function of crypsis.
We also note that the PGLS multiple linear regression

model with chest contrast as the outcome variable was ap-
proaching significance (R2

pred p 0:59, F23, 16 p 3:73, P p
:07; table S4); within this model, there was a significant
positive correlation between chest contrast and habitat open-
ness (b p 1:21, SE p 0:34, t p 3:50, P p:003; table S5):
melanerpine species living in more open habitats display
more contrast within their chest plumage than those living
in more closed habitats. This trend is in line with a broad-
scale study of woodpecker color patterns that found that
boldly patterned woodpeckers are more commonly found
in open habitats (Miller et al. 2019). Future work is needed
to determine the evolutionary forces (e.g., signaling, crypsis)
that may drive the relationship between light environment
and plumage contrast.
Developmental and Physiological Constraints
on Plumage Pattern Evolution

Physiological constraints likely play a role in shaping the
melanerpine plumage pattern morphospace. For example,
the area of the space corresponding to horizontally oriented
patterns with low spatial frequencies (i.e., wide barring) is
mostly unoccupied (figs. 3–5). Plumage patterns across
the body are created by overlapping feathers, which them-
selves display within-feather patterning; the within-feather
patterning is produced by the deposition of melanosomes
into the feather barbs and barbules as the feather grows
(Prum and Williamson 2002). The interplay of these pro-
cesses constrains the types of patterns that can be created
(Prum and Williamson 2002); wide bars may thus be dif-
ficult to achieve. Alternatively, a particular type of pattern
may be physiologically possible but may not occur in the
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melanerpine woodpeckers owing to phylogenetic history:
perhaps the crucial genes or regulatory factors for some
patterns were lost or were never present in an ancestor
of the group. Circular spots, for example, would hypothet-
ically occupy the area of pattern space corresponding to
high spatial frequency, high contrast, and equal contribu-
tion of horizontal and vertical pattern information (i.e.,
an orientation value near zero); in the melanerpine wood-
peckers, this area of pattern space is sparsely populated
(figs. 3–5). Spots are physiologically possible to produce,
as they exist in other woodpeckers, such as northern flicker
(Colaptes auratus), as well as in many other birds. How-
ever, evidence from a study on waterfowl (Anseriformes)
and game birds (Galliformes) suggests that spots are dif-
ficult to evolve in that they require a transitional pattern,
such as bars; in other words, spots cannot evolve directly
from uniform plumage (Gluckman and Mundy 2016). If
this is indeed the case in woodpeckers, circular spots could
theoretically evolve from barred plumage, but we do not
observe this progression.
Phenotypic integration, also known as morphological in-

tegration or trait covariation, of plumage patterns (i.e., dis-
playing the same patterns in different patches of the plum-
age) could also indicate physiological and/or developmental
constraints in pattern development (Cheverud 1996). In
our analysis, we did not find evidence for phenotypic in-
tegration of pattern traits across the patches of interest we
analyzed (the upper dorsum, chest, and face), except that
the face and chest covaried in terms of spatial frequency
(table S7). This suggests that plumage patterns across the
body evolve mostly independently, possibly responding to
different selective pressures.
Application to the Study of Diverse
Animal Coloration Patterns

In this study we used a pattern space to describe the evolu-
tion of plumage patterns in the melanerpine woodpeckers,
but our methods can be applied broadly to the study of in-
tegument patterns in any animal taxa. Just as the concept of
a color space in recent decades led to an explosion of com-
parative studies and deepened our understanding of color
evolution across the tree of life (Renoult et al. 2015), pattern
morphospace analyses have the potential to do the same
for the evolution of animal patterns (Stoddard and Osorio
2019; Mason and Bowie 2020). The long-standing ques-
tion of how natural selection and constraint interact to cre-
ate stunning diversity as well as common motifs in animal
patterns continues to captivate evolutionary biologists and
has resulted in a number of comparative studies across a
diverse range of animal taxa, including snakes (Allen et al.
2013; Davis Rabosky et al. 2016), primates (Allen et al. 2014;
Allen and Higham 2015), carnivores (Ortolani 1999; Allen
et al. 2011), artiodactyls (Stoner 2003), rodents (Ancillotto
and Mori 2017), lagomorphs (Stoner et al. 2003), geckos
(Allen et al. 2019), fish (Endler 1982; Seehausen et al. 1999),
butterflies (Jiggins et al. 2006; Oliver et al. 2009), and birds
(Gomez and Théry 2004; Weibel and Moore 2005; Gluck-
man and Cardoso 2010; Marshall and Gluckman 2015;
Maia et al. 2016; Somveille et al. 2016; Miller et al. 2019;
Mason and Bowie 2020; Beco et al. 2021). In these and
other systems there are many outstanding lines of inquiry
for which pattern morphospace analyses—like those we
have applied here—could provide new insights about pat-
tern evolution across the animal kingdom.
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